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 In biology, stimuli-responsive multisubunit assemblies are ubiquitous, and 

mimicking these systems via synthetic approaches is of increasing interest. 

Interfacing such synthetic materials with biological systems is particularly 

promising for a range of biomedical applications including targeted drug delivery 

and molecular diagnostics. Within this class of materials are particles capable of  
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changing morphology in response to stimuli. Enzymes are attractive and unique 

stimuli with great potential in this regard, as they propagate an amplified response 

via catalytic reactions, can be highly substrate specific, and have expression patterns 

sometimes associated with disease states.  

 

The first chapter of this thesis describes the importance of developing 

enzyme-responsive nanomaterials that use peptide as building blocks incorporated 

into polymeric materials to generate biohybride materials. These materials were 

designed to undergo chemical properties or morphology change in response to 

biotic/abiotic stimuli. Chapter 2 describes peptide-based block copolymer 

amphiphiles are well-suited for the development of functional, enzyme-responsive 

systems because changes in the chemical or physical nature of the amphiphile can 

lead to formation, destruction, or morphological transformations. Chapter 3 

describes a novel chemoenzymatic approach to fabricate spherical micelles and 

make fibril micelles via peptide amphiphiles generation. Chapter 4 describes the 

possibility of using a bacterial transpeptidase as a molecular stapler to sequence 

specifically conjugate a peptide-based chemical molecule to another and that 

potentially generate functional assembly which have a range of physical or chemical 

properties. 

 



 
 
 
 
 
 
 
 
 
 

CHAPTER 1 

INTRODUCTION 

 
1 

 



2 
 

Chapter1  Introduction 

 

1-1 Biomolecule assembly and biologically stimulated manipulation of nanoscale 

materials 

Molecules such as DNA, proteins, lipids and glycans are what life made of. They 

are not only important and interesting, but also intrinsically complicated. An organism was 

composed by, in general, large numbers of atoms and having complex and heterogeneous 

structures which have various properties. The heterogeneity of biomolecules have quite 

been determined empirically and manipulated through selection of composition of starting 

building blocks and the methods of processing. 

In biology, those complicate biomolecules response to stimuli and signals and 

generate necessary processes, like G-protein signal transduction via ligand binding induced 

protein phosphorylation and conformation change 3, 4, 9, 10, 15, 17, 20, 24, 30, 39; myoglobin and 

hemoglobin regulate oxygen binding and releasing between blood and tissue through 

allosteric effect 8, 16, 22, 35, 43, 44; cell migration was driven by cytoskeleton filaments, actin 

filaments, dynamically composition and decomposition 1, 14, 28, 31, 38, 40; cellular vesicles 

transport signaling molecules, neurotransmitters for example, to target cell through 

synaptic vesicle membrane fusion 2, 13, 32, 33 (Figure 1.1). As a result, biohybrid materials 
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possesses the potential to be designed and applied to response to physical, chemical, and 

biochemical signals including those associated with specific disease. The preparation and 

synthesis of artificial biohybrid materials might have the utility to make materials which 

have well defined patterns at the nanometer scale and possess desirable functions.

Polypeptides 

Polypeptides are short biopolymer chain which were composed by proteinogenic 

 

Figure 1.1 (a) A model for molecular mechanisms of neurotransmitter release and 

Ca2+-triggered vesicle fusion. (1) vesicle docks, (2) SNARE complex form to pull 

membranes together, (3) Ca2+ binds to synaptotagmin on the vesicle membrane, (4) 

membrane fusion. (Neuroscience. 2nd edition. Purves D, Augustine GJ, Fitzpatrick D, 

et al., editors. Sunderland (MA): Sinauer Associates; 2001.)  
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amino acids as the building blocks and linked through amide bonds (Figure 1.2). There are 

20 natural amino acids existing in human and each possesses specific chemical structure 

and property for biological activity. Peptides can form different secondary structures, for 

example, α- helix and β-sheet, in aqueous solution duo to the hydrogen bonds forming 

between the side chain groups of amino acids and backbone which present selective 

recognition and self-assembly properties 5-7, 12, 19, 21, 34, 37. 

Self-directed assembly of amphiphiles 

In recent decades, self-assembled materials such as vesicles, micelles, or fibers 

 

 

Figure 1.2 (a) The amide-bond formation. The linking of two adjacent amino acids is 

accompanied by lossing of a water molecule. (b) A polypeptide chain possesses a 

constant backbone (black) and variable side chains (green). 
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were generated by amphiphilic macromolecular block copolymers or amphiphiles. Those 

amphiphilic molecules comprise a hydrophobic and a hydrophilic area and both of these 

two areas can be composed by a variety of materials with distinctive chemical or physical 

characterizes such as pH sensitive, temperature or light responsive property. Israelachvili 

and coworkers reported a model which depicted the self-assembly of small amphiphiles, 

particular phospholipids 18. In this model, they defined the packing parameter p=v /la, in 

which v and l are the volume and length of the alkyl chains and a is the surface area of the 

head group. For the pack parameter, 0 < p < 1/2, the formation of micelles is predicted; 

when 1/2 < p < 1, vesicles are formed, and inverted structures are expected for p > 1 (Figure 

 
 

Figure 1.3 Different aggregate morphologies predicted by the packing parameter 

(p)42.  
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1.3). 

Based on this hypothesis, Dennis Discher and coworkers developed a theory to 

describe the self-directed assembly of amphiphilic block copolymers. The mass fraction of 

each block or the relative volume affects the morphology of the assembled structures and 

the interaction between the hydrophobic blocks will affect the stability of the assembly. 

The hydrophilic fraction “f”, was a reflection of the average molecular shape (Figure 1.4).  

When the hydrophilic portion is around 40% to 50%, 40% < f < 50%, it results in the 

amphiphilic copolymer chain to form a wedge shape and then forms rod-like structure via 

 

Figure 1.4 Schematics of block copolymer fractions with respective cryogenic 

transmission electron microscopy images showing vesicles or worm micelles and 

spherical micelles 11. 
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aggregation. The ideal fraction of hydrophilic block to form vesicle was 25% < f < 45%. 

Molecules with hydrophilic fraction > 45% could be expected to form micelles, whereas 

molecules with hydrophilic fraction < 25% could form inverted structures 11. 

Enzymes 

An organism must be able to catalyze chemical reactions not only efficiently but 

selectively. Those functions were performed in cells by highly specialized molecules called 

enzymes. Enzymes are proteins (with the exception of ribozymes), which are the catalysts 

in natural to accelerate the chemical reactions necessary to develop and maintain life under 

mild conditions of pH, temperature, and pressure. In general, enzymes can be grouped into 

six major classes (Table1). 

Enzymes are intrinsically compatible with each other, because they operate at room 

temperature in aqueous buffer at about pH 7. Therefore, enzymes can be used together, in 

sequence or cooperatively to catalyze multiple steps of reactions in a single vesicle. 

Furthermore, enzymes provide the opportunity for “catalyze by design”, one can design 

catalysts which would selectively and specifically act reactions of interest. As a result, 

materials relevant to biology—especially peptide-based, carbohydrate-based, and nucleic 

acid-based molecules, are ideal targets for enzymes. 
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1-2  Peptide-based enzyme responsive nanomaterial systems 

Peptide-based conjugate materials 

There are a plenty of materials able to response to stimuli such as pH, light, 

temperature, et al 23, 27, 29, 36, 41. These stimuli or triggers are utilized to induce the change 

in the materials’ physical or chemical properties, which are the fundamental parts of the 

responsive materials. However, those materials have limited hierarchical structure control, 

morphology programmability and enzyme responsibility. Peptide-based hybrid materials 

are a new class of emerging soft materials. Peptides self-assemble into certain structure 

driven by their primary amino acid sequence to conduct complex functions. They provide 

Table 1.1 Classification of enzymes 

Classification of enzymes 

Enzyme class Enzyme function 

Oxidoreductase Catalyze oxidation-reduction reaction 

Transferase Transfer a chemical group from one molecule to another or 

within a single molecule 

Hydrolase Use water to cleave a single molecule into two molecules 

Lyase Split a molecule in two by a nonhydrolytic process 

Isomerase Interconvert isomeric structures by intramolecular 

rearrangements 

Ligase or synthase Create a new chemical bond coupled to ATP 

(Enzymes in metabolic pathways, Milton H. Saier, Jr. 1987) 
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hierarchical self-assembly down to nanoscale level with chemical selectivity and 

specificity, and external stimuli responsive ability. For example, Hans G. Börner and 

coworker reported an ion/cofactor responsive peptide-polymer conjugates system 26. The 

poly (ethylene oxide)–peptide conjugates exhibit a calcium ion sensitive transition in 

secondary structure from a random coil to α- helix. The structural transition was fully 

 

Figure 1.5 (a) The calcium ion induces coil to helix structural transition in the peptide–

polymer-conjugates. (b) Without adding calcium ions, the peptide segment of the 

conjugate adopts the random conformation. After the calcium ion was added, the 

peptide portion was stabilized as α- helix. The resulting helical structure is a lateral 

amphiphile 26. 
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reversible and could be regulated by adding the calcium ion binders (Figure 1.5). 

Enzymes as stimuli and construction tools 

In living cells, all reactions and processes are precisely controlled by enzymes; 

genome replication, protein synthesis, metabolites synthesis, and cell division….are all 

conducted via enzymes to perform accurate cell functions. Inspired by this, recently, 

enzymes are increasingly utilized as stimuli to change materials’ properties . The advantage 

of using enzymes as stimuli is their inherent biocompatibility and their substrates 

specificity and selectivity, which makes them suitable for development as the tools for 

controlling biohybrid materials.  

There are a lot of different kind of enzymes have already existed in our bodies. 

Imbalances expression or abnormal activity of enzymes often occur in ill states and are 

offered as valuable markers for development of enzyme responsive materials. The most 

 

Figure 1.6 Response of peptide-polymer spherical micelles to sequential additions of 

protein kinase A and protein phosphatase 1. 
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popular enzymes include proteases, kinases and phosphatases. Proteases cleave and usually 

degrade peptide substrates; Kinase are able to transfer phosphate groups from adenosine 

5’-triphosphate (ATP) to phosphorylate their substrates while phosphatases are able to 

remove the phosphate groups from their substrates to under do dephosphorylation. This 

antagonistic interplay provides tremendous potential to design reversible enzyme 

responsive materials. By this concept, we developed peptide-polymer amphiphiles, and 

which form well-defined enzyme responsive spherical micelles (see Chapter 2) 25. Those 

micelles can response to matrix metalloproteases (MMPs), protein kinase A (PKA) and  

protein phosphatase 1 (PP1) in vitro in a selective and reversible manner (Figure 1.6). 

 

1-3  Summary and thesis overview 

As described in the introduction, the peptide-based polymeric or non-polymeric 

bioconjugates make up a new class of soft materials containing biological and synthetic 

building blocks. This new type of materials have the potential to combine the advantage of 

peptides and synthetic matters, particularly the biocompatibility, programmability, and 

multifunctionality of biomolecules and environmental stability of synthetic molecules. 

In Chapter 2, we showed that peptides were conjugated onto the synthetic 
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copolymer to generate morphologically programmable peptide-polymeric amphiphiles and 

self-assembly into spherical micelles under nanoscale in aqueous buffer. The morphology 

change of the peptide-containing materials are designed as substrates for multiple disease-

associate enzymes. We demonstrated that the morphology of micelles are be able to switch 

via kinase phosphorylation and phosphatase dephosphorylation. Furthermore, the micelles 

can irreversibly aggregate into network-like structure after protease treatment. 

In Chapter 3, we describe a novel methods expand the use of one-pot enzymatic 

approach to fabricate Coenzyme A spherical micelles and make fibril micelles via peptide 

amphiphiles generation. We utilized Coenzyme A biosynthetic pathway to enzymatically 

synthesis Coenzyme A analogue in vitro. The resulting products are be able to self-

assembly into spherical micelle at nanoscale. Subsequently, by adding phosphopantetheine 

transferase and peptide substrates with these micelles, the peptide amphiphiles were 

generated and fibril micelles were observed under TEM. 

In Chapter 4, we proposed a new resorting approach to manipulate the morphology 

of peptide amphiphiles which self-assembly into fibril micelles. Sortase A, a type of 

transpeptidase used by bacteria to cross-link peptidoglycan of cell wall, connects two 

different protein or peptide together to form a new chimeric product without interrupting 



13 
 

the function via specific sequences: the N terminal LPETG and the C terminal GGGGG. 

Inspired by this, we utilized this enzyme to change the morphology of fibril micelles into 

spherical structure after the transpeptidase cleavage and annealing process. 
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Chapter 2 Morphology switching and modification of micellar nanoparticles   

        with enzymes 

      Enzymes are attractive and unique catalysts as they have high substrate specificity, 

and propagate an amplified response via catalytic reaction. Furthermore, they have great 

potential for a range of biomedical application including target specific drug releasing and 

molecular diagnosis. Examples of this form the basis of much of modern biomedical 

science including assays such as polymerase chain reaction (PCR) 59, 60, enzyme 

immunoassay (EIA) 71 and enzyme-linked immunosorbent assay (ELISA) 21. In this chapter, 

we incorporated peptide biomolecules onto synthetic polymers to make amphiphilic 

peptide-based biohybride polymeric materials. Morphological switching properties can be 

actuated via enzymatic proteolysis reactions and phosphorylation-dephosphorylation 

processes.   

 

2-1 Introduction 

The development of techniques for programming nanomaterials to respond to 

specific stimuli is essential if they are to be used in biomedical applications such as PCR 

for genetic disease diagnosis or target-specific drug delivery 3, 4, 20, 26, 47-49, 51, 55, 56, 67, 75. 

Enzymes are especially attractive stimuli as they are among the most active and selective 
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catalysts15, 21, 60, 85. In addition, they are used as diagnostic markers as they have expression 

patterns associated with certain disease such as bacterial infection 19, 37 or cancer 30, 43, 62. 

Depending on the design and intended function of the nanoparticles, they could respond in 

a number of ways including degradation and releasing their payload, changing their 

morphology, or undergoing modifications that affect their aggregation state, thereby 

causing a change in the properties of the materials. Block copolymer amphiphiles are well-

suited for the development of functional, stimuli-responsive systems because changes in 

the chemical or physical nature of the amphiphiles can lead to formation, deformation, or 

morphological transformation of the supramolecular aggregates formed 1, 9, 11, 38, 41, 66. 

However, while tunable amphiphilicity for controlling nanoscale assembly morphology is 

tremendous useful and has been demonstrated for a range of stimuli, examples of 

enzymatically-triggered systems of this type are rare 5, 6, 74. We hypothesized that peptides, 

as enzyme substrates, could be used as hydrophilic head groups in polymeric amphiphiles 

17, 73 to make enzymatically manipulated particles 69. Therefore, enzymatic modulation of 

particle morphology is explored herein in an analogous manner to post translational 

modification processes utilized to manipulate biomolecules in natural systems. Moreover, 

cryoelectron microscopy (cryo-EM) and tree-dimensional (3D) image reconstruction were 
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used to confirm the spherical micellar morphology and uniformity of the particles and to 

determine their radial density profile16, 32, 34, 53 

 

2-2 Design and synthesis of morphologically programmable micellar nanoparticles 

      To synthesize micellar particles capable of multi-enzymatic response, we designed 

amphiphilic copolymers 10, 13, 45 with hydrophilic peptide substrate brushes (Figure 2.1). In 

addition to their hydrophilicity, the peptides were designed as substrates for four different 

cancer-associated enzymes: protein kinase A (PKA) 35, 46, protein phosphatase-1 (PP1) 8, 23, 

76, and matrix-metalloproteinase (MMP-2 and MMP-9) 36, 57, 63, 72. By incorporating the 

enzyme substrates into the polar head groups of copolymers, enzymatic reactions selective 

for those substrates could be used to modify particle morphology and the aggregation 

behavior of the copolymers. As a result, PKA, PP1 and the two MMPs were used to 

modulate charge and steric bulk of the peptide substrates via several mechanisms: 1) 

phosphorylation by PKA at serine residues, 2) dephosphorylation by PP1 at serine residues, 

3) peptide sequence cleavage by MMPs at Gly-Leu amide bonds. We reasoned that 

enzymatic reactions occurring within the shell of the particles would facilitate changes in 

the steric bulk, and electrostatic properties of the amphiphiles, and would result in changes 
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to the overall architecture via the establishment of new equilibria for surfactant aggregation. 

Synthesis of block copolymers.  

      Ring-opening metathesis polymerization (ROMP) has excellent attributes for block 

copolymer synthesis24, 28. Polymer length can be controlled by adjusting the monomer-to-

initiator ratio with ruthenium initiators. Therefore, defined block copolymers can be 

synthesized through conducting ROMP (Scheme 2.1). The synthetic strategy used here for 

enzyme responsive micelles takes advantage of established properties of amphiphilic block 

copolymers to control aggregate morphology. However, the polar head groups of the 

polymeric amphiphiles are brush of peptides that can be specifically recognized and 

catalyzed by certain enzymes in a sequence selective fashion to guide the polymeric 

material between phases. Polymeric amphiphiles were synthesized via ring recognized and 

catalyzed by certain enzymes in a sequence selective fashion to guide the polymeric 

material between phases. Polymeric amphiphiles were synthesized via ring opening 

metathesis polymerization followed by post synthetic modification with various peptide 

substrates.We synthesized four micelles (M1, M2, M3 and M4) from amphiphilic peptide-

brush copolymers consisting of various arrangements of peptide sequences. The peptide 

sequences of M1 and M2 micelles were specifically designed for PKA, PP1, MMP-2 and 
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MMP-9. M3 and M4 micelles can only be catalyzed by MMP-2 and MMP-9. All micelles 

appear as uniform spherical structure in TEM except micelle 4, which clumps of particles 

was observed. 

 

 

Scheme 2.1 Synthetic scheme for general method utilized in polymerization reactions. 

For analysis purposes a sample of the first block in the copolymer is quenched prior to 

addition of the second monomer. This is used to confirm block size and is compared 

with weight fraction analysis of the copolymer by SEC-MALS. 

 

Table 2.1 The four peptide-shell polymeric amphiphiles and resulting micelle 

parameters. 

Micelle         Peptide substrate  m n Dh
 PD 

M1 

 

34 6 24 0.27 

M2 

 

34 6 33 0.19 

M3 

 

27 8 28 0.34 

M4 

 

35 5 28 0.33 
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Each of the polymeric amphiphiles were also analyzed by SEC-MALS to quantify 

the number of average molecular weight (Mn), degree of polymerization and dispersity 

(Mw/Mn) (Table 2.1 and Figure 2.2). 

 

 

Figure 2.1 Peptide, substrate-shell polymeric amphiphiles assemble into spherical 

micelles approximately 24-33 nm in diameter. The peptide substrates within the micelle 

corona interact with the enzymes to generate a variety of morphologies of polymeric 

amphiphile aggregates. Here, the schematic corresponds to micelle M2. The four 

micelles used in this study are described in Table 1. 
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Spherical micelles resulted by dialysing copolymer solutions from DMSO/DMF 

(1:1) to buffered water over 24 hours. The conformation of spherical particles 24-33 nm in 

diameter was confirmed by transmission electron microscopy (TEM), scanning electron 

 

Figure 2.2 (a) Micelles 1-4 at different magnifications by negative stain TEM. It is 

interesting to note that all micelles appear as uniform spherical particles except 

micelle 4, which appear as “clumps” of particles in TEM, although are tightly 

distributed around 28 nm in solution, by DLS. (b) SEC-MALS plot of copolymers. 

Top: NHS copolymer (blue) and M1 micelle (Red) and M2 Micelle (green). Middle: 

M3 micelle (green). Bottom: M4 micelle (blue).  
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microscopy (SEM), and dynamic light scattering (DLS: hydrodynamic diameter, Dh). We 

examined M1 micelle using cryo-EM followed by single-particle, 3D image reconstruction 

to further characterize define the particles in a native hydrated state (Figure 2.3) 81, 82. The 

sample was loaded onto glow discharged grids at 4℃ then plunged into liquid ethane and 

transferred into a precooled cryo-transfer holder, which kept the specimen at liquid 

nitrogen temperature in the microscope. Micrographs were then recorded. Individual 

particle images were extracted by using EMAN boxer program and a ~ 30 Å  resolution 

initial reconstructed model was generated via RMC procedure. The final 3D particle model 

was generated from 1749 particles and the resolution was estimated to be ~ 26 Å。 

Intriguingly, the radial density profile for the spherically averaged reconstruction 

(Figure 2.3c) has a similar shape to that simulated and measured for other copolymer and 

surfactant-based micelles as determined by alternative techniques 14, 22, 31, 54, 83. In particular, 

the materials show low density at the central core and a region of higher density at the edge 

of the core and in the surrounding shell. This profile is constant with a hydrophobic core 

radius of 5-7 nm. The reconstruction reflects a combination of both the internal micelle 

structure and the micelle to micelle variability. In order to elucidate the contributions of 

these two sources of radical density variation we analyzed the individual particle images 
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(Figure 2.4). 

From these images we assign radii to the micelles as the distance (from the center) 

at which the minimum density occurs. The results indicate that these radii are continuously 

distributed between approximately 10.5 and 13.5 nm providing an indication that the 

micelles do not belong to distinct classes of particular size. A visual inspection of the 

individual particle density profiles suggests that the reconstruction (Figure 2.3c) 

reasonably captures the internal micelle structure while the variation in particle radii likely 

exaggerates the distance over which the reconstructed density drops from its peak to zero. 

Taken together, conclude that the particles are spherical micellar architectures, 24 nm in 

 

Figure 2.3 TEM characterization of M1. (a) Micrograph of M1 sample, stained with 

1% uranyl acetate. (b) Micrograph of unstained vitrified M1 sample. (c) 

Reconstructed radial density plot from cryo-TEM data (Figure 2.4).   
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average diameter with a maximum variation of 3 nm. Moreover, the particle diameter 

obtained from the cryo-reconstruction is in agreement with the negative stain TEM and 

DLS data. 

Micelles M1 and M2 both contain a serine residue targeted for phosphorylation by 

PKA and subsequent dephosphorylation by PP1. M1 and M2 also contain substrates for 

preteases MMP-2 and MMP-9, which cleave at Gly-Leu peptide bonds (Table 2.1). Since 

M1 and M2 differ only in the arrangement of the peptides, this allows an examination of 

the role that the peptide-brush design has on response to the various enzymatic stimuli. 

MMP-2 and MMP-9 were both utilized to confirm if enzymatic activity would yield 

 

Figure 2.4 Here are shown a collection of images of individual particles and the radial 

density across each one. Figure 3 shows the result of 1749 such images analyzed 

together. Here, the same trend is observed for the drop of in density at the edge of the 

particle (approx. 10 nm radius) in addition to a tendency toward low density at the very 

core of the particles. 
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equivalent responses from the cleavage reaction. M3 and M4 only contain a substrate for 

the MMPs, plus a short PEG chain to increase water solubility. These micelles differ in the 

relative ordering of the peptide and PEG chain. 

By contrast, a dramatic change in morphology (Figure 2.5c-d) and hydrodynamic 

 

Figure 2.5 Response of micelles M1, M2, M3 and M4 to treatment with MMPs. (a) 

TEM M1 + MMP-2. (b) SEM M1 + MMP-2. (c) TEM M2 + MMP-2. (d) TEM M2 + 

MMP-2. (e-h) DLS shown for all four particles indicating changes in particle size upon 

MMP treatment as indicated.  Conditions: MMP-2 (100 μU, 7.5 μg/mL) and MMP-9 

(100 μU, 4.7 μg/mL) with 20 μM nanoparticles were incubated in Tris-HCl solution 

(50 mM, pH 7.4), respectively. Reactions were performed at 37 oC for 24 hours prior 

to sample preparation for microscopy and DLS. 

 

Figure 2.6 TEM and SEM images show M1 and M2 micelles treated with MMP-9. 

Shown here are examples on the left of the kinds of micron-scale aggregates observed 

that appear as “network”-like structures at higher magnification (bottom right). Again, 

as in Figure 5, Micelle M1 undergoes no observable change in morphology upon 

reaction with proteases, MMP-2, or MMP-9. 
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diameter (Figure 2.5f) was observed upon reaction of M2 with MMP. The SEM and TEM 

data showed evidence of a change to an amorphous “network” upon shell-peptide cleavage. 

No visible precipitate was formed in solution during this process. The responses of M3 and 

M4 to MMP-9 were very similar to those for M1 and M2 (Figure 2.5g-h and Figure 2.6), 

respectively, although DLS did not indicate any measurement aggregation for M3. We infer 

from these results that the position of the cleavage site in the amphiphiles plays a critical 

role in how the micelle responds to proteolysis. In particular, cleavage at sites more 

proximal to the polymer backbone leads to more dramatic morphological changes because 

of a larger change in peptides shell structure. 

 

Figure 2.7 Fragment cut away by MMP-9 and separated from the particle by molecular 

weight cut off spin tube. a) Micell 1: Mass calcd: 241, Obs: 242. ; b) Micelle 2: Mass 

calcd: 1013, Obs: 1013. 
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In addition to the type of response, the rate of reaction is dependent on substrate 

structure, with M4 undergoing a slower phase transition compared to M2 upon treatment 

with MMP-9. This is observed as a greater rate of increase in z-average size of particles 

and polydispersity in samples of M2 treated with protease compared to M3 over the same 

time period (Figure 2.6). This is an expected outcome as PEG moieties are known to confer 

some resistance to proteolysis 39, 68. These data give insight into how such particles may be 

 
Figure 2.8 Response of M2 to sequential additions of PKA and PP1. Micelles were 

treated with PKA + ATP and incubated at 30 oC for 24 hrs followed by dialysis – (a) 

TEM; (b) SEM. Phosphorylated particles were subjected either to dialysis, or heat 

denaturation of PKA (20 min, 65 C) prior to treatment with PP1 for 24 hours leading 

to formation of spherical micelles with the same morphology as the starting micelles - 

(c) TEM; (d) SEM. (e) DLS confirms increase and decrease of aggregate size in 

solution via phosphorylation and dephosphorylation respectively. (f) Phosphorylation 

and dephosphorylation were confirmed by radiolabelling the particles using [γ-32P] 

ATP. Heat denaturation and extended dialysis had no effect on M2 micelles in the 

absence of enzyme. 
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prepared for applications such as drug delivery, where degradation rates are inherently 

important. 

Reversible cycling of particle morphology was explored utilizing phosphorylation 

and dephosphorylation reactions (Figure 2.8 for M2 data and Figure 2.9 for M1 data). M1 

and M2 micelles were incubated in PKA reaction buffer with adenoside triphosphate (ATP) 

at 30℃ for 24 hours followed by heating at 65 ℃ for 20 minutes to inactivate PKA. The 

phosphorylated micelles were then doped with PP1 at 30℃ for 24 hours to remove the 

phosphate group from micelles. 

We hypothesized that incorporation of kinase and phosphatase substrates in the 

polymer architecture would enable a selective and potentially reversible change in shell 

structure and charge 50, 64. The effect of phosphorylation for particle critical micelle 

concentration (CMC) was also measured. A pyrene solution was utilized for serial dilution 

of initial or phosphorylated micelles in a 96-well plate. Excitation was carried out from 

300-360 nm wavelength range and the emission was recorded at 330 nm and 390 nm, 

respectively. There has no significant change in critical micelle concentration, thereby 

implying micellar nature of the material is maintained. (Figure 2.9). 
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Radiolabelling was conducted to confirm that phosphorylation and 

dephosphorylation occurred through the cycling process (Figure 2.8f). In the experiment, 

M2 was treated with PKA and a radioactively labelled ATP substrate and observed with a 

scintillation counter after excess ATP was removed by dialysis. Results showed that PKA 

successfully phosphorylated the particles. Subsequent treatment with PP1 (again followed 

by dialysis) removed the phosphate group. Both M1 and M2 showed the same reactivity 

patterns, but with M2 appearing to undergo a more complete reversible transition than M1. 

 

Figure 2.9 Critical micelle concentration determination of Micelle 1 in initial state and 

post-phosphorylation with PKA. Plotted is the ratio of emission intensity from pyrene 

at 390 nm and 330 nm, vs log of the concentration of peptide in solution.  The onset 

of fluorescence in both cases occurs at approximately 30 μM of peptide for both 

particles, or approximately 5 μM of polymeric amphiphile. Error bars are standard 

deviations in experimental data from three separate serial dilution experiments with two 

separate measurements made for each data point at each of the two emission 

wavelengths. 
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This was confirmed by DLS analysis and is especially clear for the radiolabelling results 

(Figure 2.4f and Figure 2.10). 

2-3 Experimental section for Chapter 2-1 

General methods 

All reagents were bought from Sigma-Aldrich and used without further purification. 

Anhydrous toluene and dichloromethane were purified using a Dow-Grubbs two-column 

purification system (Glasscontour System, Irvine, CA). 1-[[(2S)-bicyclo[2.2.1] hept-5-en-

2-ylcarbonyl]oxy]-2,5-pyrrolidinedione (2) was prepared as described by Pontrello et al.. 

(IMesH2)(C5H5N)2(Cl)2Ru=CHPh was prepared as described by Sanford et al.. 

 
 

Figure 2.10 Here, the cycling of Micelle 1 is shown by TEM and SEM, with DLS and 

radiolabelling data for Micelle 1. That is, the inverse of Figure 2.8 of the Main Text. 
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Polymerizations were performed under dry dinitrogen atmospheres with anhydrous 

solvents. MMP-2 and MMP-9 were acquired from Calbiochem, as solutions in 200 mM 

NaCl, 50 mM Tris-HCl, 5 mM CaCl2, 1μM ZnCl2, 0.05% BRIJ®  35 Detergent, 0.05% 

NaN3, pH7.0. PKA and PP1 were acquired from NEW ENGLAND BioLabs Inc. as 

solution in 50 mM NaCl, 20 mM Tris-HCl (pH 7.0), 1 mM Na2EDTA, 2 mM DTT and 

50% glycerol and 200 mM NaCl, 50 mM HEPES (pH7.0), 1 mM MnCl2, 0.1 mM EGTA, 

2.5 mM dithiothreitol, 0.025% Tween-20, 50% glycerol, respectively. HPLC analysis of 

peptides were performed on a Jupiter 4u Proteo 90A  phenomenex column (150 x 4.60 

mm) with a binary gradient using a Hitachi-Elite LaChrom L-2130 pump equipped with 

UV-Vis detector (Hitachi- Elite LaChrom L-2420). Gradient: (Solvent A: 0.1% TFA in 

water; Solvent B: 99.0% acetonitrile, 0.9% water, 0.1% TFA; gradient: 10-80% B from 5-

30 minutes, 80-90% B from 30-32 minutes, and 90% B from 32-40 minutes, Flow rate: 1 

mL/min). To confirm peptide molecular weight, MALDI-TOF mass spectrometry was 

performed on a ABI MALDI Voyager (equipped with ThermoLaser Science, VSL-337ND) 

using alpha-CHC matrix (alpha-cyano-4-hydroxycinnamic acid) (Agilent technologies). 

Polymer polydispersity and molecular weight were determined by size-exclusion 

chromatography (Phenomenex Phenogel 5u 10, 1K-75K, 300 x 7.80 mm in series with a 
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Phenomex Phenogel 5u 10, 10K-1000K, 300 x 7.80 mm (0.05 M LiBr in DMF)) using a 

Hitachi-Elite LaChrom L-2130 pump equipped with a multi-angle light scattering detector 

(DAWN-HELIOS: Wyatt Technology) and a refractive index detector (Hitachi L-2490) 

normalized to a 30,000 MW polystyrene standard. Particle concentrations were determined 

via standard Bradford protein assay method on a Perkin Elmer HTS 7000 Bio Assay Reader.  

Dh was determined by DLS on a Nano-ZS90-.  TEM images were acquired on a carbon 

grid (Ted Pella, INC.) with 1% uranyl acetate stain on a FEI Tecnai G2 Sphera at 200 KV. 

AFM images were acquired on a Veeco Multimode Scanning Probe Microscope (Veeco) 

with silicon probe (TED PELLA, Inc.) on mica substrate. SEM images were acquired on a 

FEI XL ESEM-FEG (FEI Company) with mica substrate. Fluorescence measurements for 

CMC determination (see below) were taken on SPECTRAMAX GEMINI EM (Molecular 

Devices).   1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded on a Varian 

Mercury Plus spectrometer. Chemical shifts (1H) are reported in  (ppm) relative to the 

CDCl3 residual proton peak (7.27 ppm). Chemical shifts (13C) are reported in  (ppm) 

relative to the CDCl3 carbon peak (77.00 ppm). Mass spectra were obtained at the UCSD 

Chemistry and Biochemistry Molecular Mass Spectrometry Facility.  
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Peptide synthesis 

Preparation of Peptide-1 (PKA-MMP substrate), Peptide-2 (MMP-PKA substrate) and 

Peptide-3 (MMP substrate) 

General solid state synthesis procedure for peptides 

 

      Peptides were synthesized by Fmoc-based solid phase peptide synthesis using 

preloaded Wang resins. Fmoc deprotection was performed with 20 % piperidine in DMF 

(2×5 min) and coupling of the consecutive amino acid was carried out with HBTU and 

DIPEA (resin / amino acid / HBTU / DIPEA 1 : 3 : 3 : 4). The final peptide was cleaved 

from the resin by treatment with trifluoracetic acid (TFA) / Dichloromethane (DCM) (1 : 

1) for 2 hours. The resin was washed with DCM and ether and the combined organics were 

evaporated in vacuo to give an off white solid. 

 

Peptide 1 sequence (PKA-MMP): Leu-Arg-Arg-Ala-Ser-Leu-Gly-Lys-Gly-Pro-Leu-Gly-

Leu-Ala-Gly HPLC (retention time = 15.00 min).  

MALDI-MS:  Mass calcd: 1466; Mass obs: 1468. 

Peptide 2 sqeuence (MMP-PKA): Lys-Lys-Pro-Leu-Gly-Leu-Ala-Gly-Leu-Arg-Arg-Ala-
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Ser-Leu-Gly HPLC (retention time = 14.66 min).  

MALDI-MS:  Mass calcd: 1537; Mass obs: 1539. 

Peptide 3 sequence (MMP):  

Gly-Pro-Leu-Gly-Leu-Ala-Gly HPLC (retention time = 14.8 min).  

MALDI-MS:  Mass calcd: 584; Mass obs: 582. 

 

Monomer synthesis 

(N-Benzyl)-5-norborene-exo-2, 3-dicarboximide. 1 

To a stirred solution of N-benzylamine (2.85 g, 26.6 mmol) in dry toluene (125 mL) 

was added 5-norbornene-exo-2, 3-dicarboxylic anhydride (4.10 g, 25.0 mmol) and 

triethylamine (3.83 mL, 27.5 mmol). The reaction was heated to reflux overnight under a 

nitrogen atmosphere. The reaction was cooled to room temperature and washed with 10 % 

HCl (3 x 50 mL) and brine (2 x 50 mL). The aqueous layers were combined and extracted 

with EtOAc (60 mL). The combined organic layers were dried with MgSO4, filtered and 

concentrated to dryness giving a pale yellow solid that was recrystallized from ethyl acetate 

/ hexanes to give 1 (4.98 g, 79%) as off white crystals. 1H NMR (CDCl3) :  (ppm) 1.07 (d, 

1H, CH2, J=9.6 Hz,), 1.42 (d, 1H, CH2, J=9.6 Hz), 2.69 (s, 2H, 2 x CH), 3.26 (s, 2H, 2 x 
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CH), 4.61 (s, 2H, CH2), 6.28 (s, 2H, CH=CH), 7.25-7.40 (m, 5H, Ar). 13C NMR (CDCl3) : 

 (ppm) 42.18, 42.28, 45.13, 47.62, 127.74, 128.48, 135.76, 137.76, 177.48. LRMS (CI), 

253.99 [M+H]+. HRMS, expected [M+H]+ : 254.1176, found : 254.1175. 

2-(2-(2-hydroxyethoxy) ethoxy)ethyl methanesulfonate. 3 

To a stirred solution of triethylene glycol (15.0 g, 99.0 mmol) and Ag2O (25.5 g, 

111 mmol) in CH2Cl2 175 mL was added dropwise a solution of mesylchloride (11.44 g, 

99.0 mmol) in CH2Cl2 30 mL. The reaction was stirred at room temperature for 48 hrs, then 

filtered through celite and the filtrate concentrated to dryness to give a clear oil that was 

purified by column chromatography (10% IPA in ethyl acetate) to give the desired 

monosubstituted product.29 

 

2-(2-(2-azidoethoxy)ethoxy)ethanol. 4 

To a stirred solution of 3 (5.0 g, 22 mmol) in EtOH 110 mL was added NaN3 (2.13 

g, 33 mmol). The resulting mixture was heated to reflux overnight, then cooled to room 

temperature and concentrated to dryness. The residue was taken up in CH2Cl2 and washed 

with brine (x2), the organic layer was dried MgSO4, filtered and concentrated to dryness to 

give 4 as a clear oil. 
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tert-butyl 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy) -acetate. 5 

Alcohol 4 (1.0 g, 5.23 mmol) was placed under vacuum overnight and then 

dissolved in dry CH2Cl2 20 mL, add molecular sieves and cooled to 0oC. NaH (82 mg, 

3.42 mmol) was added carefully to the solution and left to stir for 15 min then add the 

tertbutyl bromoacetate dropwise and let the reaction stir for 4 hrs. TLC shows starting 

material so add NaH (100 mg) and let stir for 2 hrs. TLC shows starting material so add 

tert-butyl bromoacetate (0.2 mL) and let stir overnight. The reaction mixture was quenched 

with H2O then concentrated to dryness. The residue was purified by flash chromatography 

1:1 (hexanes : EtOAc) to give 830 mg, 50% of 5 as a yellow oil. 58 

 

tert-butyl-2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy) -acetate. 6 

To a 0oC solution of azide 5 (30 mg, 2.72 mmol) in dry THF 25 mL was added PPh3 

(85.6 g, 3.26 mmol), the resulting solution was warmed to room temperature with stirring 

under a N2 atmosphere overnight. Water 1.5 mL was added to the reaction, which was 

stirred for 6 hrs longer. Dilute the reaction mixture with water and wash with toluene (x4). 

The aqueous layer was concentrated to dryness to give 6 as a yellow oil. 1H NMR (CDCl3):  

 (ppm) 1.48 (s, 9H, CH3), 2.08 (bs, 2H, NH2) 2.88 (t, 2H, CH2, J = 4 Hz) 3.40 (t, 2H, CH2, 
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J = 4 Hz), 3.65-3.75 (m, 8H, CH2), 4.03 (s, 2H, CH2). 
13C NMR (CDCl3):  (ppm) 28.20, 

41.84, 69.12, 70.36, 70.58, 70.67, 70.70, 70.79, 81.65, 169.77. LRMS (ESI), 264.08 

[M+H]+. HRMS, expected [M+H]+: 264.1085, found:  264.1807. 

 

tert-butyl-2-(2-(2-(2-((6R)-bicyclo[2.2.1]hept-2-enecarboxamido)-ethoxy)-ethoxy)-

ethoxy)acetate. 7 

To a stirred solution of 6 (143 mg, 0.514 mmol) in dry CH2Cl2 5 mL was added 

norbornene NHS ester (121 mg, 0.514 mmol) and DIPEA (132 mg, 1.02 mmol). The 

mixture was stirred at room temperature under a nitrogen atmosphere overnight.  The 

reaction was concentrated to dryness to give 189 mg (96%) of 7 as a pale yellow oil. 1H 

NMR (CDCl3):   (ppm) 1.29 (m, 2H, 1 x CH2, CH), 1.70 (d, 1H, CH2, J = 8.2 Hz), 1.88 

(m, 1H, CH), 2.03 (m, 1H, CH), 2.88 (bs, 1H, CH), 2.91 (bs, 1H, CH), 3.42 (m, 2H, CH2), 

3.54 (m, 2H, CH2), 3.6-3.7 (m, 8H, CH2), 3.99 (s, 2H, CH2), 6.05-6.15 (m, 2H, CH=CH), 

6.31 (bs, 1H, NH). 13C NMR (CDCl3):  (ppm)28.25, 31.08, 39.42, 41.72, 44.65, 46.45, 

47.38, 69.11, 70.18, 70.32, 70.68, 70.80, 81.85, 136.27, 138.27, 169.76, 175.92. LRMS 

(ESI), 384.21 [M+H]+. HRMS, expected [M+H]+: 384.2381, found:  384.2379. 
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1-((2R)-bicyclo[2.2.1]hept-5-en-2-yl)-1-oxo-5,8,11-trioxa-2-azatridecan-13-oic acid. 8 

A solution of 7 (180 mg) in a 1:1 mixture of TFA/CH2Cl2 was stirred to 6 hrs. 

Concentrate to dryness to give 8 as a yellow oil. 1H NMR (CD3OD):   (ppm) 1.31 (m, 

2H, 1 x CH2, CH), 1.70 (d, 1H, CH2, J = 8.2 Hz), 1.84 (m, 1H, CH), 2.13 (m, 1H, CH), 

2.66 (bs, 2H, CH), 3.36 (t, 2H, CH2, J = 5.4 Hz), 3.53 (t, 2H, CH2, J =  5.4 Hz), 3.6-3.7 

(m, 8H, CH2), 4.13 (s, 2H, CH2), 6.14 (m, 2H, CH=CH). 13C NMR (CD3OD):  (ppm) 

31.34, 40.06, 42.90, 45.26, 47.19, 48.76, 69.20, 70.79, 71.37, 71.67, 71.72, 71.84, 137.48, 

139.13, 174.12, 178.64. LRMS (ESI), 328.35 [M+H]+. HRMS, expected [M+Na]+: 

350.1574, found: 350.1575. 

 

Polymer synthesis 

Backbone Copolymer (134-b-214) – Proceeds as shown in Figure 2.1 below: 

To a stirred solution of 1 (80 mg, 0.315 mmol) in dry CH2Cl2 (2 mL) cooled to –

78oC was added a solution of the catalyst ((IMesH2)(C5H5N)2(Cl)2Ru=CHPh) (6.03 mg, 

0.00829 mmol) in dry CH2Cl2 (0.5 mL) also cooled to –78oC. After 5 min the cold bath 

was removed and the reaction was left to stir under nitrogen while warming to room 

temperature. After 40 min a 0.30 mL aliquot was removed and quenched with ethyl vinyl 
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ether as shown in Fig. 1 below. After 25 min the polymer was precipitated by addition to 

cold MeOH to give the homopolymer (Block A) as an off white solid. To the remaining 

reaction mixture a solution of 2 (31 mg, 0.131 mmol), in dry CH2Cl2 (0.5 mL) was added. 

The mixture was left to stir under N2 for 40 min followed by quenching with ethyl vinyl 

ether (.100 ml). After 25 min the solution was concentrated to approx. 1/3 the original 

volume then precipitated by addition to cold MeOH to give the copolymer as an off white 

solid. 1H NMR of the polymer confirms the absence of monomer (no olefin peak at 6.30 

ppm) and the presence of broad trans and cis olefin peaks of the polymer backbone at 5.73 

and 5.50 ppm respectively.  

SEC-MALS:  

(a) homopolymer of 1: Mw = 8553, Mw / Mn = 1.019, 1 = 34.  

Copolymer of 1-b-2 (I): Mw = 11940, Mw / Mn = 1.010, 2 = 14. 

(b) homopolymer of 1: Mw = 6898, Mw / Mn = 1.052, 1 = 27.   

Copolymer of 1-b-2 (II): Mw = 8891, Mw / Mn = 1.024, 2 = 8. 

(c) homopolymer of 1: Mw = 8886, Mw / Mn = 1.004, 1 = 35. Copolymer of 1-b-8 (III): 

Mw = 10500, Mw / Mn = 1.024, 8 = 5. 
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Representative Peptide-Polymer Conjugation Reactions 

1 μmol of copolymer I was dissolved in 1 mL of Dimethylformamide (DMF), 

followed by addition of 3 equiv. of N,N-Diisopropylethylamine (DIPEA) and 1.5 equiv. of 

peptide. The reaction was stirred at room temperature for 20 hrs, and precipitated by 

addition to 10 mL cold methanol followed by centrifugation at 4000 xg.  

SEC-MALS: 

PKA-MMP conjugate; MW = 19470 g / mol (6 peptide units added), PDI = 1.014. 

MMP-PKA conjugate; MW = 77720 g / mol (aggregate of 4 polymeric units containing 5 

peptide units), PDI = 1.173. 

To a stirred solution of polymer II (30 mg) and peptide (33 mg 2 equivalents) in a 

2:1 mixture of dry CH2Cl2 and DMF was added DIPEA. The mixture was stirred 

overnight under N2, and then concentrated to dryness to give a grey powder. SEC-MALS:  

MW = 11240 g / mol (5 peptide units added), PDI = 1.006. 

Conjugation of PEG amine to MMP Polymer conjugate  

In a round bottom flask containing the polymer-peptide conjugate, HBTU (41 mg, 

0.108 mmol), 2,5,8,11-tetraoxatridecan-13-amine (11 mg, 0.054 mmol) in DMF (2 mL) 

was added DIPEA (19 uL, 0.108 mmol). The mixture was stirred under N2 for 48 hrs then 
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concentrated to dryness to give a grey solid. SEC-MALS: MW =  14510 g / mol, PDI = 

1.014. 

added DI

N2. Concentrate to dryness to give a brown residue that was dissolved in CH2Cl2 and 

precipitated by addition to 10 mL of a cold solution of 1:1 Ether / Hexanes. The precipitate 

was collected by centrifugation (4000 rpm, 20 min) and dried to give a rubbery solid. SEC-

MALS: MW = 14000 g / mol (5 units added), PDI = 1.013. 

 

Spherical Micelle Formation 

The peptide-brush copolymer was dissolved in 250 μL of DMSO / DMF in 1:1 ratio 

followed by addition of 750 μL of Tris buffered water (50 mM, pH 7.4). This solution was 

then transferred to a 3,500 MWCO dialysis tubing and left for 3 days. The buffer was 

changed three times, once time per day. See Figure 2.2 below for TEM images of all four 

micelles. 
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CryoTEM. 

Small (3 µl) aliquots of micelles (Tris buffered water, 50 mM, pH 7.4) were 

vitrified for cryoTEM via standard, rapid freeze-plunging procedures7. Samples were 

applied to Quantifoil holey grids (Ted Pella Inc.) that had been glow discharged using an 

Emitech K350 glow discharge unit and plasma-cleaned for 90 s in an E.A. Fischione 

1020 unit. Sample was loaded onto the grids at 4 oC for 30 s then plunged into liquid 

ethane and transferred into a precooled Gatan 626 cryo-transfer holder, which maintained 

the specimen at liquid-nitrogen temperature in the FEI Sphera microscope operated at 

200 keV. Micrographs were recorded on a 2K X 2K Gatan CCD camera under low- dose 

conditions (~ 10 e/Å 2) and at a nominal magnification of 50,000 X. 

 

3D Image Reconstruction.  

27 micrographs, exhibiting minimal specimen drift and image astigmatism were 

recorded at underfocus settings of between 1.69 and 3.13 µm. The pixel size at the 

specimen was 2.033 Å . The EMAN boxer program (http://blake.bcm.tmc.edu/eman/) was 

used to extract 1750 individual particle images, each 137 x 137 pixels in size and to 

preprocess them as described elsewhere7. We next used the RMC procedure79 to generate 
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an initial reconstructed model at ~30 Å  resolution from 150 particle images. This map then 

served as a starting model to initiate full orientation and origin determinations of the entire 

set of images by using AUTO3DEM80. Corrections to compensate in part for the effects of 

the microscope contrast-transfer function were performed as described elsewhere.  

The final 3D map, reconstructed from 1749 particles, was computed out to a 

resolution of 26 Å  with a Gaussian function applied to attenuate the Fourier data smoothly 

to zero from 19.2 to 16.1 Å .  The resolution was estimated to be 26 Å  by Fourier-shell 

correlation analysis 0.5 threshold criterion, but we doubt the reliability of this value owing 

to the sample inhomogeneity.  

Enzyme activation 

      To 5 μL of enzyme was added 0.4μL of a 24 mM p-aminophenyl mercuric 

acetate solution in freshly prepared 0.1 M NaOH. The enzyme solution was heated at 37oC 

for 2 hours. 

 

Phase Transition Studies via MMP-2, or MMP-9 Addition 

MMP-2 (100μU) and MMP-9 (100μU) with 20μM nanoparticles were incubated 

in Tris-HCl solution (50 mM, pH 7.4), respectively. Reactions were performed at 37 oC 
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for 24 hours. 

 

Phase Transition Studies via Protein Kinase A (PKA) Addition 

      20 μM nanoparticles with PKA (2500 U), ATP (2 mM) were incubated in PKA 

reaction buffer (100μL, 50 mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 oC for 24 hrs. DLS, 

TEM, AFM, and SEM samples were taken at the same time points, from the same solution. 

Phase Transition Studies via DMSO Addition 

20 μM nanoparticles with PKA (2500 U), ATP (2 mM) were incubated in PKA 

reaction buffer (100μL, 50 mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 oC for 24 hrs. The 

phosphorylated nanoparticles solution was mixed with DMSO solution (final DMSO 

concentration 40%) at room temperature for 6 hrs. DLS, TEM, AFM, and SEM samples 

were taken at the same time points, from the same solution. 

 

Phase Transition Studies via Protein Phosphatase (PP1) Addition 

20 μM nanoparticles with PKA (2500 U), ATP (2 mM) were incubated in PKA 

reaction buffer (100μL, 50 mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 oC for 24 hrs. PKA 

activity was inactivated at 65 oC for 20 mins. The phosphorylated nanoparticle with PP1 
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(2.5 U) and MnCl2 (1 mM) were incubated in PP1 reaction buffer (50 mM HEPES, 10 mM 

NaCl, 2 mM DTT, 0.01% Brij 35, pH 7.5) at 30 oC for 24 hrs. DLS, TEM, AFM, and SEM 

samples were taken at the same time points, from the same solution. 

 

Protein Kinase A (PKA) activity assay 

Radioactive [γ-32P] ATP (4500Ci/mmole) was obtained from MP Biomedicals LLC. 

20μM nanoparticles with PKA (2500 U), andγ-32P-ATP (2.22x10-6μmole) were incubated 

in PKA reaction buffer (100μL, 50 mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 oC for 6 

hrs. PKA was inactivated by heating at 65 oC for 20 mins. The phosphorylated nanoparticle 

with PP1 (2.5 U) and MnCl2 (1 mM) were incubated in PP1 reaction buffer (50 mM HEPES, 

10 mM NaCl, 2 mM DTT, 0.01% Brij 35, pH 7.5) at 30 oC for 24 hrs. This solution was 

then dialyzed for 3 days in 3,500 MWCO dialysis tubing (Thermo scientific). The buffer 

was changed six times, twice per day. The radio-labeled polymer-peptide products were 

transferred into scintillation vials, mixed with 4 ml of scintillation cocktail (Fisher SX23-

5) and counted using Beckman Coulter LS6500 Multi-Purpose Scintillation-Counter. 

Critical Micelle Concentration Determination 

A stock solution of pyrene was prepared by adding 1 mg pyrene to 10 mL water 
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followed by sonication for 4 hrs. The solution was then subject to centrifugation at 12,000 

x g.  The pyrene contained in the supernatant was used as the fluorescent probe for this 

assay and measured by fluorometer SPECTRAMAX GEMINI EM (Molecular Devices). 

Peptide concentration was determined from a Bradford assay of the particles which were 

then diluted serially in 96-well FIA microplates (Greiner Bio-One). Excitation was carried 

out from in the 300-360 nm wavelength range and the emission was recorded at 390 nm 

and 330 nm. The slit widths for excitation were fixed at 1 nm. The concentration was 

plotted on a logarithmic scale (Figure 2.9) and the critical micelle concentration were 

determined at the intercept of the two crossing lines where the decreasing surface tension 

becomes constant. 

 

2-4 Results and Discussion 

Peptides 2, 18, 42, 44, 84, proteins 12, 52, 61, 70, and nucleic acids 25, 27, 33, 65, 78 are attractive 

synthons for the development of supramolecular biomaterials 40, 77 because they are 

selective as substrates for enzymes, having inherently specific recognition properties, and 

consist of well-defined structural elements. Multi-enzyme responsive systems provide a 

route toward the development of materials capable of signaling specific patterns of 

biochemical stimuli. Here, the concept of enzymatically controlled micellar nanoparticle 
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morphology was demonstrate utilizing a biomolecule-programmed amphiphilic copolymer 

approach. The ability to program the nature of an enzymatic response of particles has broad 

implication for in vivo delivery and detection strategies where surface chemistry and 

morphology have important roles in determining targeting and pharmacokinetics of 

materials. 

 

Chapter 2, is a modified version from the material in JACS, 2011. Ku, Ti-Hsuan; Chien, 

Miao-Ping; Thompson, Matthew P.; Sinkovits, Robert S.; Olson, Norman H.; Baker 

Timothy S.; Gianneschi, Nathan C. 
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Chapter3  Hijacking an enzymatic pathway for the preparation of   

          nanomaterials 

We present here a one-pot enzyme-mediated assembly of a farnesyl-coenzyme A 

(CoA)-derived spherical micelle and its subsequent structural and morphological 

manipulation into a farnesyl-peptide-based fibrillar structure using a four-component 

enzymatic pathway borrowed from bacteria. In this design, a spherical micelle is generated 

in a three-step sequence in which a farnesyl-pantetheine conjugate is phosphorylated, 

adenylated, and phosphorylated once more to generate a farnesyl-CoA amphiphile that self-

assembles into the spherical micelle. The morphology of this structure was independently 

confirmed by chemical synthesis of the authentic farnesyl-CoA conjugate. A sphere-to-

fibril morphological switch is achieved by transferring the farnesyl-group of the farnesyl-

CoA spherical micelle onto a known peptide, ybbR, via a Sfp phosphopantetheinyl 

transferase. Each step in the sequence is followed by HPLC, mass spectrometry and is 

characterized by transmission electron microscopy (TEM) and dynamic light scattering 

(DLS). 

 

3-1  Introduction 

Engineering constructs of DNA, RNA, proteins and peptides at the molecular 
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level is an attractive approach for controlling architectures of synthetic nanoscale devices. 

These devices can be used for biomedical diagnosis and therapy 3, 16, 18, and also for 

sensitive detection in environmental analysis 13. Peptide-amphiphiles, first reported by the 

Tirrell group 1, can self-assemble into micellar structures with primarily fibrillar nature. 

These peptide-amphiphiles have been utilized in a range of applications that include 

targeted drug delivery 11, 15, promoting angiogenesis 5, 19, and the selective differentiation 

of neural progenitor cells 17. While they can be generated through conventional organic 

synthesis, there is no example of an enzymatic synthesis of a peptide amphiphile from 

small molecule starting materials. 

 

3-2   Development and preparation of enzyme responsive nanoscale materials 

Inspired by non-ribosomal peptide and polyketide biosynthesis in bacteria, we 

thought to utilize the enzymatic pathway that generates holo-acyl carrier protein (ACP) 

and holo-peptide carrier protein (PCP) from pantothenic acid 4 to construct an amphiphilic 

molecule from simple building blocks that could spontaneously aggregate into a structure 

and then be subsequently reassembled into a material with different morphology. Our 

strategy begins with the synthesis of a small molecule containing a pantetheine moeity and 
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a farnesyl group. The pantetheine moeity will ultimately serve as an adaptor molecule that 

can facilitate the transfer of the farnesyl from one polar head group to another via Sfp 

phosphopanthentheinyl transferase (PPTase), while the farnesyl functions as the systems’s 

hydrophobic tail. The first enzyme, pantothenate kinase (Kinase 1), transfers a phosphate 

to the primary alcohol on the pantetheine moiety in preparation for adenylation of the 

structure by an adenyl transferase. A complete farnesyl-CoA (Far-CoA) amphilphile is 

generated following phosphorylation at the adenosine 3’- alcohol by 

dephosphocoenzyme A kinase (Kinase 2).  Spontaneous aggregation of the amphiphile in 

water should result in a nanomaterial of defined structure. We envisioned replacement of 

the amphipilic head group of the amphiphile with a peptide in order to change the 

hydrophobic to hydrophilic ratio sufficiently to induce morphological change from a 

spherical micelle to a fibrillar structure. This idea was supported by the work of Stupp 6 in 

which a wide range of peptide-fatty acid amphiphiles of similar design readily formed 

fibrils in solution.  

A suitable peptide for this endeavor is ybbR 21, an 11-residue peptide fragment of 

a peptidyl carrier protein domain that is recognized by the PPTase from Bacills subtilis 14. 

The PPTase transfers the phosphopantetheinyl moiety of CoA to the hydroxyl group of a 
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serine residue (S2) near the N-terminus of the ybbR peptide. Burkart and co-workers 12 

demonstrated that pantetheine can be conjugated to a variety of small molecules, and is 

still recognized by the PPTase after enzymatic generation of the modified CoA in situ. 

The PPTase-mediated covalent transfer of the modified phosphopantetheine to the ybbR 

peptide serves as a reliable scaffold for custom label attachment using a wide variety of 

chemical groups. 

We designed and synthesized a simple, small molecule building block containing 

farnesyl conjugated to pantetheine via a thioether linkage. This compound would serve as 

the template for construction of the CoA-containing and peptide-containing amphiphiles 

(Figure 3.1). 

To demonstrate the feasibility of our approach, we followed each step in our 

proposed enzymatic sequence by HPLC, monitoring the consumption of each starting 

material in the sequence and the appearance of the corresponding product. We then 

characterized the crude reaction mixture of each step alongside the isolated products - 

which had been separated from the reaction mixture by HPLC, lyophilized, 

resuspended/dialyzed in Tris buffer - by MALDI-TOF MS, transmission electron 

microscopy (TEM), and dynamic-light scattering (DLS) characterization. To begin, 
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farnesyl-pantetheine (2) was synthesized from utilizing NaBH4 to reduce pantetheine in 

ethanol under nitrogen. Farnesyl bromide and N, N-Diisopropylethylamine (DIPEA) were 

subsequent added and this solution stirring for one hour under nitrogen followed  by 

HPLC purification and lyophilization. Farnesyl-pantetheine was treated with Kinase 1 in 

the presence of ATP to yield the phosphorylated product (3), as verified by MALDI-TOF 

MS. The next two steps, adenylation of (3) and phosphorylation of the resulting adenosine 

product, were followed in this manner. Farnesyl-pantetheine was treated with Kinase 1, 

ATP, and adenyl transferase to generate adenylated product (4); or farnesyl-pantetheine 

was treated with Kinase 1, ATP, adenyl transferase and Kinase 2 to make Far-CoA (1). 

Importantly, no uniformly aggregated structures were seen by TEM or DLS (Figure 3.2a-

b) until addition of the final phosphate group by Kinase 2, which yielded the full-length 

Far-CoA amphiphile (1, Figure 3.1). This structure assembled into a spherical micelle (SM) 

upon dialysis (Figure 3.2c).  

To test the feasibility of the enzymatic synthesis of a peptide amphiphile from small 

molecules , a one-pot mixture was prepared in which farnesyl-pantetheine (2) was treated 

with all four enzymes at once - Kinase 1, adenyl transferase, Kinase 2 and PPTase - in the 

presence of ATP and Peptide1 (rhodamine-labeled ybbR peptide). All of the components 
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were incubated in Tris buffer at 37 ℃ for 3 hours followed by HPLC purification and 

 

Figure 3.1 Preparation of a farnesyl-CoA spherical micelle and its subsequent assembly 

into a fibrillar structure via a four-component enzymatic pathway. A farnesyl-

pantetheine conjugate (2) was chemically synthesized and phosphorylated by Kinase 1. 

The phosphorylated product (3) was then adentylated by an adenyl transferase to 

generate (4). Following phosphorylation of the dephospho-Far-CoA, the farnesyl-CoA 

amphiphile is formed (1), which spontaneously self-assembles into a spherical micelle 

(SM).  This micelle is then transformed into a fibrillar micellar structure (FM) by 

transferring the farnesyl group onto the ybbR peptide, a substrate for PPTase enzymes, 

via recognition of the panthetheine adaptor molecule. Verification of the spherical 

morphology of the farnesyl-CoA micelle (SM) was accomplished by chemical synthesis 

of the authentic farnesyl-CoA ampiphile (1). 
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lyophilization. TEM, DLS and MS data of the final product are given in Figure 3.2d.  

Similar structures were observed in the crude reaction mixtures (Figure 3.3). 

To verify that the Far-CoA generated via the first 3-enzymes in the sequence does, 

indeed, form spherical micelles, we independently synthesized the authentic Far-CoA 

 

Figure 3.2 Sequential one-pot chemoenzymatic synthesis of Far-Peptide1. a) Reaction 

mixture of (2) and Kinase 1 with ATP to form (3). b) Reaction mixture of (2), Kinase 

1, adenyl transferase with ATP to form (4). c) Reaction mixture of (2), Kinase 1, adenyl 

transferase, Kinase 2 with ATP to form Far-CoA (1) spherical micelle (SM). d) Reaction 

mixture of (2), Kinase 1, adenyl transferase, Kinase 2, ATP, PPTase and Peptide1 

generates Far-Peptide1 (5) fibril micelle (FM). Reaction products were purified by 

HPLC (20 - 90% ACN with 0.1% TFA over 25min), lyophilized and resuspended in 

Tris buffer. The molecular weights were confirmed by MALDI-TOF MS or HR-MS. 

Shown in TEM, along with DLS.  
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amphiphile via conjugation of trans,trans-farnesyl bromide to coenzyme A. After 

conjugation, the amphiphile was dissolved in HEPES buffer and sonicated for 20 minutes. 

This preparation yielded uniformly shaped, spherical micelles approximately 10-15 nm in 

diameter as characterized by TEM and DLS (Figure 3.4), which is consistent with the 

morphology and size of the chemoenzymatically prepared spherical micelles (Figure 3.2c). 

To confirm the farnesyl-Peptide1 (Far-Peptide1)  was generated via the one-pot 

approach forms the fibril micelles, we then treated the spherical micelle assemblies with 

 

Figure 3.3 One-pot chemoenzymatic synthesis of Far-Peptide1 fibril micelle. Crude 

reaction products were shown in TEM. a) ATP was not added, b) Kinase 1 was heat 

denatured, c)  PPTase was heat denatured d) One-pot reaction crude product.  
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Peptide1 and PPTase for 6 hours at 37℃ resulted in a dramatic change in the morphology 

of the assembly (Figure 3.5). A 100-fold increase in hydrodynamic diameter was observed 

by DLS together with the appearance of fibril structures in the TEM images. HR-MS 

verified the exchange of the CoA head group for the Peptide1 (Figure 3.5c). 

To further confirm the spherical micelles are be able to transform into fibril micelles, 

we using a Förster resonance energy transfer (FRET) assay to probe Peptide1 conjugate 

with the spherical micelle (Figure 3.7).  In this assay, Peptide1 and an S2G mutant ybbR 

peptide (Peptide1_S2G) in which the key serine residue that is recognized by the PPTase is 

mutated to a glycine, were labeled with an N-terminal Rhodamine dye. Either peptide is 

then mixed with a fluorescein-labeled version of ybbR (Peptide2), the spherical micelle and 

the PPTase. 

 

Figure 3.4 TEM characterization and DLS data of Far-CoA spherical micelles. a) 

Micrograph of Far-CoA spherical micelles sample, stained with 1% uranyl acetate. b) 

DLS confirms the diameter of the spherical micelles. 
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In this design, a FRET signal between fluorescein (the donor) and rhodamine (the 

acceptor) will only be observed if the two peptides are mixed upon aggregation to form the 

fibril structure. If the PPTase is necessary for assembly of this mixed structure, then the 

scenario in which the control Peptide1_S2G peptide is used should yield no FRET signal 

because the mutant is not recognized by the enzyme. The fluorescence emission spectra 

(excitation at 492 nm), are reported in Figure 3.6. A significant FRET peak (580 nm) can 

be clearly observed in the condition of 1:10 of Peptide2 to Peptide1, which was not seen in 

 

Figure 3.5 TEM, DSL, and HR-MS characterization of PPTase-catalyzed Far-Peptide1 

formation. 160 μM Far-CoA and 40 μM Peptide1 were reacted with 10 μM PPTase at 

37 °C for 6 hours. a) TEM images of Far-Peptide1. b) DLS confirms the hydrodynamic 

diameter of the fibril micelles. c) HR-MS data confirms the generation of the Far-

Peptide1 product.  
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Peptide2 with control Peptide 1_S2G peptides shown in Figure 3.6a, confirming that the 

PPTase, was necessary for construction of the peptide-containing amphiphiles. Different 

Peptide2 to Peptide1 reaction ratio and other controls, including Peptide1 only, Peptide2 only 

and denatured PPTase with 1 : 10 Peptide2 to Peptide1 have been done, in which no FRET 

signal was observed except 1 : 5 Peptide2 to Peptide1 reaction mixture (Figure 3.7). 

This FRET assay was also run utilizing farnesyl-pantetheine with Peptide1, Peptide2, and 

Peptide1_S2G, and similar results were observed (Figure 3.8). Kinase 1, Kinase 2, ATP, and 

 

Figure 3.6  Förster resonance energy transfer (FRET) spectra of the PPTase-catalyzed 

reaction of Peptide1 and its control. Fluorescence emission scans (λex: 492 nm) of a) 10 

μM Peptide2 and 100 μM Peptide1_S2G control peptide or b) 10 μM Peptide2 and 100 

μM Peptide1 reacted with 160 μM SM and 10 μM PPTase at 37 °C for 6 hours are 

shown in the right panel. 
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PPTase were reacted with dye-labeled peptides. The FRET signal was observed clearly in 

the condition of 1:10 of Peptide2 to Peptide1 and slightly in 1:5 ration, while no signal in 

the control reactions. 

The kinetics of PPTase catalyzed Far-Peptide1 formation was studied as well by 

monitoring the Peptide1 peak disappearance in the HPLC trace. The time course of the 

reaction was followed at several concentrations of the Peptide1 concentration to determine 

detailed Michaelis-Menten kinetics of the farnesyl transfer.  The measured Kcat / KM (0.04 

μM-1min-1) is consistent with previously reported values for the PPTase 21, suggesting that 

 
Figure 3.7 Förster resonance energy transfer (FRET) spectra of PPTase-catalyzed 

farnesylation reaction. Fluorescence emission scans (λex: 492 nm) of 160 μM Far-CoA 

(1) reacted with different peptides with 10 μM PPTase: black line: 10 μM Peptide2 / 100 

μM Peptide1; red line: 10 μM Peptide2 / 50 μM Peptide1; blue line: 100 μM Peptide1 

only; pink line: 10 μM Peptide2 only; green line: 10 μM Peptide2 / 100 μM Peptide1_S2G; 

dark blue line: 10 μM Peptide2 / 100 μM Peptide1 with 10 μM heat denatured PPTase. 
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the affinity for and reactivity of the CoA substrate is not compromised by being part of the 

spherical micellar assembly (Figure 3.9). To ascertain whether the morphology switch 

could be reversed, we utilized an acyl carrier protein hydrolase (AcpH), recently reported 

by Burkart and co-workers 9, 10, that selectively recognizes and hydrolyzes the 

phosphopantethiene moiety from the ybbR peptide. We treated the Far-CoA spherical 

micelle assemblies with Peptide1 and PPTase for 6 hours at 37 ℃ followed by AcpH 

treatment for 12 hours. Monitoring this hydrolysis by HPLC and saw clear evidence of 

regeneration of Peptide1 from Far-Peptide1. The resulting product was further characterized 

by TEM, DLS and MALDI-TOF MS (Figure 3.10) to further verify the fibril micelles were 

 
Figure 3.8 FRET spectra of one-pot synthesis of Farnesyl-Peptides. Fluorescence 

emission scans (λex: 492 nm) of 500 μM farnesyl-pantetheine (2), 5 μM Kinase 1, 

adenyl transferase, Kinase 2, 5 mM ATP and 1 μM PPTase with 10 μM Peptide2 at  

37℃ for 3 hours. black line: 10 μM Peptide2 /100 μM Peptide1; red line: 10 μM 

Peptide2 / 50 μM Peptide1; blue line: 100 μM Peptide1 only; pink line: 10 μM Peptide2 

only; green line: 10 μM Peptide2 / 100 μM Peptide1_S2G; dark blue line: adding heat 

denatured PPTase; purple line: no farnesyl-pantetheine (2); brown line: no ATP. 
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deformed by AcpH hydrolysis. 

 

Figure 3.9 160 μM Far-CoA were reacted with 20, 40, 60, 80 μM Peptide1 catalyzed 

by 10 μM PPTase at various time points (0 min, 5 min, 10 min, 15 min, 30 min, and 60 

min) (n = 3). The measured Kcat / KM is 0.04 μM-1min-1, consisting with previously 

reported values for the PPTase21. 

 

Figure 3.10 TEM, DSL, and MALDI-TOF-MS characterization of AcpH-catalyzed 

Far-Peptide1 deformation. 160 μM Far-CoA and 40 μM Peptide1 were reacted with 

10 μM PPTase at 37 °C for 6 hours followed by AcpH treatment for 12 hours. a) 

TEM images of Far-Peptide1 treated with AcpH for 12 hours. b) DLS monitered the 

hydrodynamic diameter change of the fibril micelles. c) MALDI-TOF-MS data 

confirms the generation of the Far-Peptide1 product. 
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3-3  Experimental section for Chapter 3 

General methods 

All chemicals were obtained from commercial sources and used without further 

purification.  Rink amide MBHA resin (100-200 mesh, 0.7 mmol/g), Fmoc-amino acids, 

HBTU (O-(Benzotriazol-1-yl)-N, N, N′, N′-tetramethyluronium hexafluorophosphate) 

were obtained from AAPPTec, LLC. N, N’-diisopropylethylamine (DIPEA), 4-

Methylpiperidine were obtained from Sigma-Aldrich. Rhodamine-NHS and Fluorescein-

NHS were purchased from Thermo Scietific. Water used in biological procedures or as a 

reaction solvent was purified using a MilliQ purification system (Millipore). 

1H (500MHz) and 13C NMR (500MHz) was performed on Varian Mercury Plus 

Spectromoter. Chemical shifts (1H) are reported in δ (ppm) relative to the CDCl3 residual 

proton peak (7.27 ppm). Chemical shifts (13C) are reported in δ (ppm) relative to the CDCl3 

carbon peak (77.00 ppm). 

Mass spectra were obtained at the UCSD Chemistry and Biochemistry Molecular 

Mass Spectrometry Facility. Low-resolution mass spectra were obtained using a Thermo 

LCQdeca mass spectrometer or Bruker Daltronics Biflex IV MALDI-TOF instrument 

using 4-hydroxy-alpha-cyanocinnamic acid as matrix and a five-point calibration standard 

(Peptide calibration standard II #222570, Bruker). High-resolution mass spectra were 
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obtained using an Agilent 6230 Accurate Mass time of flight mass spectrometer. 

Hydrodynamic diameter (Dh) of nanoparticles and fibers were measured via DLS 

using a DynaPro NanoStar (Wyatt Technology). 

 

Preparation of Rhodamine-ybbR (Peptide1) peptide and Fluorescein-ybbR (Peptide2) 

peptide 

The ybbR peptide was synthesized by Fmoc-based solid phase peptide synthesis 

using Rink Amide MBHA resins. Fmoc deprotection was performed with 20 % 4-

Methylpiperidine in DMF (2×5 min) and coupling of the consecutive amino acid was 

carried out with HBTU and DIPEA (resin/amino acid/HBTU/DIPEA 1:3:3:4). The 

deprotection and coupling cycles were repeated to complete the synthesis. The peptide 

resins were then utilized for Rhodamine- or Fluorescein-ybbR synthesis. Generation of 

Peptide1: peptide resin was reacted with Rhodamine-NHS (0.54 mg, 1.1 μmol); Peptide2: 

peptide resin was reacted with Fluorescein-NHS (1.8 mg, 3.4 μmol). Both peptides were 

reacted for 2 hours with addition of 1.2 equiv. of DIPEA. The final products were cleaved 

from the resins by treatment with trifluoracetic acid (TFA) / Dichloromethane (DCM) (9:1) 

for 2 hours. The peptides were then precipitated with cold ether followed by centrifugation 
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at 4,000 rpm for 15 min. The precipitated peptides were then evaporated in vacuo to give 

red and yellow solids, respectively. Each peptide was then purified by HPLC and 

lyophilized under general methods. 

 

Peptide1 sequence:  

Asp (Rhodamine) -Ser-Leu-Glu-Phe-Ile-Ala-Ser-Lys-Leu-Ala  

HPLC: 34-49% Buffer B, Retention time = 13.7 min 

MALDI-MS: Mass calcd (M+H): 1604.79; Mass obs: 1604.18 

Peptide1_S2G sequence (control peptide): 

Asp (Rhodamine) -Gly-Leu-Glu-Phe-Ile-Ala-Ser-Lys-Leu-Ala 

HPLC: 34-49% Buffer B, Retention time = 14 min 

MALDI-MS: Mass calcd (M+H): 1574.77; Mass obs: 1574.16 

Peptide2  sequence:  

Asp (Fluorescein) -Ser-Leu-Glu-Phe-Ile-Ala-Ser-Lys-Leu-Ala  

HPLC: 30-55% Buffer B, Retention time = 21 min 

MALDI-MS: Mass calcd (M+H): 1551.71; Mass obs: 1551.20 
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Farnesyl-CoA (Far-CoA; 1) synthesis 

(Far-CoA; 1):   Trans,trans-Farnesyl bromide 1 (18.58 mg, 0.065 mmol) and Coenzyme 

A 2 (50 mg, 0.065 mmol) were reacted in addition of DIPEA (16.84μl, 0.13mmol) in 

DMSO (4.5 mL). The reaction was carried out for 6 hrs under nitrogen at room temperature 

followed by concentration in vacuo. The reaction product was then purified by HPLC 

(ACN 40~55% over 50 minutes). 1H NMR (400 MHz, CDCl3) : δ=  8.60 (s), 8.34 (s), 

8.01 (s), 7.72 (s), 5.95 (s), 5.13 (s), 5.03(s), 4.76 (s), 4.68(s), 4.36(s), 4.15(s), 3.87 (s), 

3.72(s), 3.52(s), 3.20-3.10 (m), 2.09 (s), 2.02-1.89 (m), 1.59 (s), 1.52(s), 0.91(s), 0.72(s) 

ppm. 13C NMR (500MHZ, CDCl3): δ= 172.11, 170.50, 138.08, 134.59, 130.70, 124.14, 

123.70, 120.57, 72.30, 60.26, 38.60, 38.49, 35.16, 34.82, 29.81, 28.27, 26.19, 25.86, 25.56, 

21.16, 20.74, 19.60, 18.89, 17.61, 15.87, 15.79  ppm. ESI-MS [M+H] Theo. 971.80 Obs: 

972.18 

 

Farnesyl-Pantetheine (2) Synthesis 

D-2,4-dihydroxy-3,3-dimethyl-N-(3-oxo-3-((2-(((2E,6E)-3,7,11-trimethyldodeca-2,6,10-

trien-1-yl)thio)ethyl)amino)propyl) butanamide, (2): To a stirred suspension of Pantethine 

(360 mg, .65 mmol)  in ethanol (3 mL) was added NaBH4 (50 mg, 1.32 mmol).  The 
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solution was stirred for 5 minutes at room temperature under nitrogen. Trans,trans-Farnesyl 

bromide (407 mg, 1.43 mmol) and DIPEA (265 μL, 1.43 mmol). were added and the 

solution was stirred for another hour at room temperature under nitrogen. The reaction 

mixture was then concentrated in vacuo.  The crude mixture was then resuspended in 

ether, filtered, washed with brine, and dried over Na2SO4.  The solution was concentrated 

to dryness in vacuo and run on HPLC (ACN 40~55% over 50 minutes) and lyophilized to 

give a yellow oil. 1H NMR (500 MHz, CDCl3) : δ=  7.40 (bt, 1H), 6.25 (bt, 1H), 5.22 (t, 

1H, J= 7.7 Hz), 5.09 (t, 2H, J= 5.8 Hz), 4.01 (bs, 1H), 3.59 (q, 2H, J= 6Hz), 3.43-3.50 (m, 

4H), 3.17 (d, 2H, J= 7.8 Hz), 2.61 (t, 2H, 5.7 Hz), 2.46 (t, 2H, J= 5.7 Hz) 1.96-2.12 (m, 

8H), 1.69 (s, 3H), 1.67 (s, 3H), 1.61 (bs, 6H), 1.03 (s, 3H),  .93 (s, 3H)  13C NMR (500 

MHz, CDCl3): δ=173.48, 171.51, 139.68, 135.45, 131.42, 124.26, 123.67, 119.80, 77.64 

70.88, 39.72, 39.62, 39.34, 38.21, 35.71, 35.29, 30.69, 28.83, 26.71, 26.39, 25.75, 21.61, 

20.41, 17.74, 16.16, 16.07.  HR-MS [M+Na]+ Theo. 505.30 Obs: 505.30.    

 

Recombinant protein expression 

Sfp 4’-phosphopantetheinyltransferase (PPTase), in pET29b 20, acyl carrier protein 

hydrolase (AcpH) from Cyanothece sp. PCC 7822, in pET29b 8, and S. aureus CoaA 
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(Kinase 1) in pET28a were expressed and purified using BL-21(DE3) E. coli cultured with 

rotary shaking at 37°C in lysogeny broth containing kanamycin (50 µg/mL). E. coli CoaD 

(Adenyl transferase) and CoaE (Kinase 2) in a MBP-expression vector 7 were cultured in 

ampicillin (100 µg/mL) in otherwise similar conditions. When the optical density reached 

0.6, expression was induced by the addition of Isopropyl-β-D-1-thiogalactoside (IPTG) 

(Fisher Scientific, Pittsburgh, PA) to a concentration of 1 mM for PPTase, CoaA, CoaD, 

CoaE, and AcpH, for a period of 4 hours at 37°C for PPTase, and overnight at 16°C for all 

other proteins. Recombinant cell cultures were centrifuged at 2000 rpm for 30 minutes, 

with cell pellets frozen at -80°C until use. 

 

Protein purification 

All non-AcpH cell pellets were thawed on ice and re-suspended in lysis buffer [50 

mM TrisCl pH 8.0, 500 mM NaCl, 0.1 mM DTT (Denville Scientific, South Plainfield, 

NJ)] with 5 µg/mL DNase I & 5 µg/mL RNAse A (Worthington Biochemicals, Lakewood, 

NJ), 0.1 mg/mL lysozyme (Worthington Biochemicals, Lakewood, NJ)]. AcpH-containing 

cells were lysed in the previous lysis buffer conditions, but with 25% total glycerol content. 

Lysis of cell suspensions proceeded with French pressure device (Thermo Electron 
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Corp/Thermo Scientific, Waltham, MA). Cell debris was cleared by centrifugation for 45 

minutes at 10,000 g at 4°C. PPTase, CoaA, and AcpH soluble protein extracts were 

decanted and subjected to IMAC purification using Ni-NTA resin (Novagen, La Jolla, CA). 

CoaD and CoaE were purified using amylose-agarose resin (New England Biolabs, 

Ipswich, MA) and maltose elution in lysis buffer. Fractions containing purified PPTase, 

CoaA, CoaD, and CoaE were dialyzed against 50 mM TrisCl pH 8.0, 250 mM NaCl, 0.1 

mM DTT and the dialysate concentrated using 10 kDa MWCO Amicon-Ultra centrifugal 

filters (Millipore, Billerica, MA). Following elution, AcpH was immediately desalted into 

cold 50 mM Tris-HCl pH 8.0, 250 mM NaCl, and 25% glycerol buffer. Samples were flash 

frozen and stored at -80°C until use. Protein samples were evaluated for purity by SDS-

PAGE and concentrations were determined using UV spectroscopy at 280 nm using 

extinction coefficients calculated using ExPASy online tool.2 

 

General one-pot reaction protocol 

Unless otherwise stated, general one-pot conditions utilized 500 μM farnesyl-

pantetheine (2), 5 μM Kinase 1, 5 μM adenyl transferase, 5 μM Kinase 2, 5 mM ATP, 1 

μM PPTase and 100 μM peptide substrate in 50 mM Tris (pH 8.0) containing 12.5 mM 
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MgCl2 at 37℃ for 3 hours. 

 

Far-CoA spherical micelle preparation 

Far-CoA (1) was dissolved in buffered solution and spherical micelles were formed. 

There spherical micelles were characterized by transmission electron microscopy and 

dynamic light scattering (DLS, see Figure 3.3, main text). Buffer condition: 10 mM MgCl2, 

50 mM HEPES, pH 7.5. 

 

PPTase-catalyzed Far-Peptide1 fibril micelle formation (Figure 3.4 and Figure 3.5) 

160 μM Far-CoA and 40 μM Peptide1 were reacted with 10 μM PPTase at 37 °C 

for 6 hours. The product of fibrils was further characterized by TEM and DLS. Buffer 

condition: 10 mM MgCl2, 50 mM HEPES, pH 7.5. 

 

Förster resonance energy transfer (FRET) (Figure 3.7 and Figure 3.8) 

FRET spectra of PPTase-catalyzed Far-Peptide1 formation was monitor by exciting 

492 nm wavelength (Fluorescein λex) and the emission spectra was measured from 500-

650 nm. Rhodamine emission peak (~580 nm) is an indicator of a FRET signal. The 
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PPTase-catalyzed farnesylation reaction was carried out by adding 160 μM Far-CoA (1) 

with different Peptide1 or Peptide2 mixtures catalyzed by 10 μM PPTase . Figure 3.8 shows 

the FRET spectra can be seen in the addition of 1:10 or 1:5 of Peptide2 to Peptide1. The 

FRET signal was not seen in the control groups (Figure 8, Peptide2 and Peptide1_S2G). 

 

Kinetic analysis of farnesylation reaction (Figure 3.10) 

The kinetic of PPTase catalyzed Far-Peptide1 formation was carried out by 

monitoring the Peptide1 peak disappearance in the HPLC trace (see Figure 3.10 for 

representative traces, 550 nm wavelength). Different Peptide1 substrates were reacted with 

160 μM Far-CoA (1) catalyzed with 10 μM PPTase at 37 °C at various time points (0 min, 

5 min, 10 min, 15 min, 30 min, and 60 min). Figure 4S depicts the preceding PPTase 

reaction’s progress as a representative HPLC trace. Different initial reaction rate (Vi) upon 

reacted with various Peptide1 concentrations at different time points can be measured from 

this study and Michaelis-Menten Kinetic plot (using GraphPad PRISM) can be therefore 

obtained shown in Figure 4S. Kcat / KM of PPTase catalysis for Far-Peptide1 obtained from 

this analysis is 0.04 μM-1min-1. 
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Far-Peptide1 deformation via AcpH enzyme 

Far-Peptide1 from Figure 3.6_a) was reacted with 10 μM AcpH at room temperature 

for 12 hours. The Peptide1 was regenerated by AcpH and monitored by HPLC shown in 

Figure 3.6_c). The morphology change of Far-Peptide1 from this reaction was 

characterized by TEM.  Amorphous structures from Figure 6S indicates well-defined 

fibril structures were deformed via AcpH hydrolysis. 

 

3-4  Results and Discussion 

We have demonstrated that a well-characterized enzymatic pathway used in 

bacterial cells to construct holo-ACP and holo-PCP can be hijacked to assemble a 

nanomaterial from a simple chemical building block and that the resulting structure can be 

manipulated to form a new amphiphile with a different aggregated structure. We envision 

future studies involving the repurposing or hijacking of cellular processes for the 

preparation of designer nanomaterials in vivo. 

Chapter 3, is a modified version from a manuscript in preparation. Ku, Ti-Hsuan; 

Sahu, Swagat; Kosa, Nicolas M.; Pham, Kevin M.; Burkart, Michael D. and Gianneschi, 

Nathan C. 
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Chapter 4  Future direction--Sortase-directed nanomaterial transformation 

Micellar nanomaterials were prepared from a peptide amphiphile containing a 

peptide substrate designed for the transpeptidase, Sortase A. We examined reversible 

switching of the morphology of this micellar nanomaterial through transpeptidation. 

Furthermore, the peptide substrate is engineered for incorporating additional functional 

moieties such as polyethylene glycol (PEG) onto the peptide amphiphile broadening the 

versatility of micellar nanomaterials with regards to morphology and overall 

programmability. 

 

4-1 Introduction 

Stimuli-responsive nanomaterials are extensively explored and studied in various 

applications 6, 13, 15, 21, 28, 32. In particular, bio-responsive nanomaterials are of increasing 

interest due to a grand range of biomedical applications including drug delivery and 

molecular diagnostics. Enzymes are especially attractive as a stimulus with great potential 

in changing morphology of micellar nanomaterials where the peptide substrate can be 

installed in polymeric amiphiplies and peptide block can be manipulated by specific 

enzymes resulting in the morphology change of nanomaterials 11, 23. Surprisingly, as we 
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have noted throughout this thesis, enzyme-responsive nanomaterials with respect to 

morphology switching is rarely explored. This thesis has explored some of the first 

examples of enzyme-responsive morphology switching of micellar nanoparticles by using 

phosphorylation/dephosphorylation and preoteolysis mechanism through multiple 

enzymes (kinase/phosphatase and protease) 14. In addition, we have utilized an entirely 

different set of enzymes to build amphiphiles in solution as described in Chapter 3. Here, 

we introduce another enzyme-responsive micellar nanamaterial that can respond to a single 

enzyme and the utility of nanomaterials can be expanded including the manipulation of 

peptide length, hydrophilicity and functional moiety installation on the peptide-shell of 

micellar nanomaterials. Sortase A 18, 29, 30, which contains the enzymatic cleavage and 

peptide annealing properties by incorporating GGG or GGGGG residues in the N-terminus 

 

Figure 4.1 Sortase A catalysis mechanism. Sortase A is a transpeptidase which cleaves 

a LPXTG motif and subsequently transfers the acyl component to a nucleophile 

containing an N-terminal glycine and generates a sortase-mediated ligation product. 
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of donor peptide and LPXTG (X can be any amino acid) in the C-terminus of acceptor 

peptide (Figure 4.1). 

4-2 Development and preparation of enzyme resortable nanofibers 

The peptide switching reversibility of Sortase A is depicted in this micellar 

nanomaterial system as Figure 4.2. The acceptor peptide (In1) with Fluorescein and Dabcyl 

quencher dyes was conjugated onto the peptide amphiphile that fluorescein (Flu) emission 

wavelength is quenched by dabcyl dye (Dab). This quenching effect can be abolished when 

the Dabcyl-conjugated fragment is removed from the acceptor peptide via Sortase A along 

 

Figure 4.1 Sortase A catalysis mechanism. Sortase A is a transpeptidase which 

cleaves a LPXTG motif and subsequently transfers the acyl component to a 

nucleophile containing an N-terminal glycine and generates a sortase-mediated 

ligation product. 

 

 

Figure 4.2 Sortase A-mediated peptide substrates cycling. The initial step was the 

peptide substrate, In1, labeled by fluorescein (Flu) and dabcyl quincer (Dab). While the 

addition of 1:1 equivalent of In2, the Dab was removed from In1, and replaced by a Dab 

free sequence causing an increase of fluorescence. While the addition of 0.5 equivalent 

of In3, a quenching effect was observed. These are reversibly cycling on and off the In1 

peptide substrate. While doping 10 times of In3, the system was restored back to quince 

state (third gray column from left) and slightly restored back by 10 times of In2. 
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with the annealing of another non-dye conjugated donor peptide (In2). 

Vice versa, fluorescein emission can be re-inhibited by plugging in this dabcyl-containing 

peptide fragment. Therefore, the peptide switching reversibility through Sortase A in this 

micellar nanomaterial is then firstly demonstrated (Figure 4.2). 

The utilization of Sortase A-responsive micellar nanomaterials were further 

extended by engineering the donor and acceptor substrates, where a various types of 

hydrophilic synthetic molecules were synthesized including polyethylene glycol (PEG) 

linked GGGGG peptide sequences (G5PEG2 and G5PEG4), Elastin-like peptide (G3ELP), 

and Protein kinase A substrate peptide (G5Kemp) as donor substrates and a hydrophobic 

16-carbon lipid tail was conjugated onto the N-terminal of the In1 peptide to generate a 

peptide amphiphile (PA) as a acceptor substrate (Figure 4.3).  

 

Figure 4.3 Transmission electron microscopy images images of peptide amphiphiles 

generated from In1 peptide. The In1 peptide was conjugated with a 16-carbon lipid chain 

followed by suspending in Tris buffer, which self-assembly into peptide amphiphiles.   
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The PEG moiety is a flexible, water soluble and biochemically inert molecule, 

which makes it suitable for attaching to therapeutic proteins to maintain their stability in 

the blood stream and reducing toxicity 1, 7, 9, 10, 12. We generated G5PEG2 and G5PEG4 

peptides as donor substrates of Sortase A for testing the transpeptidase-mediated 

morphology changing. The peptide amphiphiles and two PEG substrates were reacted with 

Sortase A in 30℃ for 24 hours. The product was then adding two equivalent (by volume) 

dimethyl sulfoxide (DMSO) and dialysis against in water for further TEM characterization 

(Figure 4.4). 

The morphology of peptide amphiphiles were changed from fibril to globular 

structure, which implied the peptide portion of the peptide amphiphiles was catalyzed by 

Soatase A and a new PEGylated conjugate product was generated. Further 

characterizations were needed to confirm the morphology change result. Elastin-like 

peptide is a water soluble thermo-responsive polypeptide sequence which consisted of a 

pentapeptide repeat, VPGXG, where X is any amino acid other than praline and can 

undergo an inverse phase transition in aqueous environment which makes it as a potentially 

smart material and environmental sensitive carrier for thermal targeted delivery of 

therapeutic molecules 8, 17, 20, 31. The peptide amphiphiles and ELP substrate (G3ELP) were 
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reacted with Sortase A in 30℃ for 24 hours. The product was then heated to 60℃ for 12 

hours followed by TEM analysis (Figure 4.5). 

The morphology of peptide amphiphiles were changed from fibril to amorphous 

structure, which implied the peptide portion of the peptide amphiphiles was catalyzed by 

Soatase A and a thermo-responsive peptide fragment was installed to form a new product. 

Further characterizations were needed to confirm the morphology change result. 

Phosphorylation, the addition of a phosphate (PO4
3-) group on peptides, proteins, 

or organic molecules via kinases, which is an important regulatory mechanism in both 

eukaryotic and prokaryotic cells. It plays a vital role in a wild range of cell biochemical 

 

Figure 4.4 Transmission electron microscopy images of Sortase A-mediated peptide 

amphiphile PEGylation. 0.2 μM peptide amphiphiles (bottom left TEM image) and 2 

μM G5PEG2 were reacted with 0.1 μM Sortase A in Tris buffer at 30 °C for 24 hours, 

subsequently, the product was then adding two equivalent DMSO and dialysis against 

in water followed by TEM image (bottom right TEM image), where spherical micelles 

can be seen. Similar results were observed in G5PEG4 substrate. 
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processes and many proteins can be switched on and off by phosphorylation and 

dephosphorylation 3-5, 16. For example, the p53 tumor suppressor protein can be activated 

by phosphorylation and lead to cell cycle arrest 19, 25 

Kemptide is one of the peptide substrates can be specifically recognized and 

phosphorylated on the serine residue by disease associated kinase, Protein kinase A. The 

peptide amphiphiles and Kemptide substrate (G5Kemp) were reacted with Sortase A in 30

℃ for 8 hours. The product was then dried under vacuum and resuspended and dialysis 

against in water for further TEM characterization (Figure 4.6).  Discrete spherical 

micelles were observed in TEM images, which implied the peptide amphiphiles were 

modified by Sortase A and a new two-peptide annealing product was generated causing the 

 

Figure 4.5 Transmission electron microscopy images of elastin-like peptide modified 

peptide amphiphiles. a) 0.05 μM peptide amphiphiles and 0.5 μM G3ELP peptide were 

reacted with 0.1 μM Sortase A in Tris buffer at 30 °C for 24 hours. b) Subsequently, 

the reaction product was heated to 60 °C for 12 hours. Amorphous aggregations were 

observed in both temperature conditions.    
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structure change from fibril to spherical. More experiments were needed to confirm the 

morphology change result. 

As describe above, these hydrophilic functional moieties can be plugged into the 

fibril micellar nanomaterials and introduces the morphology change via changing the 

hydrophilicity to hydrophobicity ratio of peptide amphiphiles. The morphology transition 

can be manipulated between fibril micelles and spherical micelles via multiple moieties 

installation or removal through Sortase A catalysis. This is an unprecedented example of 

morphology programming of micellar nanomaterials via a resorting enzyme-directed 

method. 

 

Figure 4.6 Transmission electron microscopy images of Kemptide modified peptide 

amphiphiles. a) 0.15 μM peptide amphiphiles and 20 μM G5Kemp peptide were reacted 

with 0.05 μM Sortase A in Tris buffer at 30 °C for 8 hours. Subsequently, the reaction 

product was dried in vacuum and resuspended and dialysis against in water followed 

by TEM image, where spherical micelles can be observed. Pannel b) is zoom in of panel 

a). 
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4-3 Experimental section for Chapter 4-1 

General methods 

All chemicals were purchased from commercial sources and used without further 

purification. Rink amide MBHA resin (100-200 mesh, 0.7 mmol/g), Fmoc- amino acids, 

Fmoc-Lys (HBTU (O-(Benzotriazol-1-yl)-N, N, N′, N′-tetramethyluronium 

hexafluorophosphate) were obtained from AAPPTec LLC, DIPEA (N, N-

diisopropylethylamine), and 4-Methylpiperidine were obtained from Sigma-Aldrich. 

Fmoc-Lys (5/6 FAM) -OH and Fmoc-Lys (Dabcyl) -OH, were purchased from AnaSpec, 

Inc. Water used as a reaction solvent was purified using a MilliQ purification (Millipore). 

 

Mass spectra were obtained at UCSD Chemistry and Biochemistry Molecular Mass 

Spectrometry Faciity. Low resolution mass spectra were obtained using Bruker Daltronics 

Biflex IV MALDI-TOF instrument using 4-hydroxy-alpha-cyanocinnamic acid as matrix 

and a five-point calibration standard (peptide standard II #222570, Bruker). 

 

Fluorescent measurements were obtained using a Photon Technology International 

fluorescence detector. TEM images were acquired on carbon grids (Ted Pella, INC.) with 
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1% uranyl acetate stain on a FEI Tecnai G2 Sphera at 200 KV. 

 

Peptide synthesis 

Preparation of In1, In2, and In3 

In1, In2, and In3 peptides were synthesized by Fmoc-based solid phase peptide 

synthesis using Rink Amide MBHA resins. Fmoc deprotection was performed with 20% 

4-Methylpiperidine in DMF (2 x 5 min) and coupling of the consecutive amino acid was 

carried out with HBTU and DIPEA (resin/amino acid/HBTU/DIPEA 1:3:3:4). The 

deprotection and coupling cycles were repeated to complete the synthesis. The final 

products were cleaved from the resins by treatment with trifluoracetic acid (TFA) / 

Dichloromethane (DCM) (9:1) for 2 hours. The peptides were then precipitated with cold 

ether followed by centrifugation at 4,000 rpm for 15 min. The precipitated peptides were 

then evaporated in vacuo and In1 and In3 to give colored solids. Each peptide was then 

purified by HPLC and lyophilized under general methods. 

 

In1 peptide sequence: 

Gly-Gly-Lys(Flu)-Leu-Pro-Glu-Thr-Gly-Ala-Ala-Lys(Dab)-Gly-Gly-Gly-Gly-Ser 
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HPLC: 28-35% Buffer B, Retention time = 13.6 min 

MALDI-TOF-MS: Mass calcd: 1951.84; Mass obs [M+Na] +: 1973.92 

 

In2 peptide sequence: 

Gly-Gly-Gly-Gly-Gly-Leu-Arg-Arg-Ala-Ser-Leu-Gly 

HPLC: 10-60% Buffer B, Retention time = 13.6 min 

MALDI-TOF-MS: Mass calcd: 1056.18; Mass obs [M+H] +: 1056.23 

In3 peptide sequence: 

Gly-Gly-Gly-Lys(Dab)-Gly-Gly 

HPLC: 10-60% Buffer B, Retention time = 24.4 min 

MALDI-TOF-MS: Mass calcd: 682.76; Mass obs [M+H] +: 683.20 

 

G5PEG2 peptide sequence: 

Gly-Gly-Gly-Gly-Gly-PEG-PEG 

HPLC: 0-15% Buffer B, Retention time = 18.5 min 

MALDI-TOF-MS: Mass calcd: 533.24; Mass obs [M+H] +: 533.36 
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G5PEG4 peptide sequence:  

Gly-Gly-Gly-Gly-Gly-PEG-PEG-PEG-PEG 

HPLC: 0-15% Buffer B, Retention time = 27.1 min 

MALDI-TOF-MS: Mass calcd: 763.79; Mass obs [M+H] +: 763.39 

 

G3ELP peptide sequence: 

Gly-Gly-Gly-Lys (Rhodamine)-Gly-Val-Gly-Val-Pro-Gly-Val-Gly 

HPLC: 23-29% Buffer B, Retention time = 14.5 min 

MALDI-TOF-MS: Mass calcd: 1351.51; Mass obs [M+H] +: 1351.65 

 

G5Kemp peptide sequence: 

Gly-Gly-Gly-Gly-Gly-Leu-Arg-Arg-Ala-Ser-Leu-Gly 

HPLC: 10-60% Buffer B, Retention time = 13.5 min 

MALDI-TOF-MS: Mass calcd: 1056.18; Mass obs [M+H] +: 1056.23 

 

Peptide amphiphile synthesis 

The peptide (sequence as In1) was synthesized on a Rink amide MBHA resin (100-
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200 mesh, 0.7 mmol/g) by standard solid phase peptide procedure using appropriately 

protected amino acids (AAPPTec, LLC) for standard fluorenylmethoxycarbonyl (Fmoc) 

chemistry. The N-terminus of the peptide was then coupled with palmitic acid using an 

alkylation reaction with 4 equivalent of palmitic acid, 4 equivalent of 

diisopropylethylamine (DIEA) and 6 equivalent of 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU) in dimethylformamide. The conjugated 

products was then cleaved from the resins by treatment with trifluoracetic acid (TFA) / 

Dichloromethane (DCM) (9:1) for 2 hours followed by precipitated with cold ether and 

centrifugation at 4,000 rpm for 15 min. The precipitated peptide amphiphile was then 

evaporated in vacuo and gave colored solids. The peptide amphiphile was then purified by 

HPLC and lyophilized under general methods. We characterized the molecular weight of 

the peptide amphiphile by MALDI-TOF MS (mass 2190). 

 

Recombinant protein expression and purification 

Recombinant Sortase A containing an N-terminal His6 tag in PET28a+ was 

transformed, expressed and purified using E. coli BL21 (DE3). Cells were grown in 2 L of 

sterile LB containing kanamycin (50 μg/mL) to an optical density of ~0.7 at 600 nm. Cells 



104 
 

were induced with IPTG (1 mM) for 4 hours at 37℃ . Cells were harvested by 

centrifugation and the pellet was frozen overnight at -80℃ until use. The pellet was 

thawed and resuspended in 70 mL of 50 mM Tris pH 8.0, 150 mM NaCl, 20 mM imidazole 

and 10% glycerol. Cells were then treated with 300 μL of DNAse I (10 mg/mL in PBS), 

500 μL of lysozyme (50 mg/mL in PBS), and 10 μL of MgCl2 (1 M in PBS). The Lysis 

reaction was incubated for 1 hour at 4℃. The cells were then lysed with French press 

(Thermo Electron Corp/Thermo Scientific, Waltham, MA) and centrifuged for 45 min at 

10,000g at 4℃ to remove insoluble material. The clarified lysate was then applied to a Ni-

NTA column consisting of 10 mL of commercial Ni-NTA resin (Thermo Scientific) 

equilibrated with 50 mM Tris pH 8.0, 150 mM NaCl, 20 mM imidazole, and 10% glycerol. 

The column was washed with 80 mL of 50 mM Tris pH 8.0, 150 mM NaCl, 20 mM 

imidazole, and 10% glycerol. Protein was eluted with five 5 mL portions of 50 mM Tris 

pH 8.0, 150 mM NaCl, 300 mM imidazole, and 10% glycerol. Fractions containing Sortase 

A were pooled and further purified by size exclusion chromatography on a HiLoad 16/60 

Superdex 75 column (Amersham), eluting with 20 mM Tris pH 8.0, 150 mM NaCl at a 

flow rate of 2 mL/min. Purified Sortase A was then dialyzed against 50 mM Tris pH 8.0, 

150 mM NaCl, and 10% glycerol. These solutions were stored at -80 oC until further use. 
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Protein sample was evaluated for purity by 15% SDS-PAGE and concentration was 

determined using UV spectroscopy at 280 nm using calculated extinction coefficients. 

Sortase A = 14440 M-1cm-1 

 

Multicycle peptide resorting via Sortase A catalysis   

To analyse the Sortase A substrate resorting capability of this process over several 

cycles a fluorescent dye labeling experiment was carried out to monitor the fluorescence 

quinch/unquinch of peptide substrates. 0.1 μM In1 and 0.1 μM In2 were reacted with 0.05 

μM Sortase A at 30 °C for 4 hours in reaction buffer (50 mM Tris pH 7.5, 150 mM NaCl, 

10 mM CaCl2). Subsequently, the reaction solution with unquenched In1 substrate was then 

quinched with 0.05 μM In3 in the reaction solution   at 30 °C for 4 hours. Subsequent 10 

equivalent In2 and In3 additions and fluorescent intensity analyses were performed in the 

same manner, taking small fractions from the same solution for analysis to obtain data for 

three cycles. 

 

Phase Transition Study via Sortase A addition 

0.2 μM peptide amphiphile with 2μM G5PEG2, and 0.1 μM Sortase A were 
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incubated in reaction buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10 mM CaCl2) at 30 °C 

for 24 hours. Subsequently, the reaction solution was then adding with 2 equivalent (by 

volume) Dimethyl sulfoxide (DMSO) and dialyzed against in DI water followed by TEM 

imaging.   

 

4-4 Conclusion 

Our initial studies suggested that a bacterial transpeptidase used in bacterial cells 

to anchor surface proteins to the cell wall can be utilized as a molecular stapler to sequence 

specifically conjugate a simple peptide-based chemical molecule containing N-terminal 

glycine to nanomaterials and that resulting product can be transformed to form a new 

amphiphile with a different aggregated structure. We look into the future studies involving 

the installing of various biotic or abiotic functional molecules 2, 22, 27 onto peptide 

amphiphiles through the robust reaction and generating functional assembly which have a 

range of properties from CO2 reduction 26 to electrical conductivity 24. 
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