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Abstract 

Synthesis and Evaluation of Novel Imaging Probes for the Study of Glycosylation and Fatty 
Acid Uptake In Vivo 

 
by 
 

Allison Stacey Cohen 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Carolyn R. Bertozzi, Chair 
 

 
 
 
Imaging represents a powerful method for advancing our understanding of biology.  In 

particular, it has been used as a tool for the diagnosis and monitoring of diseases in vivo.  
Bioluminescence imaging (BLI) represents one of the molecular imaging modalities and has 
been applied to the study of numerous processes in cells and in animals.  However, there is a 
need for the design of new bioluminescence imaging probes for the study of several key 
metabolic processes.  Activatable bioluminescence imaging probes represent an attractive 
approach to this problem and are the subject of this dissertation.  Activatable bioluminescence 
imaging probes have several desirable characteristics, including high sensitivity and the ability to 
be triggered in response to various stimuli.  In particular, we describe the design, synthesis and 
biological evaluation of activatable bioluminescence imaging probes for the study of two 
metabolic processes: glycosylation and fatty acid uptake.  Specific emphasis is placed on the 
development of probes that have optimal properties for imaging of these processes in mice.  

Chapter 1 introduces the basics of bioluminescence imaging with an overview of the 
different luciferins and luciferases.  The advantages of bioluminescence imaging are discussed.  
Additionally, the uses of bioluminescence imaging are reviewed.  An emphasis is placed on 
activatable bioluminescence imaging probes, with two main types of stimuli discussed: 
enzymatic and small molecule.  The potential of bioluminescence imaging for the study of two 
new biological processes, glycosylation and fatty acid uptake, is presented along with an 
overview of these two fields.   

In Chapter 2, the synthesis and evaluation of a bioluminescence imaging probe for the 
study of glycosylation is discussed.  A phosphine-luciferin probe was designed to undergo 
Staudinger ligation with metabolically incorporated azidosugars.  The probe was synthesized and 
evaluated for its ability to label cell-surface glycans in a luciferase-expressing prostate cancer 
cell line.  The probe was able to successfully image these glycans and demonstrated higher 
sensitivity than other previously published fluorescent phosphine probes.         
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Chapter 3 describes the design, synthesis, and evaluation of a bioluminescence imaging 
probe for the study of fatty acid uptake.  The probe is activated inside of cells after uptake by 
fatty acid transport proteins (FATPs).  The fatty-acid luciferin probe was synthesized and 
evaluated for physiological uptake in vitro using luciferase-expressing adipocytes.  The probe 
was next tested in vivo using several modes of administration.  Imaging of intestinal fatty acid 
uptake and uptake by brown adipose tissue (BAT) was demonstrated. 

In the next two chapters, we switch our focus and describe a different project involving 
the synthesis and use of peptoids.  In Chapter 4, the design of novel architectures of peptoids is 
discussed.  The synthesis of dendritic and cyclic peptoid architectures is presented using various 
diamine monomers.  Several synthetic parameters were changed in order to gain an 
understanding and control of which architecture is ultimately obtained.  Optimized conditions 
were found for synthesis of dendritic and cyclic architectures.  Dendrimers composed of 
aromatic diamines were subsequently used in the synthesis of two classes of amphiphilic 
molecules. 

Chapter 5 discusses the synthesis and sequencing of combinatorial peptoid libraries.  A 
number of amines were optimized for incorporation in peptoid libraries and three combinatorial 
libraries were synthesized.  In addition, we report a rapid, high-throughput, sensitive, and 
inexpensive sequencing method for the identification of peptoids on a single bead.  This method 
is based on partial Edman degradation/mass spectrometry (PED/MS) and should help facilitate 
the screening of large libraries of peptoids.       
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Chapter 1 – Bioluminescence Imaging for the Study of Metabolic 
Processes 

Abstract 
 Molecular imaging has enormous potential to advance our understanding of biological 
processes, including pathologies such as cancer and inflammation.  It can give us insight into the 
underlying mechanisms of disease and thus represents an attractive platform for both diagnosis 
and treatment.  Bioluminescence imaging (BLI), in particular, has emerged as a promising 
imaging modality with many advantages over other modalities, such as fluorescence.  The 
discovery of luciferases and their expression in cells, bacteria, and animals has lead to a surge of 
research using BLI for numerous applications.  Most of the uses of BLI to date are as a gene 
reporter.  However, more recently BLI has been used to image a variety of other processes.  This 
chapter introduces the concept of bioluminescence imaging (BLI) and gives an overview of the 
advantages that BLI offers.  The current uses of BLI are reviewed.  In particular, this chapter 
focuses on the design of activatable bioluminescence imaging probes.  I describe the design of 
probes that “turn on” in response to both enzymes and small molecule stimuli.  Finally, I 
highlight two new fields in which the use of BLI can be beneficial: glycosylation and fatty acid 
uptake.   
 
Introduction 

Bioluminescence imaging (BLI) has gained significant attention in recent years.  
Bioluminescence is based on the oxidation of a substrate (luciferin) by an enzyme (luciferase) 
accompanied by the emission of light.1  The first report that bioluminescence is due to a 
luciferin-luciferase reaction was in 1885 by Dubois.2  Bioluminescence was observed when a hot 
aqueous extract (“luciferin”) of the luminescent beetle Pyrophorus was mixed with a cold 
aqueous extract (“luciferase”).  Since this initial discovery, many different luciferin-luciferase 
reactions have been reported.  Luciferases have been found in many different organisms ranging 
from bacteria to insects.3  These enzymes show no homology to each other.  In addition, these 
luciferases catalyze the conversion of a diversity of substrates with different chemical structures.  
A lot of work has focused on characterizing the luciferins and their mechanism of light emission.   

Bioluminescence is used for various functions in nature such as courtship, mating, to 
repel predators, to attract prey, or for camouflage.4  In the past few decades, the potential of 
bioluminescence for molecular imaging has been realized.  Luciferase can be easily expressed in 
cells either by itself or as a fusion to another protein by standard genetic techniques.4  
Luciferases have been introduced into systems for the study of numerous biological phenomena, 
including the study of gene expression, protein-protein interactions, and drug discovery.5-9  In 
addition to the development of luciferases, numerous luciferin derivatives have been reported 
(see below).10,11  This has enabled the development of bioluminescence imaging based assays for 
studies both in vitro and in vivo.  These assays are sensitive, cost-effective, and quantitative.   

A variety of bioluminescence imaging techniques have been reported (see below).  In this 
chapter, I focus on activatable probes used for bioluminescence imaging.  I first give a brief 
overview of the rapidly growing field of bioluminescence imaging, including a review of the 
basics of BLI and some of its uses.  I present an overview of some activatable probes for use in 



 2 

BLI, with a focus on activatable luciferin derivatives.  In addition, I highlight two new areas for 
BLI, glycosylation and fatty acid uptake, with an emphasis on the difficulties of studying these 
metabolic processes.  
 
Overview of Bioluminescence Imaging (BLI) 

Bioluminescence imaging (BLI) is based on the conversion of chemical energy to light.1  
The reaction, which is catalyzed by a luciferase enzyme, usually occurs between molecular 
oxygen and luciferin.  This reaction produces a luciferase-bound peroxy-luciferin intermediate, 
for example a four-membered ring dioxetanone in the case of fireflies.  The breakdown of the 
peroxy-luciferin results in the formation of an excited state species.  When the molecule in its 
excited state relaxes back to the ground state, energy is released in the form of light.  The 
luciferases from numerous species have been studied.  These luciferases have different 
structures, mechanism of reaction, and substrates.  Several examples are given here.   

In bacteria, luciferase catalyzes the oxidation of a long chain aldehyde (a representative 
example is shown in Figure 1.1) and reduced flavin mononucleotide.1  The luciferase is a 
heterodimer of α and β subunits, which are encoded by the luxA and luxB genes respectively.  
LuxA and luxB have been cloned and expressed heterologously and extensively used as 
molecular reporters.  The lux operon (luxCDABE) encodes all components necessary for light 
emission, the two genes that encode the luciferase enzyme and three enzymes that synthesize the 
substrate.  Bacteria expressing the whole operon thus do not require exogenous addition of 
substrate for light production.8 

In the coelenterates and ctenophores, such as the sea pansy Renilla and the jellyfish 
Aequorea, the luciferin substrate is coelenterazine (Figure 1.1).  Coelenterazine is an 
imidazolopyrazine.12,13  In Renilla, the reaction involves the formation of a dioxetanone 
intermediate, which breaks down to give carbon dioxide and oxidized luciferin (coelenteramide) 
in the excited state.14  The luciferases from Renilla and Aequorea are also commonly used as 
reporters.   

Bioluminescent dinoflagellates are unicellular algae responsible for bioluminescence in 
the ocean.  Dinoflagellate luciferin is a linear tetrapyrrole (Figure 1.1).15  Bioluminescence in 
dinoflagellates is emitted from many small organelles known as scintillons.1  In Gonyaulax 
polyedra, the most studied of the dinoflagellates, there are two proteins involved, the luciferin-
binding protein and a luciferase.   

Finally, there are several bioluminescent insects.  Two examples are click beetles and 
fireflies.  These insects contain luciferases that use firefly luciferin as the substrate for the 
bioluminescent reaction.  Firefly luciferin is a benzothiazolyl-thiazole (Figure 1.1).16,17  The 
luciferase catalyzes the condensation of luciferin with ATP in the presence of Mg2+.  The 
luciferin-adenylate reacts with oxygen to form a highly reactive dioxetanone intermediate.  This 
intermediate is then converted to an excited state oxyluciferin and carbon dioxide.  When 
oxyluciferin relaxes back to its ground state it releases a photon of light. 

Bioluminescence has many potential applications.  Bioluminescence was first exploited 
for imaging in vivo in 1995.18  Contag et al. expressed the lux gene for bacterial luciferase in the 
bacteria Salmonella typhimurium.  They used these luminescent bacteria to infect mice and assay 
antibiotic treatment.  Since then, many other luciferase genes have been isolated, sequenced, and 
expressed as DNA vectors.4  These vectors are useful as both reporter genes and in 
bioluminescent assays.  In addition to the DNA vectors, there are now many luciferase-
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expressing cell lines19-28 and transgenic animals29-45.  Some of these are commercially 
available.46   

Light from the bioluminescence reaction is usually detected using a charge-coupled 
device (CCD) in a dark imaging chamber.46  The image is shown as an overlay of a black and 
white photographic image and a pseudo-color image representing the intensity of light emission, 
with blue representing the lowest intensity and red representing the highest.  The signal is 
reported in units of photons (or counts) per second and can be quantified by drawing regions of 
interest (ROI).     
 

 
 
Figure 1.1.  Structures of representative luciferins. 
 
Characteristics of an Ideal Imaging Probe 
 An ideal imaging probe should be useful for both in vitro and in vivo experiments.  For 
use in animal models, the probe should be non-toxic as well as have good pharmacokinetics.  
Studies have shown that firefly luciferin is distributed throughout mice and is not restricted by 
the blood-brain or placental barriers.8,47  In addition, it is non-toxic.47,48  An ideal probe should 
also produce signal only in the target of interest with very low background signal, thus producing 
higher signal-to-noise ratios.  There are several different strategies to image specific targets.9  
The imaging probe could be connected to a targeting moiety specific for the organ of interest.  In 
this case, clearance is sometimes a problem as the probe is always “on”.  An alternative strategy 
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is to create an activatable or “smart” probe in which the probe is “switched on” at the target of 
interest.  Ideally the probe is cost-effective and easy to produce.  
 
Differences from Other Imaging Modalities 
 Every imaging modality has advantages and disadvantages.  The choice of imaging 
modality will depend on the intended application.  Bioluminescence imaging has several 
advantages over other imaging modalities.  BLI has high sensitivity and an excellent signal-to-
noise ratio.  This is due to a combination of lack of background bioluminescence as well as the 
fact that no external illumination is required to generate light (as in the case of fluorescence 
imaging).5,6  Since BLI is based on the expression of a reporter gene, the signal is not diluted as 
the cells divide.49  In addition, it does not require ionizing radiation like positron emission 
tomography (PET) and single photon emission computed tomography (SPECT).50  BLI has 
relatively low cost, is high throughput, has short image acquisition times (seconds to minutes), 
and is relatively easy to use.50  Multiple animals can be imaged simultaneously.  
Bioluminescence is generalizable to many different systems.  The same reporter can be used in 
assays in vitro and in vivo allowing for comparisons of cellular assays with the more realistic 
animal experiments with the same reporter gene.7,48  In addition, it is possible to study any gene 
of interest simply by fusing it to the reporter.9  Since BLI is non-invasive, each animal can be 
imaged at multiple time points with many tissue sites being imaged simultaneously.  Thus, fewer 
animals are needed per study.  In addition, this enables studies of dynamics within the same 
animal and also eliminates the added variability of multiple manipulations of the sample.  
Finally, unlike other imaging modalities in which the signal is cumulative over the course of the 
imaging experiment, bioluminescence allows for real-time monitoring of biological processes.51   
 Despite these advantages, BLI also has several limitations.  The most important is that 
since BLI necessitates the expression of luciferase, it is not directly applicable for human use and 
is thus not clinically applicable.  In addition, BLI depends on the detection of the emitted light.  
The efficiency of the light transmission will depend on the depth of the organ from which the 
light originates as well as the scattering properties of the overlying tissues.48  Since most 
luciferases emit in the blue and green portion of the visible spectrum, absorption by biological 
molecules affects the amount of light transmitted.5,49  BLI also suffers from relatively low spatial 
resolution.9        
 
Uses of Bioluminescence Imaging 
 Given the advantages of bioluminescence imaging listed above, BLI has many potential 
applications both in the field of basic science research and in preclinical studies.  Presented in the 
following sections are some representative examples of the many uses of BLI to date.  This does 
not represent a comprehensive listing of all of the uses of BLI but is meant to highlight some of 
the most common uses and more recent advances in the field.  These examples help to portray 
the importance of BLI to the field of molecular imaging.   
    
Gene Reporter Expression 
 The most common use of luciferase is as a reporter of gene expression.  Luciferase is 
fused to a promoter of interest or placed downstream of genetic elements responsive to a desired 
transcription factor.5,9  Expression of the luciferase protein, which can be quantified by 
measuring the photon flux after addition of luciferin, indicates the expression level of the gene of 
interest.  Changes in the expression level can be quantified under various conditions, such as the 
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onset of disease.  This has been used to image transcriptional activation of hypoxia inducible 
factor-1 (HIF) in tumors.52  Bioluminescence has also been used to image p53 function,53 COX-
2,54 and proteasome function55.  In the case of p53, luciferase was linked to p53 response 
elements53 and for COX-2, luciferase was linked to the COX-2 promoter54.  For studying 
proteasome function, the N-terminal region of ubiquitin was linked to firefly luciferase.55  This 
technique has also been used to study absorption, distribution, metabolism, elimination and 
toxicity (ADMET) of drugs.56  These assays place a luciferase cDNA under the control of 
regulatory sequences from ADMET-related genes.  This approach identifies activators of nuclear 
receptors that regulate expression of genes encoding drug-metabolizing enzymes and drug 
transporters.         
 
Visualization of Gene Delivery 

Gene therapy has the potential to treat a large number of diseases.  However, a major 
challenge in gene therapy has been delivery of the DNA or RNA to the target.  Luciferase has 
been used in numerous gene delivery studies as a model for a therapeutic target of interest.7,57,58  
Luciferase DNA has been used to study transfection efficiency of novel carrier systems.  In one 
example, Wu et al. study the location, magnitude, and persistence of luciferase gene expression 
after adenovirus mediated gene delivery.59  Rehemtulla et al. also studied adenovirus-mediated 
gene delivery using bioluminescence.60  Luciferase was delivered along with a gene encoding 
cytosine deaminase for anti-cancer therapy.  Zatloukal et al. studied gene delivery using a ternary 
complex between adenovirus and polylysine-transferrin to deliver luciferase DNA.61  Honigman 
et al. used luciferase to compare various viral and non-viral gene delivery systems.62  One 
example using a non-viral carrier to deliver luciferase DNA was reported by Iyer et al.63  They 
used a cationic lipid system composed of DOTAP and cholesterol and used bioluminescence to 
monitor gene expression.  In another example, Hildebrandt et al. used a transferrin-targeted PEI 
to deliver the luciferase DNA to tumors.64  Peptide-mediated delivery of luciferase DNA has also 
been demonstrated.65,66  Finally, Heiser used particle bombardment to deliver luciferase DNA 
into various cell types.67   

In addition to DNA delivery, knockdown of the luciferase protein using RNA 
interference has been used to study the delivery of small interfering RNAs.  Various carriers 
have been tested for this purpose.  Cohen et al. used an acid-degradable polymeric dextran 
carrier that is functionalized with amine groups to deliver luciferase siRNA in vitro.68  This 
carrier showed good efficiency and low toxicity.  Zintchenko et al. synthesized a functionalized 
branched PEI to deliver luciferase siRNA.69  In another example, Ofek et al. used a dendritic 
nanocarrier to deliver luciferase siRNA to tumors in vivo.70  The use of bioluminescence imaging 
enables the high throughput and cost effective screening of libraries of carriers.  In one example, 
Akinc et al. used bioluminescence to screen a library of lipidoids for effective siRNA delivery.71  
They selected the best candidates for further in vivo studies.  In another study by Tao et al. a set 
of lipid nanoparticles were tested for luciferase siRNA delivery to the liver and their structure-
activity relationships were explored.72     

   
Study of Protein-Protein Interactions 

Bioluminescence imaging is often used to study protein-protein interactions.6,7,73-75  One 
technique used to accomplish this is to make a fusion protein between luciferase and a 
fluorescent protein.76-78  In this technique, energy emitted as a result of a bioluminescent reaction 
is transferred to GFP or a GFP variant causing a shift in the emission wavelength.  This process 
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is referred to as bioluminescence resonance energy transfer (BRET).  The ratio of the two 
emissions can be measured to determine the interaction of the two proteins.  This technique was 
first used in 1999 to study the dimerization of the circadian clock protein KaiB.79  Many 
examples of this technique study G protein-coupled receptor (GPCR) interactions.80-86  In one 
example, Kocan et al. study the interaction of thyrotropin-releasing hormone receptor (TRHR) 
with β-arrestin.87  In another paper, Galés et al. use BRET to study the interaction of GPCRs 
with their cognate G proteins.88  Other examples study the dimerization of GPCRs using 
BRET.89-100  For example, Angers et al. show the homodimerization of β2-adrenergic receptor.101  
Tan et al. report the use of BRET to study the interaction of several classes of receptor tyrosine 
kinases with their effector proteins.102  Another example of BRET is reported by Wang et al. in 
which they used an ruc-gfp fusion to study the interaction of insulin-like growth factor binding 
protein 6 (IGFBP-6) and insulin-like growth factor II (IGF-II).103  Germain-Desprez et al. 
studied the interaction of transcriptional intermediary factor 1 regulators with ZNF74 in the 
nuclear compartment of living cells.104  De and Gambhir showed the use of BRET to study the 
interaction of FRB and FKBP12 in the presence of rapamycin both in vitro and in vivo.105  In 
recent years, BRET has been modified to make more red-shifted versions through the use of 
modified luciferases and different fluorophores.78,81,83  These variants of BRET have also been 
applied to study the interaction of FRB and FKBP12 in cells and animals.106-108  BRET has also 
been used more recently to monitor two post-translational protein modifications, 
ubiquitination109 and SUMOylation110.   

Reporter transactivation can also be used to study protein-protein interactions.  In one 
example by Ray et al. ID was fused to Gal4, a DNA binding domain, and MyoD was fused to 
VP16, an activation domain.111  Both of these promoters were under control of TNF-α inducible 
NF-κB response elements.  Firefly luciferase was regulated by five repetitive Gal4 binding sites.  
Thus bioluminescence was used to image the interaction between ID and MyoD upon treatment 
with TNF-α.   

Another technique that is commonly used is to develop a split luciferase.112  In this 
technique, the N-terminal domain of luciferase is fused to one protein and the C-terminal domain 
of luciferase is fused to another protein.  The two domains are not functional individually and 
thus the luminescence is only turned on upon protein-protein interaction.  A split luciferase can 
be turned on by either reconstitution or complementation.  In complementation, the reporter 
activity is regained when the two fragments are brought into close proximity whereas in 
reconstitution, the interaction results in the formation of a mature reporter protein by intein-
mediated protein autosplicing.74,113,114  This technique has been used to image chemokine 
dimerization.115  A split Renilla luciferase based on the interaction of ID and MyoD was 
reported.116  The interaction of ID and MyoD was also used for reconstitution and 
complementation of firefly luciferase.117  Another example by Ozawa et al. describes the insulin-
induced interaction between phosphorylated insulin receptor substrate 1 (IRS-1) and its target, 
the N-terminal SH2 domain of the PI 3-kinase.118  Luker et al. constructed a split luciferase in 
which the N-terminus of firefly luciferase was fused to FRB (FKBP12-rapamycin binding 
domain of mTOR) and the C-terminus of luciferase was fused to FKBP12 (FK506 binding 
protein).119  Addition of rapamycin causes binding of FKBP12 to FRB and turn on of the 
luminescence.  They used this split luciferase for experiments both in vitro and in vivo.  Finally, 
they demonstrated the utility of their optimized split luciferase by using it to sense the 
phosphorylation-dependent interaction of Cdc25C to 14-3-3ε.           
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Imaging of Cell Growth and Trafficking 
 Bioluminescence imaging is commonly used in the field of pre-clinical oncology.6,120  
Most of the papers use xenograft models of luciferase-expressing tumor cell lines.50,121  In 1999, 
Edinger et al. published a landmark paper in which HeLa cells stably expressing firefly 
luciferase were introduced via subcutaneous, intraperitoneal, and intravenous injection into SCID 
mice.21  Tumor cell kinetics and growth were monitored.  Bioluminescence is also capable of 
monitoring tumor growth in an orthotopic model of cancer.122  More recently, genetically 
engineered luciferase reporter models of human cancer have been developed which enable the 
study of in situ spontaneous tumor development.50  Due to its high sensitivity, BLI allows 
imaging of metastasis and minimal residual disease states.49  In one example, Wetterwald et al. 
imaged bone marrow metastasis by BLI.123  In addition, luciferase-expressing tumor cells have 
been used to monitor tumor regression during therapy.27,122  These studies are useful since it has 
been shown that the light emission from constitutively expressed luciferase is proportional to 
tumor cell burden.50,124     
 Tracking of other cell types has also been accomplished using bioluminescence imaging.  
For example, luciferase-expressing immune cells and stem cells have been injected into mice and 
imaged at multiple time points.5  In one example, Costa et al. expressed a luciferase and GFP 
fusion and the 40 kDa monomer of interleukin-12 (IL-12 p40) in autoantigen-reactive CD4+ T-
cells specific for myelin basic protein.125  They used bioluminescence imaging of these cells to 
monitor their migratory patterns in a mouse model for multiple sclerosis in humans.  CD4+ T-
cells that expressed IL-12 p40 and luciferase were also used for imaging in a mouse model of 
rheumatoid arthritis.126  Edinger et al. showed the trafficking of cytokine induced killer (CIK) 
cells by bioluminescence imaging.127  Survival of luciferase-expressing cardiomyoblasts after 
injection into rats was monitored by Wu et al.128  Sacco et al. monitored the growth of muscle 
stem cells following transplantation into the muscles of mice.129  Tang et al. used BLI to monitor 
the migration, engraftment, and proliferation of neural progenitor cells (NPCs).130  Finally, Cao 
et al. used hematopoietic stem cells from a transgenic mouse constitutively expressing luciferase 
to track these cells in lethally irradiated animals.29    
 
Imaging of Host-Pathogen Interactions 
 Bioluminescence imaging has been used to study bacterial, viral, and parasitic 
infections.131,132  Contag et al. showed that bacterial infections could be traced non-invasively in 
mice using Staphylococcus typhimurium transformed with a vector carrying constitutively 
expressed bacterial luciferase (luxCDABE).18  In another example, Rochetta et al. transformed 
Escherichia coli with the lux operon.133  They used BLI to measure antibiotic efficacy in vitro 
and in vivo and showed that the BLI signal correlated with the counts of colony-forming units 
(cfu).  Hamblin et al. used bioluminescent Escherichia coli134 and Pseudomonas aeruginosa135 to 
study bacterial infection in excisional wounds and treatment with photodynamic therapy.  The 
lux operon has been expressed in other Gram-negative bacteria and has been optimized for 
expression in Gram positive bacteria thus enabling the study of bacterial pathogenesis in vivo.8  
Francis et al. modified luxCDABE so that it can be translated in Gram-positive bacteria.  They 
showed that Staphylococcus aureus transformed with the rearranged Photorhabdus luminescens 
lux operon (luxABCDE) can be used to visualize the presence of infection and the effectiveness 
of antibiotic treatment by direct whole-body imaging of mice after intramuscular injection of the 
recombinant bacteria.4,136  Francis et al. also integrated luxABCDE into Streptococcus 
pneumoniae and imaged infection by this bacterium in mice as well as treatment of infection 
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with antibiotics.137  More recently, Hardy et al. generated a bioluminescent Listeria 
monocytogenes and imaged the location of the infection by BLI. 138  They demonstrated that it 
can replicate in a new location, in the lumen of the gall bladder.   

Luker et al. have demonstrated bioluminescence imaging of herpes simplex virus type 1 
in mice.139  The signal they obtained was proportional to the titer of virus and thus this technique 
can be used for monitoring treatment.  Luker et al. also imaged vaccinia virus using BLI.140  
They were able to demonstrate host factors that affect pathogenesis.  Chen et al. imaged 
infection using a luciferase-expressing human immunodeficiency virus.141  Finally, Cook and 
Griffin demonstrated BLI with a RNA virus.142  They generated a recombinant Sindbis virus that 
expresses firefly luciferase to study viral entry into the central nervous system.  In these systems, 
the virus is engineered to express luciferase.  Another way of studying viral infection is to 
engineer the cell line to express luciferase under a viral promoter.  Upon infection of the cell 
with the virus, luciferase is expressed.  This method has been used by Olivo to study herpes 
simplex virus infection143 and Sindbis virus144.         

Several different parasites have been labeled with luciferase.  Two separate groups have 
reported engineering of bioluminescent Toxoplasma gondii.145,146  In addition, bioluminescent 
Leishmania amazonensis147, Plasmodium berghei148,149, and Trypanosoma cruzi150 have been 
developed and used to monitor parasitic infection in vivo.     
 
Imaging in Drug Screening 

Many studies have reported on the use of bioluminescence imaging for the screening of 
the therapeutic efficacy of drugs.151  BLI has been used for screening of cancer therapeutics by 
monitoring growth of luciferase-expressing tumor cells.48-50,122,152  Mandl et al. imaged tumor 
burden both before and after doxorubicin treatment in a lymphoma model.153  In another 
example, Smith et al. monitored the effect of RNAi of CXCR4 and pharmacological inhibition of 
CXCR4 with a specific antagonist on tumor growth and metastasis using BLI.154  In an example 
by Scheffold, immunotherapy of cancer with CD8+ natural killer T cells retargeted with a 
humanized bispecific antibody was monitored using BLI.155  Another approach uses luciferase to 
report on specific cellular events rather than as a marker gene (see below).  One recent example 
by Contessa et al. describes a luciferase reporter for studying inhibition of N-linked 
glycosylation as a potential cancer therapy.156  The reporter contains an endoplasmic reticulum 
translation sequence and either one or three N-linked glycosylation sites.  When luciferase is 
glycosylated, it can not produce bioluminescence.  Thus, inhibition can be monitored by 
enhancement in the bioluminescent signal.  They used this reporter to screen for inhibitors both 
in vitro and in a xenograft tumor model in vivo.  Bioluminescence has also been used for the 
screening of antibiotics.  One example by Jacobs et al. used bioluminescent Mycobacteria 
tuberculosis to screen antituberculosis drugs.157  Bioluminescence has been used in high-
throughput screens.158,159  Firefly luciferase has been used in ATP assays to screen for toxicity 
and also as a way to screen for inhibitors of kinases, since kinases use ATP.159  There are many 
publications using bioluminescence to screen for agonists or antagonists of various receptors.  
For example, Li et al. report a sensor for epidermal growth factor receptor (EGFR) activation 
based on luciferase reconstitution.160  Changes in signal could be monitored after radiotherapy or 
treatment with inhibitors of EGFR.  In another example, Himmler et al. monitor the biological 
activity of agonists and antagonists of the dopamine receptor by making a luciferase under the 
transcriptional control of multiple cAMP responsive elements (CRE).161  Cell lines expressing 
the dopamine receptors were treated with drugs resulting in a change in the intracellular cAMP 
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concentration and thus affecting the bioluminescence signal.  This reporter has been used for 
monitoring adenosine receptor agonists and antagonists as well.162  Similarly Gagne et al. made 
several luciferases that are responsive to different hormones by connecting the luciferase to 
hormone responsive elements.163  Several examples report the use of bioluminescence for 
screening of modulators of protein-protein interactions.78  One example by Misawa et al. uses a 
split click beetle luciferase complementation assay to screen for modulators of the G-protein 
coupled receptor/β-arrestin interaction.164  Bertrand et al. used a BRET based assay to screen for 
ligands that modulate GPCR/β-arrestin interactions.165  In another example, Hamdan et al. used a 
BRET based assay in a high throughput screen for inhibitors of the agonist promoted β-arrestin2 
recruitment to CCR5.166  Gottschalk et al. show the ability of a peptide to disrupt the interaction 
between PSD-95 and the NMDA receptors using a BRET assay.167   
      
Activatable Bioluminescence Imaging Probes 
 As can be seen from the uses described above, bioluminescence imaging has been used in 
many applications.  The most common use of luciferase to date is as a marker gene.  More 
recently, the concept of designing “smart” bioluminescence probes that only turn on in response 
to a certain biological stimulus has been explored.  These probes offer the possibility of 
increased sensitivity over other imaging modalities as a result of the improved signal-to-noise 
ratio.  They can be designed to respond to numerous stimuli (see below) and thus will be useful 
for imaging a variety of biological processes in the context of living animals.  These probes fall 
into two general categories, enzyme activatable and small molecule activatable, that are 
described in more detail below.        
 
Enzyme Activation 

The majority of activatable bioluminescence probes described to date are responsive to 
enzymes.  The change in the expression of enzymes is implicated in a variety of diseases 
including cancer and inflammation.  Thus, being able to image and quantify enzyme activity 
would help with the diagnosis and treatment of these diseases.  Bioluminescent imaging probes 
that can be activated by enzymes are based on either (1) luciferases that are unable to perform 
the bioluminescence enzymatic reaction until acted upon by the enzyme or (2) luciferins that are 
not substrates for the luciferase enzyme until enzymatic conversion to free luciferin.  Examples 
of these two types of activatable probes and their biological evaluation are discussed below. 

      
Enzyme activatable probes based on luciferase reporters 

Several activatable luciferases have been developed.  These probes take advantage of 
different techniques to turn on the light emission. 

In one case, these probes are locked into conformations incapable of catalyzing light 
emission until acted upon by a target enzyme.5  One example of this is a circularly permutated 
luciferase in which a polypeptide linker specific for caspase-3 connects the two termini.168  This 
inhibits formation of the closed conformation.  Upon cleavage by the protease, luminescence is 
turned on.  This circularly permutated luciferase was shown to be useful for other proteases as 
well.169   

Another method uses a luciferase in which the activity is silenced by fusion with the 
estrogen receptor regulatory domain (ER).170  The ER domain was linked to the luciferase by a 
protease cleavage site for caspase-3 (DEVD).  Upon cleavage, the ER domain is separated from 
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the luciferase, allowing activation of bioluminescence.  This probe was useful for detection of 
apoptosis by BLI.   

A luciferase selective for activated macrophages was made by making a fusion protein 
containing a N-terminal inhibitory domain, followed by a cleavable linker for MMP-9, a receptor 
binding domain for scavenger receptor and a reporter domain.171  When the linker is cleaved, the 
inhibitory domain is dissociated from the probe.  The receptor-binding domain then binds to the 
receptor allowing cell uptake.  Thus signal is obtained from cells expressing both the scavenger 
receptor and MMP-9.   

Proteasome activity can be imaged by fusing a proteasomal substrate to firefly luciferase.  
For example, Gross and Piwnica-Worms made a fusion of inhibitor of κB (IκBα) to luciferase to 
monitor its proteasomal degradation.  They used this reporter both in vitro and in vivo.172  
Similarly, Zhang et al. made a fusion between p27 and luciferase to monitor its accumulation.173  
Finally, Safran et al. made a fusion between Hif-1α and luciferase.174  Both of these probes were 
used for drug screening.      

Split luciferase reporters consist of a luciferase that has been split into two 
complementary (N-terminal and C-terminal) but non-functional fragments.  This enables the 
monitoring of biological processes as the emission of light only occurs when the two fragments 
are brought together.  One example of this is a split luciferase that is activated by caspase-3 
activity during apoptosis.175  Another example by Zhang et al. monitors the function of the 
oncogenic kinase Akt.176  The split fragments of firefly luciferase were separated by a phospho-
specific binding element (FHA2) and Akt recognition sequence (Aktpep).  In the presence of Akt 
kinase, Aktpep is phosphorylated which results in its interaction with the FHA2 domain.  This 
sterically prevents reconstruction of a functional luciferase reporter molecule.  Fan-Minogue et 
al. developed a split firefly luciferase for imaging of c-myc activity.177  The sensor system 
consists of specific fragments of GSK3β and c-Myc fused with C-terminal and N-terminal 
fragments of the split firefly luciferase, respectively.  The sensor detects phosphorylation-
specific GSK3β-c-Myc interaction.  Similarly, Luker et al. designed a split luciferase for 
bioluminescence imaging of the interaction of CXCR4 and β-arrestin upon phosphorylation of 
the receptor when activated with CXCL12.178  Finally, Wang et al. designed a split luciferase 
that senses Hepatitis C virus NS3/4A serine protease.179  The sensor consists of split N- and C-
terminal fragments of luciferase fused to interacting peptides, pepA and pepB split by the 
protease cleavage site.  PepA and pepB bring the two fragments of luciferase together upon 
cleavage.  

Finally, there are luciferases whose activation is based on the process of bioluminescence 
resonance energy transfer (BRET).  These probes contain a luciferase fused to a fluorescent 
protein via a protease cleavable linker.  In these examples, cleavage by the protease results in a 
shift of emission from that of the fluorescent protein to that of luciferin.  Two examples of this 
type of luciferase were reported by Waud et al. where they inserted a cleavage site for alpha-
thrombin and caspase-3 between the fused proteins.180  In another example, Hu et al. designed a 
sensor for human immunodeficiency virus type 1 (HIV-1) protease.181  This sensor should be 
useful for screening of protease inhibitors.  In another example of BRET, Yao et al. developed a 
sensor in which luciferase was connected to a quantum dot via a MMP-2 cleavable linker.182   
 
Enzyme activatable probes based on luciferin derivatives 
 Enzyme activity can be coupled to luminescence by the use of a “pro-luciferin”.  This 
molecule is not a substrate for luciferase; however upon action of the enzyme free luciferin is 
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released which can then produce a bioluminescent signal (Figure 1.2).  The luciferin can be 
modified on either the carboxylic acid or on the phenol (or amine) of firefly luciferin (or 
aminoluciferin).  Several enzyme-activatable luciferin derivatives were synthesized by Miska 
and Geiger.10,183-187  These include substrates for carboxylic esterase, arylsulfatase, alkaline 
phosphatase, and carboxypeptidases A, B, and N.  More recently, Zhou et al. reported a luciferin 
derivative for monitoring of alkaline phosphatase that takes advantage of two differently 
cleavable linkers, the “trimethyl lock” and a p-hydroxybenzylether.188  There are several luciferin 
derivatives that are activated by esterases.189-191  Several luciferin β-glycoside derivatives were 
synthesized by Amess et al.192  They were used as substrates for glycohydrolases.  Another 
example is a caged galactoside-luciferin conjugate that is activated by β-galactosidase (Figure 
1.2).193,194  This probe has been used for BLI both in vitro and in vivo.  A series of electrophilic 
o-nitrophenyl luciferin or quinolinyl luciferin ether derivatives were synthesized by Zhou et al. 
as bioluminescent substrates for glutathione S-transferase.195  Zhou et al. also developed a 
luciferin derivative for monitoring of monoamine oxidase activity by connecting luciferin to an 
amine.196  Oxidation of the amine by monoamine oxidase followed by β-elimination liberates 
free luciferin.  Valley et al. used the best substrate for a two-step high-throughput screening 
assay for monoamine oxidase activity.197  Yao et al. developed a bioluminogenic substrate for 
the study of β-lactamase activity and showed its utility for in vivo imaging (Figure 1.2).198  
Various derivatives of luciferin coupled to amino acids or peptides have been synthesized.  
Monsees et al. synthesized a phenylalanine derivative of aminoluciferin as a substrate for α-
chymotrypsin.199  In another example, Shinde et al. synthesized a glycine-aminoluciferin to 
modify the kinetics and transport properties of luciferin for in vivo applications.200  Niles et al. 
synthesized peptide-derivatized aminoluciferins as probes for measuring dead cells.201  Moravec 
et al. synthesized peptide conjugates of aminoluciferin to measure chymotrypsin-like, trypsin-
like, or caspase-like activities of the proteasome.202  Liu et al. synthesized a DEVD-
aminoluciferin for imaging of caspase 3/7, proteases involved in apoptosis (Figure 1.2).203  
O’Brien et al. also used this substrate to develop a protease assay204 and Shah et al. used it for 
imaging of apoptosis in mouse tumor models.205  Dragulescu-Andrasi et al. synthesized a 
RXK/RR-aminoluciferin for imaging of furin activity (Figure 1.2).206  An assay for cytochrome 
P450 activity has also been developed using a luminogenic substrate.207  This probe is useful for 
screening for inhibitors in drug discovery applications.  Several other examples include probes 
based on caspase-8, caspase-9, caspase-2, caspase-6, dipeptidyl peptidase IV, and calpain.159   
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Figure 1.2.  Activatable probes that release luciferin.  General strategy for caging of luciferin 
(top) and some representative structures of caged luciferins (bottom). 
 
Small Molecule Activation 

As opposed to the many examples of enzyme activatable probes described above, there 
are only a handful of examples of bioluminescence probes that are activated by small molecules.  
These probes again fall into the two categories of either probes based on luciferase or probes 
based on luciferins.  These examples are described in more detail below. 

   
Small molecule activatable probes based on luciferase reporters 

Baubet et al. reported a luciferase that is a sensor for calcium.208  The sensor is a fusion 
between aequorin and GFP with linkers of variable length.  It functions based on 
chemiluminescence resonance energy transfer (CRET).  Boute et al. described a BRET system to 
monitor the conformational changes induced by insulin binding to the insulin receptor.209  They 
also used it to monitor effects of other ligands on the insulin receptor.  Prinz et al. developed a 
sensor for cAMP based on BRET between protein kinase A (PKA) subunits.210  They were able 
to use this sensor to study PKA agonists and antagonists.  Another sensor for cAMP based on 
BRET was reported by Jiang et al.211  Paulmurugan and Gambhir created a sensor for estrogen 
receptor ligands.212  The sensor is a split luciferase that upon binding of ligand undergoes a 
conformational change leading to complementation of the split fragments.  A BRET assay for 
monitoring estrogen receptor dimerization in the presence of estrogen-like compounds was also 
developed.213 
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Small molecule activatable probes based on luciferin derivatives 
There are only a couple of reported examples of luciferin derivatives that are activated by 

small molecules.  These derivatives do not produce luminescence until an uncaging event has 
occurred.  One example reported by Jones et al. reports a luciferin that contains a disulfide 
releasable linker that is activated by small molecule thiols, such as glutathione and 
dithiothreitol.214  This probe allows the monitoring of uptake and release in cells and living 
animals.214,215  Another probe, reported by the Chang group, is activated by a small molecule 
hydrogen peroxide (Figure 1.2).216  This probe consists of a boronic acid-caged firefly luciferin.  
The probe was used for imaging both in vitro and in vivo.   
  
Difficulty in Studying Metabolic Processes 

Despite the numerous applications already investigated, there are still new fields in which 
the use of BLI has not yet been explored.  Two of these are in the study of glycosylation and 
fatty acid uptake, metabolic processes that are important in both health and disease states.  The 
design, synthesis and evaluation of new bioluminescent imaging probes to study these two 
processes are the subject of this work.  Therefore, I conclude this section with an overview of 
these two processes.   

Metabolic processes lie outside of the central dogma of biology in which DNA is 
transcribed into RNA which is subsequently translated into proteins.  Thus these processes are 
difficult to study because they can not be probed by standard genetic techniques.  One method of 
studying metabolic processes is to directly tag the metabolite of interest with a fluorescent dye or 
a radiotracer for imaging applications.  These probes are useful for studying many biological 
processes however it is important to verify that the tag does not affect the physiology of the 
metabolite being studied.  In addition, for the radiotracers a new synthetic procedure must be 
developed for each metabolite.  We were interested in making activatable bioluminescence 
probes in which the synthetic procedure was cost-effective and modular and thus would allow 
the easy translation of these probes to other applications of interest.  Described in the subsequent 
chapters are two bioluminescence probes that we designed.  We have shown their usefulness for 
two specific applications of interest but the probe design will allow them to be used for imaging 
of numerous metabolic processes.   

Specifically, we are interested in designing imaging probes for the study of glycosylation 
and fatty acid uptake in vivo.  These processes present unique opportunities and challenges for 
imaging (see discussion below).  In Chapter 2, I discuss the design, synthesis and evaluation of a 
bioluminescent imaging probe for the study of glycosylation.  These initial studies were 
performed in vitro with the goal of being able to expand the use of this probe to studies of 
glycosylation in mice.  In Chapter 3, I discuss the design, synthesis and evaluation of a 
bioluminescent imaging probe for the study of fatty acid uptake.  These studies were performed 
in vitro and in vivo and demonstrate the usefulness of the probe for eventual studies in disease 
models and for drug discovery.   
 
Bioluminescence Imaging of Glycosylation 
 
Introduction to Glycosylation 
 Glycans decorate the surface of all eukaryotic cells.217  These sugars are important in 
many biological processes such as cell adhesion, cell signaling, and cell-cell communication.218  
It has been demonstrated that the glycome is dynamic.  When the cell undergoes a change from 
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one physiological state to another the glycans on the cell surface change.  These changes are 
associated with both healthy processes, such as development, and disease processes, such as 
cancer and inflammation.219-221  In particular, we are interested in studying these changes 
associated with cancer.  Certain glycans are overexpressed during malignancy.222-225  Several 
examples include sialyl Lewis x, sialyl Lewis a, sialyl Tn, and sialyl T.220,221  These glycans 
share some common sugar epitopes, in particular sialic acid residues at their termini.  In addition, 
sialyl Tn and sialyl T both contain a core N-acetyl-galactosamine (GalNAc) residue.  Glycans are 
difficult to study because they are a post-translational modification.  Thus, they can not be 
studied using standard genetic techniques.  Our group has previously developed a method for 
studying glycosylation known as metabolic oligosaccharide engineering.  This method is 
described in more detail in the next section.   
    
Introduction to Metabolic Oligosaccharide Engineering 
 Metabolic oligosaccharide engineering allows for glycans to be labeled in a two-step 
procedure.226,227  In the first step, cells are treated with an unnatural sugar analogue that contains 
a bioorthogonal functional group.  This is known as the chemical reporter.  This sugar is taken up 
by cells and incorporated into the cells’ glycans via its native metabolic machinery.  In the 
second step, the bioorthogonal functional group is reacted with an exogenous reagent that 
contains either an affinity handle or an imaging reagent.  This procedure allows the glycans to be 
both profiled and imaged.228,229  
 There are several bioorthogonal functional groups to choose from.  For labeling of 
glycans, the bioorthogonal functional group can be a ketone, an azide, or an alkyne.230-232  
Metabolic oligosaccharide engineering was originally demonstrated using keto sugars and 
aminooxy or hydrazide probes.230,233,234  More recently, studies have focused on using azido- or 
alkynyl sugars.  Both of these sugars get incorporated into cell surface glycans and can be 
subsequently labeled.  Alkynyl sugars require the use of copper click chemistry232,235,236 (see 
below) and thus for the rest of this work I will focus on the use of azidosugars.  The azide is ideal 
for several reasons.  It is small, it is not found in biological systems, it is inert in biological 
systems, and it is prone to several highly selective chemical reactions (see below).237,238  Several 
azidosugars have been reported to date.  For studying of sialic acid mediated interactions, an 
azide-modified analogue of sialic acid (SiaNAz)239 or N-azido-acetyl-mannosamine 
(ManNAz)231, the biosynthetic precursor of sialic acid, is used (Figure 1.3).  N-azido-acetyl-
galactosamine (GalNAz) is used for studying N-acetyl-galactosamine240 and N-azido-acetyl-
glucosamine (GlcNAz) is used for studying nuclear and cytosolic glycoproteins241 (Figure 1.3).  
An N-azido-fucose derivative has also been synthesized for studying fucosylated proteins.242  
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Figure 1.3.  Azidosugars as tools for probing glycosylation.  Structures of peracetylated 
azidosugars (left) and which glycans they are used to study (right).  
 
Introduction to Bioorthogonal Reactions 
 As mentioned above, the chemical reporter must react with an exogenous reagent in a 
chemical reaction that is termed “bioorthogonal”.237,243  Bioorthogonal means that the two 
reagents must selectively react with each other in the presence of all of the other functionalities 
present in a living system such as amines, thiols, or alcohols.  In addition, neither reagent should 
be toxic to the biological system.  As the chemical reporter, we have chosen the azide.  The azide 
can undergo several bioorthogonal reactions.  The first one, developed in our group, is known as 
the Staudinger ligation (Figure 1.4, top).231  It takes place between an azide and a 
triarylphosphine reagent to form a stable amide bond.  This reaction suffers from relatively slow 
reaction kinetics and background phosphine oxidation but is non-toxic.  The second reaction 
developed simultaneously by the Sharpless and Meldal groups is what is commonly known as 
click chemistry.244,245  This reaction occurs between an azide and a terminal alkyne in the 
presence of a copper catalyst to form a triazole linked product (Figure 1.4, middle).  This 
reaction is fast however the copper is toxic to biological systems.246,247  The third reaction, also 
developed in our group, is the strain-promoted cycloaddition.248,249  This reaction takes place 
between azides and a cyclooctyne probe to again form a triazole linked product.  This reaction is 
fast and non-toxic however it is not as efficient at labeling azides in the context of the mouse, the 
most common animal model of human disease.250  Thus the Staudinger ligation will be the 
subject of the rest of this work. 
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Figure 1.4.  Bioorthogonal reactions with azides.  Shown are the Staudinger ligation with 
triarylphosphines (top), click chemistry with terminal alkynes (middle), and the strain-promoted 
cycloaddition with cyclooctynes (bottom). 
 
Previous Efforts to Study Glycosylation In Vivo 
 The Staudinger ligation is based on a chemical reaction known as the Staudinger 
reduction.  The Staudinger reduction takes place between a triarylphosphine and an azide 
releasing nitrogen and forming an aza-ylide intermediate.251  The aza-ylide is then hydrolyzed to 
form a phosphine oxide and an amine product.  In the Staudinger ligation, an ester is placed 
ortho to the phosphine.231,252  The triarylphosphine again reacts with the azide releasing nitrogen 
and forming an aza-ylide intermediate.  However, now the nitrogen of the aza-ylide is trapped by 
the ester, releasing an alcohol and forming an amide ligation product upon hydrolysis.  The 
Staudinger ligation has been shown to label glycans both in vitro and in vivo.231,253,254  For the 
original experiments in vivo, a phosphine-FLAG reagent was used.253,254  In these experiments, 
the mice were injected with azidosugar to label their cell-surface glycans.  The mice were then 
injected with a phosphine-FLAG reagent that will undergo the Staudinger ligation with the 
azides on the cell surface.  The mice are sacrificed, the organs of interest are isolated, and the 
glycans are detected using an FITC-α-FLAG antibody and flow cytometry.  This procedure is 
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both time consuming and not well suited for studying changes in glycosylation since for each 
time point of interest the mice need to be sacrificed. 
 In order to image glycosylation directly, Chang et al. synthesized several fluorescent 
phosphines in which the dye is directly connected to the triarylphosphine scaffold.255  These 
probes worked well for in vitro studies.  However, in mice, there was no signal above 
background with any of the probes at any of the time points tested.256  The reason for this lack of 
specificity was due to the high background signal caused by lack of clearance of unreacted 
probe.  Thus, to try to eliminate some of the background signal, a fluorogenic phosphine probe 
was developed.257  This probe took advantage of the mechanism of the Staudinger ligation.252  
The ester bond in the triarylphosphine is cleaved upon trapping of the nitrogen in the aza-ylide 
intermediate and an alcohol is released.  Thus, a probe was designed in which there was a 
fluorescent dye connected to one side of the phosphine and a quencher connected to the ester 
(Figure 1.5, top).257  When the probe is in its full form, it is not fluorescent due to FRET 
quenching.  However, upon Staudinger ligation with an azide, the quencher is released and the 
probe becomes fluorescent.  Hangauer synthesized a probe in which he used Disperse red 1 as 
the quencher and fluorescein as the dye (Figure 1.5, bottom).257  This probe worked well for 
labeling of cell-surface glycans.  However there are several problems for using this probe in the 
context of mice.  First, since fluorescein is a green dye there is the problem of auto-fluorescence 
from the mouse tissues.  In addition, disperse red 1 does not completely quench the fluorescein 
fluorescence.  Finally, the synthesis of this and related FRET based probes is complicated.  Thus, 
we decided to turn to an activatable bioluminescence imaging probe for the study of 
glycosylation in living mice.  The synthesis of this probe as well as cell labeling experiments are 
described in Chapter 2. 

In a recent paper by Neves et al., they report the imaging of sialic acids in a tumor model 
in mice.258  For these experiments, they used metabolic oligosaccharide engineering to 
incorporate azides into the cell-surface glycans.  They then reacted the azide with a phosphine-
biotin probe which will undergo the Staudinger ligation.  The biotin could then be detected using 
either a fluorescent or radiolabeled Neutravidin.  This is the first demonstration of imaging of 
glycans in a tumor model in living mice.  However, use of a protein for the detection limits the 
usefulness of their approach as Neutravidin has limited bioavailability.  Thus, an approach with a 
small molecule, activatable imaging reagent may be more beneficial. 
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Figure 1.5.  Activatable fluorescent probes.  Schematic of the “smart” phosphine (top).  The 
probe undergoes FRET quenching until Staudinger ligation with an azide.  The structure of the 
“smart” phosphine probe containing fluorescein as the dye and disperse red 1 as the quencher is 
shown (bottom). 
 
Bioluminescence Imaging of Fatty Acid Uptake 
 
Introduction to Fatty Acid Uptake 
 Fatty acids represent an important source of energy.  Approximately 40% of the calories 
in the western diet come from lipids.259  Fatty acid uptake is important to many physiological and 
pathological processes, in particular obesity.260  Obesity is a major problem in the United States.  
Obesity is associated with about thirty diseases including heart disease, high blood pressure, 
arthritis, stroke, and type 2 diabetes.  Thus, understanding fatty acid uptake is important for the 
development of treatments for obesity-related disorders.  
 Fatty acids are transported across the plasma membrane by a class of proteins known as 
the fatty acid transport proteins (FATPs).  FATPs are found in a variety of species including 
humans, mice, Caenorhabditis elegans, Drosophila melanogaster, Saccharomyces cerevisiae, 
and Mycobacterium tuberculosis.261  This class of proteins comprises 6 members in humans and 
mice and are found in all fatty-acid utilizing tissues of the body.262,263  Substrate preferences are 
comparable among the different FATPs but they differ in their expression patterns and 



 19 

localization.260-263  FATP1 was the first family member that was identified and is expressed in 
skeletal muscle, brain, fat, kidney, and heart tissue.264  FATP2 is expressed exclusively in liver 
and kidney, FATP3 is broadly expressed with high expression in lung, FATP4 is expressed in 
heart, brain, lung, liver, kidney and small intestine, FATP5 is expressed only in liver, and FATP6 
is expressed exclusively in the heart.260,262,263  FATP4 is expressed in enterocytes and is likely the 
principal fatty acid transporter of the small intestine.265  Blocking FATP in the intestine reduces 
caloric uptake265 and mice with no muscle/fat FATP are protected from diet-induced obesity266.   
 
Administration of Fatty Acid Compounds 
 Fatty acids can be introduced by a variety of routes, for example by gavage, intravenous 
injection, or intraperitoneal injection.  The choice of delivery method will depend on which 
FATP and biological process is being studied.  In the first method, the compound is directly 
administered to the gastrointestinal tract.  This allows delivery to the small intestine and thus 
enables studies of FATP4.  This method is advantageous for studies of dietary fatty acid uptake 
because the compound is administered to the site of interest and thus avoids background from 
uptake by other organs.  For these studies, the compound is usually administered in one of a 
variety of vehicles including cremophor, polyethylene glycol, and propylene glycol.  Fatty acids 
can also be injected intravenously or intraperitoneally.  For these experiments, the fatty acid 
compound is bound to bovine serum albumin, the natural carrier protein for fatty acids in the 
bloodstream.  This allows studies of fatty acid uptake by other metabolically active organs and 
tissues.  
 
Previous Fatty Acid Imaging Studies 
 Most previous studies for the imaging of fatty acid uptake use positron emission 
tomography (PET) and single-photon emission computed tomography (SPECT).267  There are 
several disadvantages to using these techniques.  Besides the need for a cyclotron to generate the 
radionuclide and the use of ionizing radiation, the short half lives of the isotopes limit the 
applications of these probes.  Thus, most of these studies focus on cardiac metabolism.267-273  
Some of these probes do not demonstrate physiologically relevant uptake.270,272  As an alternative 
method for imaging of fatty acids, Liao et al. developed a fluorescent assay for the study of fatty 
acid uptake (Figure 1.6).274  This assay used a fluorescent fatty acid analogue and a cell-
impermeable quencher.  Outside of the cell, the probe is quenched via a FRET mechanism.  
Upon uptake of the fatty acid, it is physically separated from the quencher.  Thus, fatty acid 
uptake can be monitored via fluorescence imaging.  This assay worked well in cell culture 
experiments.  However, it was not successful in vivo.  We decided to turn to an activatable 
bioluminescence imaging probe for the study of fatty acid uptake in living mice.  The synthesis 
of this probe is described in Chapter 3.  In addition, we show both in vitro and in vivo results 
with this probe demonstrating its applicability for the study of fatty acid uptake. 
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Figure 1.6.  Fluorescence fatty acid uptake assay.  Schematic of the assay (left).  The BODIPY-
FA fluorescence is quenched via FRET in solution.  The BODIPY-FA, but not the quencher, is 
taken up by cells resulting in fluorescence.  The structure of the BODIPY-FA probe is shown 
(right). 
 
Conclusions 
 Molecular imaging has tremendous potential to improve the diagnosis and treatment of 
human disease.  Much research has been devoted towards the development of new probes for 
imaging both in vitro and in vivo.  Despite promising results in vitro, many probes fail to be 
effective in the physiologically relevant context of living animals.  This motivates future efforts 
focusing on the design of sensitive and specific imaging reagents for use in vivo.  
Bioluminescence imaging represents a promising modality for the study of metabolic processes.  
BLI has particularly desirable characteristics for a number of applications due to its high 
sensitivity and lack of background signal.  The design of bioluminescence imaging probes that 
can be activated by numerous biological stimuli represents a promising alternative to other 
imaging modalities for the study of processes in vivo.  The following chapters describe the 
design, synthesis, and biological evaluation of bioluminescent imaging probes investigated in our 
laboratory for the study of glycosylation and fatty acid uptake in vivo.   
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Chapter 2 – Synthesis and Initial Biological Evaluation of a 
Phosphine-Luciferin Probe for Bioluminescence Imaging of Glycans 

Abstract 
Cell-surface glycans are attractive targets for molecule imaging due to their reflection of 

cellular processes associated with development and disease progression.  In this chapter, we 
describe the design, synthesis, and biological application of a new phosphine probe for real-time 
imaging of cell-surface glycans using bioluminescence.  To accomplish this goal, we took 
advantage of the bioorthogonal chemical reporter technique.  This strategy uses a two-step 
labeling procedure in which 1) an unnatural sugar analog containing a functional handle is 
incorporated into sugar-bearing proteins via the cell’s own biosynthetic machinery and 2) is then 
detected with an exogenously added probe.  We designed phosphine-luciferin reagent (1) to 
activate bioluminescence in response to Staudinger ligation with azide-labeled glycans.  We 
chose to use a phosphine probe because, despite their slow reaction kinetics, they remain the best 
performing reagents for tagging azidosugars in mice.  Given the sensitivity and negligible 
background provided by bioluminescence imaging (BLI), we reasoned that compound 1 might 
be able to overcome some of the limitations encountered with fluorescent phosphine probes.  In 
this work, we synthesized the first phosphine-luciferin probe for use in real-time BLI and 
demonstrated that azide-labeled cell surface glycans can be imaged with 1 using concentrations 
as low as single digit nanomolar and times as little as 5 min, a feat that cannot be matched by any 
previous fluorescent phosphine probes.  Even though we have only demonstrated its use in 
visualizing glycans, it can be envisioned that this probe could also be used for bioluminescence 
imaging of any azide-containing biomolecule, such as proteins and lipids, since azides have been 
previously incorporated into these molecules.  The phosphine-luciferin probe is therefore poised 
for many applications in real-time imaging in cells and whole animals.  These studies are 
currently in progress in our laboratory.  
 
Introduction 

 The totality of glycans produced by cells, referred to as the glycome, is a dynamic 
indicator of the cell’s physiology.1  The glycome changes as a function of developmental stage, 
cellular activation, and transformation from a healthy to a pathological state (e.g. cancer).2,3  
Molecular imaging of the glycome promises to advance our understanding of these processes and 
their implications in the diagnosis and treatment of disease.4  The notion of imaging glycans in 
vivo was recently enabled by the bioorthogonal chemical reporter technique.5  First, a sugar 
analog adorned with a bioorthogonal functional group is metabolically incorporated into cellular 
glycans.  In a second step, the modified sugar is chemically reacted with an exogenously added 
imaging probe bearing complementary functionality.   

This method of visualizing glycans was first developed in the context of cultured cells, 
using azidosugars as metabolic labels and the Staudinger ligation with phosphines as a means to 
introduce fluorescence imaging probes.6  Since then, other chemistries have been explored, 
including Cu-catalyzed cycloaddition of metabolically incorporated alkynyl sugars with azide-
functionalized fluorophores (i.e., click chemistry)7,8, and strain-promoted cycloaddition of 
azidosugars with cyclooctyne probes (i.e., Cu-free click chemistry).9,10  The suitability of these 
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chemistries for various imaging applications reflects a balance of attributes, including intrinsic 
kinetic parameters, reagent toxicity, and bioavailability.  With respect to kinetics, the Cu-
catalyzed azide-alkyne cycloaddition (CuAAC) has a significant advantage over the Staudinger 
ligation.11  However, the cytotoxicity of the Cu (I) catalyst disqualifies this chemistry from use 
with live cells or organisms.12  Difluorinated cyclooctyne (DIFO) probes have fast kinetics and 
no observable toxicity, and consequently, enabled the first in vivo imaging study of glycans in 
developing zebrafish.13  However, in mice, the most common animal model of human disease, 
DIFO probes appear to have limited bioavailability.14  Thus, despite their superior kinetic 
parameters, DIFO probes label cell-surface azidosugars less efficiently than phosphine reagents 
in this model organism.   

To date, phosphines remain the best performing reagents for tagging azidosugars in mice 
but their slow reaction kinetics mandates the use of high concentrations in vivo.  With fluorescent 
probes, this situation leads to high background labeling and low signal-to-noise ratios.  While 
fluorogenic “smart” phosphines can partially mitigate the problem,15,16 the complexity of such 
probes, as well as sensitivity issues caused by tissue autofluorescence, have undermined efforts 
to image glycans in mice using fluorescent phosphine reagents. 

Bioluminescence imaging (BLI)17-20 obviates many of the intrinsic limitations of 
fluorescence imaging with phosphine probes.  The technique is based on the sensitive detection 
of visible light produced during enzyme (luciferase)-mediated oxidation of a small molecule 
substrate (luciferin) when the enzyme is expressed as a reporter.  BLI is gaining appreciation for 
its use in real-time animal imaging, as the total absence of tissue luminescence bestows 
negligible background, enabling exquisite sensitivity.21  Many types of luciferase transgenic 
mice as well as disease specific models are now commercially available.  Since BLI is dependent 
on the presence of luciferase, transfected cells or transgenic animals are required for the 
experiments.  Thus, clinical translation is not possible; however, this technique still represents a 
powerful tool to answer basic research questions.  We reasoned that a phosphine-luciferin 
conjugate (1, Figure 2.1) designed to release luciferin upon Staudinger ligation would enable 
sensitive detection of azidosugars with very low background signal, even when the reagent was 
employed at relatively high concentrations (e.g. in the mM range).  Further, the intrinsic 
sensitivity of BLI might enable the use of lower phosphine probe concentrations than were found 
to be required for fluorescence imaging (e.g. in the nM range).  In this chapter, we report the 
synthesis of compound 1 and its use in real-time BLI of azidosugars on live cells. 
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Figure 2.1. Use of phosphine-luciferin (1) for bioluminescence imaging of cell-surface 
azidosugars.  Compound 1 releases firefly luciferin upon Staudinger ligation with azides.  After 
luciferin diffuses into cells, luciferase-catalyzed conversion of luciferin to oxyluciferin is 
accompanied by production of a photon of light, which is detected using a CCD camera.  
 
Results and Discussion 
Synthesis and Characterization of the Phosphine-Luciferin Probe  

Compound 1 comprises firefly luciferin linked to triphenylphosphine through a carboxy 
ester that is cleaved during Staudinger ligation with an azide.22  Compound 1 itself cannot 
produce bioluminescence due to the esterified phenolic oxygen, a modification that disrupts 
recognition of luciferin by luciferase.23  Thus, only luminescence due to firefly luciferin released 
during the Staudinger ligation is observed.  The synthesis of compound 1 is outlined in Scheme 
2.1.  Coupling of 2-cyano-6-hydroxybenzothiazole 224 with 2-(diphenylphosphino)benzoic acid 3 
provided compound 4.  Condensation with D-cysteine completed the luciferin scaffold, resulting 
in 1.24  In order to minimize phosphine oxidation and ester hydrolysis during the final step, the 
reaction is stopped before completion.  Thus 4 was reacted with D-cysteine for only 5 min, 
resulting in a moderate yield of compound 1. 
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Scheme 2.1.  Synthesis of phosphine-luciferin probe (1). 

Ester hydrolysis is a possible competing side reaction that would uncouple luciferin 
release from the Staudinger ligation, thereby undermining compound 1’s design.  Thus, we 
probed the rates of the two processes in model reactions.  Using benzyl azide as a substrate in 
acetonitrile/water (19:1), Staudinger ligation with compound 1 proceeded with a second-order 
rate constant of 2.3 x 10-3 M-1s-1 (Scheme 2.2 and Figure 2.2), a value that is similar to 
previously studied phosphine substrates.22  In the context of in vivo cell-surface labeling, this 
number translates into reaction times in the range of 1-2 hours to achieve conversion of a 
majority of azides.25  Hydrolysis of 1 in cell culture media containing physiological glutathione 
occurred with a half-life of ~ 5 d.  Thus, compound 1 possesses sufficient hydrolytic stability for 
our envisioned application. 

 
 

 
 
Scheme 2.2.  Reaction of phosphine-luciferin (1) with benzyl azide. 
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Figure 2.2.  Kinetics of the Staudinger ligation between 1 and benzyl azide.  Determination of 
the apparent second-order rate constant, k, from the slope of the plot of 1/[1] versus time.  
 
Imaging Cell Surface Glycans using Phosphine-Luciferin  

To evaluate compound 1’s performance in cell-surface azidosugar imaging, we employed 
a prostate cancer cell line stably transfected with firefly luciferase (LNCaP-luc).  We chose this 
cell line because it was one of the most robust with respect to azidosugar incorporation.26  The 
cells were incubated for 2 days with various concentrations of peracetylated N-
azidoacetylmannosamine (Ac4ManNAz) or peracetylated N-azidoacetylgalactosamine 
(Ac4GalNAz) (10, 35, or 50 µM) to allow for metabolic incorporation of N-azido sialic acid 
(SiaNAz)27 and GalNAz28 into sialylated and mucin-type O-glycans, respectively.  Control cells 
were incubated in media that did not contain azidosugars.  In addition, we incubated cells with 
peracetylated N-azidoacetylglucosamine (Ac4GlcNAz), which is incorporated into nuclear and 
cytosolic proteins but not, to any appreciable extent, into cell-surface glycans.28,29  After several 
washes to remove all exogenous azidosugars in the media, the cells were incubated with various 
concentrations of compound 1 (ranging from 3 nM to 100 µM) and the number of photons 
produced as a function of time was quantified using a charge-coupled device camera.  

Cells incubated with Ac4ManNAz or Ac4GalNAz and compound 1 showed significantly 
higher luminescence than control cells lacking azidosugars (Figure 2.3).  Also, the signal was 
proportional to the concentration of azidosugar (Figure 2.3) and the probe (Figure 2.6).  Figure 
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2.3A depicts the real-time signal produced from cells treated with different concentrations of 
Ac4ManNAz whereas Figure 2.3B shows the total bioluminescence produced by cells treated 
with each azidosugar.  Cells treated with Ac4GlcNAz showed the same background level of 
bioluminescence as cells treated with no azidosugar.  Collectively, these results indicate that the 
observed signal above background is due to luciferin released during the Staudinger ligation with 
cell-surface azidosugar. 

 

0.00E+00

1.00E+06

2.00E+06

3.00E+06

4.00E+06

0 20 40 60 80 100 120

Time, min

P
h

o
to

n
 F

lu
x
 (

p
h

o
to

n
s

/s
e
c

)

 

A 



 38 

 
Figure 2.3.  Labeling of cell-surface azidosugars with phosphine-luciferin 1.  LNCaP-luc cells, a 
prostate cancer cell line stably transfected with luciferase, were incubated for 2 days in the 
presence of various concentrations of Ac4ManNAz, Ac4GalNAz, Ac4GlcNAz or media.  The 
cells were washed 3 times with 200 µL of PBS and then treated with 1 (100 µM) for 120 min.  
(A) Real-time bioluminescence for various concentrations of Ac4ManNAz.  Data are shown for 
various concentrations of Ac4ManNAz (µM): -- 0, -- 10, -- 35, and -- 50.  (B) The total 
bioluminescence obtained by calculating the area under the curves represented by those in (A).  
Error bars represent the standard deviation of the mean for three replicate experiments. 
 

Given the hydrophobic nature of 1, we questioned whether the luminescence observed 
was due to Staudinger ligation at the cell surface, or, following passive diffusion into the cell, 
reaction with intracellular azido-metabolic intermediates.  We therefore treated cells labeled with 
each azidosugar with sialidase to cleave cell-surface sialic acids.30  This treatment was expected 
to reduce the number of azides present on cells incubated with Ac4ManNAz but have a 
negligible effect on cells incubated with the other two azidosugars.25  After reaction with 1 and 
subsequent imaging, we observed a significant decrease in the number of photons produced from 
Ac4ManNAz-labeled cells treated with sialidase as compared to Ac4ManNAz-labeled cells 
having no sialidase treatment (Figure 2.4).  The ~60% reduction in signal observed with 
sialidase-treated cells agrees well with previous studies using other detection methods.30  In 
contrast, the number of photons produced by Ac4GalNAz- or Ac4GlcNAz-labeled cells was 
unaffected by sialidase treatment.  These results indicate that the observed luminescence largely 
reflects Staudinger ligation with cell-surface azidosugars.   

B 
A 
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Figure 2.4.  Sialidase treatment reduces labeling seen with 1.  LNCaP-luc cells were incubated 
for 2 days in the presence of 50 µM of Ac4ManNAz, Ac4GalNAz, Ac4GlcNAz, or media.  Cells 
were treated with A. ureafaciens sialidase (patterned bars) or left untreated (black bars).  The 
cells were then treated with 1 (100 µM) for 1 hour and the total bioluminescence was quantified.  
Error bars represent the standard deviation of the mean for three replicate experiments. 
 

We noted that cells without azidosugar treatment displayed low levels of 
bioluminescence upon treatment with compound 1.  Chemical hydrolysis seemed an unlikely 
explanation given the timescale of the experiments (1-3 hrs).  We therefore tested the hypothesis 
that esterases produced by the cells or in residual serum from cell culture media were catalyzing 
the hydrolysis of compound 1.  Prior to the addition of compound 1, LNCaP-luc cells were 
treated with sodium fluoride (NaF), phenylmethylsulfonyl fluoride (PMSF), or 5,5’-dithiobis-2-
nitrobenzoic acid (DTNB), inhibitors of carboxyesterases, serine esterases, and aryl esterases, 
respectively.31-34  DTNB treatment reduced the luminescence signal ~3-fold whereas the other 
two inhibitors had no significant effect (Figure 2.5).  Thus, aryl esterase activities may contribute 
to background luminescence.  
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Figure 2.5.  Effect of esterase inhibitors on the hydrolysis of phosphine-luciferin 1 in the 
presence of cells.  LNCaP-luc cells were treated with NaF (2 mM), phenylmethylsulfonyl 
fluoride (PMSF) (1 µM), or 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) (100 µM), inhibitors of 
carboxyesterases, serine esterases, and aryl esterases, respectively.  The cells were then treated 
with compound 1 (100 µM) for 120 min.  The bars represent the total bioluminescence obtained 
by calculating the area under the curves over 120 min that were normalized to the signal 
produced from luciferin alone in the same experiment.  Error bars represent the standard 
deviation of the mean for two replicate experiments (n=3 each). 
 

BLI has the intrinsic potential for very high sensitivity compared to other optical imaging 
modalities.  For compound 1 to realize this potential, the BLI signal produced by Staudinger 
ligation with azidosugars must exceed background luminescence derived from ester hydrolysis, 
ideally at relatively low probe concentrations.  To evaluate the sensitivity of compound 1, we 
incubated Ac4ManNAz-treated cells with doses of 1 ranging from 3 nM to 100 µM, and 
collected photons at time points from 5-200 min.  Significant azide-specific luminescence above 
background was observed at all concentrations of compound 1 (Figure 2.6), and with as little as 5 
min of photon collection (Figure 2.7).  As expected, the signal-to-background ratio increased 
with probe concentration, with a maximal value of ~10 observed at 50-100 µM.  These results 
contrast markedly with our previous observations using fluorescent-phosphine probes.  In those 
studies, the minimum probe concentrations required to observe specific signal above background 
labeling were ~10 µM.6  Therefore, BLI with compound 1 appears to exceed the sensitivity of its 
fluorescence counterpart by several orders of magnitude, even when accounting for background 
luminescence derived from ester hydrolysis. 



 41 

 
 
Figure 2.6.  Sensitivity of labeling of SiaNAz with 1.  LNCaP-luc cells were incubated for 2 
days in the presence of 50 µM of Ac4ManNAz (--) or media (--).  The cells were washed 3 
times with PBS and then treated with 1 for 30 min.  For each concentration, the total 
bioluminescence was quantified over 30 min.  Error bars represent the standard deviation of the 
mean for three replicate experiments.  
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Figure 2.7.  Labeling of cell-surface azidosugars with phosphine-luciferin 1 at different times 
post-probe administration.  LNCaP-luc cells were incubated for 2 days in the presence of 50 µM 
of Ac4ManNAz.  The cells were washed 3 times with 200 µL of PBS and then treated with 
various concentrations of 1: (A) 3 nM for 5, 30, 60 and 120 min; (B) 1 µM for 5, 30, 60 and 120 
min; (C) 100 µM for 5, 30, 60 and 120 min.  Error bars represent the standard deviation of the 
mean for three replicate experiments (n=3 each).  All calculated p values for +/- Ac4ManNAz are 
less than 1%.     

Conclusions 
In this chapter, we describe the synthesis of the first phosphine-luciferin probe for 

bioluminescence imaging.  We have shown that the probe reacts with azides via the Staudinger 
ligation in vitro.  In addition, we have demonstrated that the probe is reacting at the cell surface 
and thus is not cell-permeable.  Looking ahead, compound 1 is a promising reagent for in vivo 
imaging of azide-labeled glycans.  Improvements can be envisioned, most obviously redesign of 
the compound to mitigate enzymatic hydrolysis.  How relevant this issue will be in the context of 
live animal imaging remains to be determined.  Even in its present form, compound 1 enables 
real-time imaging of cell-surface glycans with unprecedented sensitivity using very low probe 
concentrations.  Since other biomolecules can be metabolically labeled with azido precursors5 – 
lipids, proteins, and nucleic acids to name a few – BLI with compound 1 may represent a new 
platform for real-time imaging of numerous cellular processes.  Even though we have only 
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demonstrated its use in visualizing glycans, it can be envisioned that this probe could also be 
used for these applications.5,35  Bioluminescence imaging with compound 1 will thus be a useful 
tool for answering many fundamental biological questions.  Studies with compound 1 in both 
healthy mice and cancer models are currently underway.  
 
Experimental Procedures 
 
General Materials and Methods 
 

All chemical reagents obtained from commercial suppliers were used without further 
purification unless noted.  All compounds/solvents were purchased from Sigma-Aldrich except 
D-cysteine hydrochloride, which was from Anaspec, Inc.  Sialidase was obtained from Roche.  
Air- and moisture-sensitive reactions were performed in oven-dried glassware under an N2 or Ar 
atmosphere.  Solvents were degassed by sparging with either nitrogen or argon for at least 20 
min.  Deionized water was obtained from a Milli-Q purification system.  Dichloromethane 
(CH2Cl2) was dried by passage over a column of activated alumina under an N2 atmosphere.  

Flash chromatography was performed using Silicycle SiliaFlash P60 230-400 mesh silica 
gel.  Analytical thin layer chromatography was performed using glass-backed Silicycle UltraPure 
silica gel 60 Å F254 plates.  Reversed phase high performance liquid chromatography (RP-HPLC) 
was performed on a Varian Pro Star system with a Varian UV-Vis detector model 330 using a 
Microsorb C-18 analytical column (4.5 x 250 mm) at a flow rate of 1 mL/min, a Microsorb C-18 
semi-preparative column (10.0 x 250 mm) at a flow rate of 3 mL/min, or a Microsorb C-18 
preparative column (21.4 x 250mm) at a flow rate of 10 mL/min.  Gradients of H2O and MeOH 
were used as the mobile phase.   

All NMR spectra (1H, 13C, and 31P) were obtained on Bruker AV500, DRX-500 and 
AVQ-400 MHz spectrometers.  1H and 13C NMR spectra were obtained without 31P filtering.  
Data for 1H NMR spectra are reported as follows:  chemical shift, multiplicity (s = singlet, d = 
doublet, dd = doublet of doublet, and m = multiplet), integration, and coupling constant (Hz).  
Data for 1H NMR and 13C NMR spectra were referenced to residual solvent peaks (CDCl3: 7.26 
and 77.23 ppm and CD3OD: 3.31 and 49.1 ppm; 1H NMR and 13C NMR spectra, respectively).  
High resolution electrospray ionization (ESI) mass spectrometry was performed at the UC-
Berkeley Mass Spectrometry Laboratory. 

Hydrolysis experiments were performed in black polystyrene 96-well fluorimeter plates 
(Corning-Costar).  Fluorescence emission readings were measured using a 96-well plate 
fluorescence reader (Molecular Devices).  Ex vivo luminescence was measured using a charge 
coupled device camera and Living Image software (IVIS Spectrum, Xenogen Corp., Alameda, 
CA). 
 
Synthesis and Characterization of Phosphine-luciferin 1 and intermediates 
 

 
Synthesis of 6-hydroxy-benzothiazole-2-carbonitrile (2).  2 was prepared as reported 
previously with slight modifications.24  2-cyano-6-methoxybenzothiazole (0.49 g, 2.58 mmol) 
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and pyridinium chloride (1.22 g, 10.56 mmol) were heated with stirring in a sealed test tube in a 
microwave reactor (Biotage Initiator, courtesy of Jean M. J. Fréchet) at 200 °C (150 W) for 40 
min.  The reaction mixture was cooled to 50 °C in the microwave reactor and then was 
immediately added to a solution of saturated aqueous NaHCO3.  The pH of the resulting 
suspension was adjusted to nearly pH 7 by additional aqueous NaHCO3.  The pale yellow 
precipitate was collected, washed with water, and dried under vacuum.  The aqueous filtrate was 
extracted three times with ether (15 mL each) and the organic layer was dried over anhydrous 
MgSO4 and evaporated under vacuum.  The residual brown powder and the precipitate 
previously obtained were combined and chromatographed on a silica-gel column using 
hexanes/ethyl acetate (8:1 to 2:1) to give 2 (0.28 g, 61%) and starting material.  The NMR 
matched those previously reported.  
 

 
Synthesis of 2-cyano-benzothiazol-6-yl 2-(diphenylphosphino)benzoate (4).  N,N’-
Dicyclohexylcarbodiimide (0.16 g, 0.77 mmol) and 4-dimethylaminopyridine (4.7 mg, 0.04 
mmol) were placed in an oven-dried flask.  The flask was evacuated and back-filled with Ar.  
Dichloromethane (28 mL, degassed) was added.  A solution of 2-(diphenylphosphino)benzoic 
acid (0.24 g, 0.77 mmol) in dichloromethane (7 mL, degassed) was added to the flask and the 
reaction was allowed to stir for 30 min at RT.  During this period, the reaction mixture became 
yellow in color.  At this time, a solution of 6-hydroxy-benzothiazole-2-carbonitrile (2) (0.14 g, 
0.77 mmol) in dichloromethane (7 mL, degassed) was added to the reaction and the reaction was 
stirred overnight at RT in the absence of light.  The reaction was concentrated in vacuo then 
purified by silica gel chromatography (8:1 hexanes/ethyl acetate) to yield a white solid (0.26 g, 
72%).  1H NMR (CDCl3, 500 MHz): δH 7.01-7.04 (m, 1H), 7.23 (dd, 1H, J = 9.0, 2.2 Hz), 7.28-
7.31 (m, 4H), 7.33-7.37 (m, 6H), 7.48-7.52 (m, 2H), 7.55 (d, 1H, J = 2.1 Hz), 8.15 (d, 1H, J = 
9.0 Hz), 8.26-8.28 (m, 1H).  13C NMR (CDCl3, 125 MHz): δc 112.98, 114.79, 123.04, 125.98, 
128.66, 128.89 (JCP = 7.5 Hz), 129.17, 131.67 (JCP = 2.5 Hz), 132.91 (JCP = 18.8 Hz), 133.21, 
134.28 (JCP = 21.3 Hz), 134.80, 136.20, 136.82, 137.52 (JCP = 11.3 Hz), 141.91 (JCP = 28.8 Hz), 
150.19, 150.87, 165.10 (JCP = 2.5 Hz).  31P NMR (CDCl3, 162 MHz): δP -3.80.  HRMS (ESI): 
Calcd for C27H18N2O2PS    [M+H]+ 465.0821, found 465.0820. 
 

 
Synthesis of (S)-2-(6-(2-diphenylphosphino)phenylcarbonyloxy)benzothiazol-2-yl)-4,5-
dihydrothiazole-4-carboxylic acid (1).  D-cysteine hydrochloride (0.09 g, 0.56 mmol) was 
placed in a flask which was then evacuated and back-filled with Ar.  A solution of 3 (0.26 g, 0.56 
mmol) in methanol (13 mL, degassed) and dichloromethane (13 mL, degassed) and a solution of 
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potassium carbonate (0.08 g, 0.56 mmol) in water (5.2 mL, degassed) and methanol (13 mL, 
degassed) were sequentially added to the reaction.  The reaction was allowed to stir for 5 min at 
RT at which time it was quenched by acidification to a pH of 3-4 with 1M HCl (degassed).  The 
organic solvent was removed in vacuo and the remaining water removed via lyophilization.  The 
crude material was purified by RP-HPLC (40% methanol/60% water to 100% methanol over 40 
min then 100% methanol for 12 min, maximum peak elution at 39.2 min).  The methanol was 
removed from fractions containing product and were then lyophilized to afford a white solid 
(0.10 g, 32% yield).  1H NMR (CD3OD, 500 MHz): δH 3.76 (dd, 2H, J = 9.5, 4.0 Hz), 5.28 (t, 
1H, J = 9.5 Hz), 6.99-7.01 (m, 1H), 7.12 (dd, 1H, J = 9.0, 2.0 Hz), 7.27-7.30 (m, 4H), 7.35-7.40 
(m, 6H), 7.51-7.58 (m, 3H), 8.03 (d, 1H, J = 9.0 Hz), 8.26-8.29 (m, 1H).  13C NMR (CD3OD, 
125 MHz): δc 37.56, 83.43, 116.20, 122.62, 125.49, 129.66, 128.87 (JCP = 7.5 Hz), 130.24, 
132.49 (JCP = 2.5 Hz), 133.21 (JCP = 8.8 Hz), 133.91, 134.05 (JCP = 2.5 Hz), 135.29 (JCP = 21.3 
Hz), 135.46, 137.94, 138.94 (JCP = 11.3 Hz), 144.15 (JCP = 28.8 Hz), 150.82, 152.30, 163.86 (JCP 
= 2.5 Hz), 165.11, 177.37.  31P NMR (CD3OD, 162 MHz): δP -4.23.  HRMS (ESI): Calcd for 
C30H22N2O4PS2    [M+H]+ 569.0753, found 569.0749.     
 
Kinetics of the Staudinger Ligation between phosphine-luciferin 1 and benzyl azide 
 
The reaction between 1 and benzyl azide was monitored by 1H NMR for 19 h at 25 °C.  1 and 
benzyl azide were separately dissolved in CD3CN with 5% (v/v) D2O and mixed together in a 1:1 
ratio at a concentration of 15 mM immediately before the kinetic runs.  Hexamethyldisilane was 
used as an internal standard.  The percent conversion was calculated by the disappearance of 1 
relative to the internal standard as determined by integration.  The second-order rate constant 
was determined by plotting 1/[1] (M-1) versus time (sec).  The plot was fit to a linear regression 
and the slope corresponds to the second-order rate constant.  Shown is representative data from 
one of four replicate experiments.  The second-order rate constant obtained was (2.3 ± 0.4) x 10-3 
M-1 s-1. 
 
Cell-Free Assay for the Release of Luciferin from 1 
 
(a) Hydrolysis at 25 °C in potassium phosphate buffer 
A stock solution of 1 (20 mM in ethanol) was diluted 1:10 in aq. KH2PO4 (10 mM, pH = 7.0).  
This 2 mM solution was diluted to 100 µM.  200 µL of this solution of 1 was transferred to a 96 
well plate.  Fluorescence intensities (λex = 324 nm, λem = 530 nm) were recorded for 24 hours at 
20 minute intervals after mixing.  The concentration of luciferin released was determined by 
interpolation of a standard curve which related fluorescence of luciferin to its concentration (0-
200 µM) in KH2PO4 (10 mM, pH = 7.0).  Data analysis under pseudo-first order conditions was 
performed as previously reported.16  The half-life obtained from 2 replicate experiments (n = 2, n 
= 6) was 41 ± 8 d.  
 
(b) Hydrolysis at 37 °C in cell culture media 
A stock solution of 1 (22.2 mM in ethanol) was diluted 1:10 in cell culture media (DMEM/F-12 
(1:1) from HyClone (Cat. # SH30272.01)).  This 2.2 mM solution was diluted to 111.1 µM.  180 
µL of this solution of 1 was transferred to a 96 well plate.  20 µL of a 20 µM solution of reduced 
glutathione in cell culture media was added to each well producing final concentrations of 1 = 
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100 µM and glutathione = 2 µM.  Fluorescence intensities (λex = 324 nm, λem = 530 nm) were 
recorded for 24 hours at 20 minute intervals after mixing.  The concentration of luciferin released 
was determined by interpolation of a standard curve which related fluorescence of luciferin to its 
concentration (0-200 µM) in cell culture media.  Data analysis under pseudo-first order 
conditions was performed as previously reported.16  The half-life obtained from 2 replicate 
experiments (n = 4, n = 14) was 4.7 ± 0.2 d.  
 
Cell Assays 
 
(a) Labeling of cell-surface azidosugars with probe 1 

LNCaP-luc cells stably transfected with luciferase (courtesy of Prof. Christopher Contag, 
Stanford University) were grown in RPMI 1640 media (Gibco) supplemented with 10% FBS, 
penicillin (100 units/mL) and streptomycin (0.1 mg/mL).  Cells were maintained in a 5% CO2, 
water-saturated atmosphere at 37 °C.  Two days before the imaging, cells were plated at a 
density of 4 x 104 cells/well (2 x 105 cells/mL) in black 96 well plates with a transparent bottom 
(Corning-Costar) in 200 µL RPMI 1640 media supplemented with 10% FBS, penicillin (100 
units/mL) and streptomycin (0.1 mg/mL).  Peracetylated N-azidoacetylmannosamine 
(Ac4ManNAz), peracetylated N-azidoacetylgalactosamine (Ac4GalNAz), or peracetylated N-
azidoacetylglucosamine (Ac4GlcNAz) were synthesized as previously reported.36  Ac4ManNAz, 
Ac4GalNAz, and Ac4GlcNAz were administered to cells by adding 2, 7, or 10 µL (for a final 
concentration of 10 µM, 35 µM, or 50 µM respectively) of a 1 mM solution (10% DMSO in 
PBS) directly to the wells.  The 1 mM solution was made fresh from the lyophilized powder by 
first making a 10 mM solution of azidosugar in DMSO followed by making a 1:10 dilution in 
PBS.  Cells were incubated with the appropriate azidosugar in three independent wells for 2 d at 
37 ºC.  Negative controls received no azidosugar.  After 2 d, the cells were 90-100% confluent.   

In a separate 96 well plate, 125 µL of RPMI 1640 serum free media was added to each 
well.  Then 25 µL of 1 mM phosphine 1 solution (10% DMSO in PBS) followed by another 100 
µL of RPMI 1640 serum free media was added for a final concentration of 100 µM of phosphine 
1.  2-fold serial dilutions were made producing concentrations of 1 ranging from 3 nM to 100 
µM.    

The cells were rinsed with 200 µL of PBS (3x) and 100 µL of the serially diluted 
phosphine-luciferin solutions were transferred to the plate with the cells using a multichannel 
pipette.  Free luciferin was used as a positive control at identical concentrations to control for 
cell viability.  No differences in luciferin signal (total photon flux) were observed between the 
cells that were treated with azidosugars and control cells that were incubated in azidosugar-free 
media.  All experiments were performed in triplicate.  The resultant luminescence was measured 
using a charge coupled device camera and Living Image software (IVIS Spectrum, Xenogen 
Corp., Alameda, CA) for up to 200 min after addition of the probe at 37 ºC.  For experiments 
with sialidase, after the 2 d incubation with azidosugars, the cells were rinsed and incubated with 
Arthrobacter ureafaciens sialidase (Roche, 20 mU, 100 µL final volume) in sialidase buffer (25 
mM Hepes, pH 6.75, 150 mM NaCl, 1.0 mM CaCl2, and 0.1 mM MgC12), or in sialidase buffer 
alone for control cells, for 1 h at room temperature prior to the addition of phosphine 1.30  
Luciferin was used as a positive control.  Sialidase in sialidase buffer or sialidase buffer alone 
had no effect on the luciferin signal from the cells.  
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(b) Hydrolysis of probe 1 in the presence of esterase inhibitors 
In order to see whether esterases have any effect on background hydrolysis of 1, LNCaP-

luc cells were treated with sodium fluoride (NaF), phenylmethylsulfonyl fluoride (PMSF), or 
5,5’-dithiobis-2-nitrobenzoic acid (DTNB), inhibitors of carboxyesterases, serine esterases, and 
aryl esterases, respectively.31-34  As shown in Figure 2.5, DTNB treatment reduced the 
luminescence signal ~3-fold whereas the other two inhibitors had no significant effect.  Thus, 
aryl esterase activities may contribute to background luminescence. 
 Similar to the experiment described above, LNCaP-luc cells were plated at a density of 4 
x 104 cells/well (2 x 105 cells/mL) in black 96 well plates with a transparent bottom (Corning-
Costar) in 200 µL RPMI 1640 media supplemented with 10% FBS, penicillin (100 units/mL) and 
streptomycin (0.1 mg/mL) 2 days prior to the experiment and were 90-100% confluent by the 
day of the imaging experiment.   

Prior to imaging, separate plates with compound 1 and esterase inhibitors were prepared 
as follows.  First, 10 mM solutions of DTNB, PMSF, and probe 1, and a 200 mM solution of 
NaF were prepared in DMSO.  These solutions were then diluted with PBS to afford 1 mM 
solutions of DTNB and probe 1, a 10 µM solution of PMSF, and a 20 mM solution of NaF.  To 
each corresponding well in the plate with inhibitors were added 15 µL of these stock solutions 
followed by 60 µL of RPMI 1640 serum free media.  15 µL of a 1 mM solution of probe 1 
followed by 60 µL of RPMI 1640 serum free media was added to each well in another 96 well 
plate.  After the removal of the media from the plate with cells, 50 µL of the inhibitor solution 
was added to cells followed by the addition of 50 µL of the probe solution.  The same 
experiment was repeated using luciferin as a control to account for any effects that inhibitors 
might have on the cell viability.  The final concentrations of the compounds were the following: 
100 µM of probe 1 (or luciferin), 100 µM of DTNB, 2 mM of NaF, and 1 µM of PMSF.  The 
total bioluminescent signal produced from the probe was collected over 120 min.  The signal was 
normalized to luciferin because each of the inhibitors had a mild effect on the signal from 
luciferin alone.  The results are shown in Figure 2.5 above. Similar results were observed when 
the experiment was repeated in PC3M-luc cells (data not shown).  
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Chapter 3 – Synthesis and Evaluation of a Fatty Acid-Luciferin 
Probe for Bioluminescence Imaging  

Abstract 
Detection and quantification of fatty acid fluxes in animal model systems following 

physiological, pathological, or pharmacological challenges is key to our understanding of 
complex metabolic networks as these macronutrients also activate transcription factors and 
modulate signaling cascades including insulin-sensitivity.  To enable non-invasive, real-time, 
spatiotemporal quantitative imaging of fatty acid fluxes in animals, we created a bioactivatable 
molecular imaging probe based on long-chain fatty acids conjugated to luciferin.  We show that 
this probe faithfully recapitulates cellular fatty acid uptake and can be used as a valuable tool to 
localize and quantitate in real-time lipid fluxes such as intestinal fatty acid absorption and brown 
adipose tissue activation.  This novel imaging approach should further our understanding of basic 
physiological processes and pathological alterations in disease models.  
 
Introduction 
 The uptake of lipids such as free fatty acids (FFAs) is altered under several physiological 
and pathological conditions, reflecting important underlying metabolic processes such as fasting 
and cold activation of brown adipose tissue (BAT)1, as well as pathologies including cardiac 
hypoxia2 and intestinal malabsorption3.  Excessive uptake of FFAs has also been linked to 
insulin resistance in skeletal muscle4, cardiac myopathies5, hepatosteatosis6, and lipotoxicity in 
heart7, liver8, and pancreatic ß-cells9.  Further, FFA/lipid fluxes are altered by pharmacological 
interventions as part of the drug’s mode of action, as in the case of the anti-diabetic glitazones, 
which enhance FFA uptake and sequestration by adipocytes10, or the anti-obesity compound 
orlistat, which blocks the generation of FFAs from triglycerides in the intestine11.  Changes in 
fatty acid uptake and utilization can also occur as an unwanted side effect of pharmacological 
intervention as exemplified by the anti-cancer drug doxorubicin, which causes cardiac metabolic 
remodeling.12  Thus, localizing and quantifying changes in fatty acid uptake in particular and 
lipid flux in general has wide implications not only for fundamental biological studies but also 
for the diagnosis of diseases, the evaluation of novel treatment approaches, and for drug 
discovery.  

Existing technologies for the in vivo imaging of fatty acids have primarily relied on 
positron emission tomography (PET) and single-photon emission computed tomography 
(SPECT) probes.13  However, these imaging technologies suffer from several shortcomings 
including the use of ionizing radiation.  The main FFA PET probe has been 11C-palmitate, which 
has the major advantage of reflecting the metabolic kinetics of unlabeled palmitate and has been 
primarily used for the imaging of cardiac lipid metabolism.13  However, due to a very short half-
life (~20 min), generation of 11C-palmitate requires an onsite cyclotron, making it unsuitable to 
image processes, such as intestinal lipid absorption, that occur on the order of hours.14  Further, 
11C-palmitate is quickly metabolized to 11CO2, leading to reduced image quality.  These 
problems led to the development of 18F-labeled fatty acid analogs, such as 14-(R,S)-18F-fluoro-6-
thiaheptadecanoic acid (FTHA)15, that are trapped inside of cells and offer marginally longer 
half-lifes (~110 min).  However, it was later found that FTHA uptake was likely to reflect 
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unphysiological processes, as it was insensitive to inhibition of beta-oxidation.16  These 
limitations and associated high costs have limited the usefulness of PET and SPECT for clinical 
and pre-clinical studies of fatty acid fluxes in vivo, resulting in a virtual absence of 
spatiotemporal imaging reports of important physiological processes such as intestinal lipid 
absorption.  

To enable fundamental imaging studies of lipid metabolism in disease models, we 
developed a novel approach that overcomes the major deficiencies of classical methodologies.  
The general concept of our approach is to attach the optical imaging probe luciferin to a long-
chain fatty acid via a cleavable disulfide bond that is stable in the extracellular environment, but 
readily reduces intracellularly after lipid uptake (Figure 3.1A). 

 

 

 
 
Figure 3.1.  Molecular probes for bioluminescent in vivo imaging of fatty acid uptake.  A) 
Strategy for bioluminescence imaging of fatty acid uptake.  The compound is taken up by a 

A 

B 
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transporter-mediated process.  The disulfide bond is reduced by intracellular glutathione and the 
resultant thiol undergoes cyclization releasing free luciferin.  Luciferase-catalyzed conversion of 
luciferin to oxyluciferin is accompanied by production of a photon of light, which is detected 
using a CCD camera.  B) Structures of compounds used.  Fatty acid is shown in black, linker is 
shown in red, luciferin is shown in blue.  FFA- Fatty acid; SS- disulfide bond necessary for 
linker release; S- thioether bond that serves as a control for background hydrolysis; Me-methyl 
ester that serves as the control for passive diffusion inside the cells, luc-luciferin imaging probe. 
 
Results and Discussion 
Design and Synthesis of the Fatty Acid-Luciferin Probe and Control Compounds  

The synthesis of the probe, termed FFA-SS-luc (1), is shown in Scheme 3.1.  2-cyano-6-
hydroxybenzothiazole 4 is converted into the chloroformate 5 by reaction with a solution of 
phosgene in toluene (20%) and pyridine in tetrahydrofuran (THF).  3-Mercapto-1-propanol is 
transformed with 2’-aldrithiol to 3-(pyridin-2-yldisulfanyl)propan-1-ol (6), an activated disulfide, 
according to previously published procedure.17  Coupling of compound 6 with chloroformate 5 
provided carbonate 7.  This procedure was optimized to minimize dimerization of compound 4 
and loss of the thiopyridyl moiety during carbonate formation.  We chose to activate compound 4 
as the chloroformate followed by coupling to compound 6, as opposed to the previously 
published procedure in which compound 6 was activated as the chloroformate followed by direct 
coupling to luciferin, due to synthetic difficulties resulting in very low yields of the desired 
product.  The thiopyridyl moiety of 7 was displaced with 16-mercaptohexadecanoic acid in DMF 
to give the transporter-linker conjugate 8.  Condensation with D-cysteine completed the luciferin 
scaffold, resulting in FFA-SS-luc (1).  This general synthetic scheme can be applied to a variety 
of other fatty acids via the carbonate intermediate 7.  

 
 

 

Scheme 3.1.  Synthesis of FFA-SS-luc (1). 

The design of compound 1 was based on several considerations.  First, the probe should 
be taken up by the same physiological transport process as natural fatty acids.  Based on our 
prior knowledge of fatty acid transporter (FATP) substrate specificity18, we selected a > 10 
carbon, even numbered, unbranched and non-esterified FFA as a lipid probe.  The fatty acid was 
connected via a disulfide linker to luciferin as these linkers have been shown to be stable outside 
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of cells following injections into animals.17,19,20  Lastly, we utilized a non-toxic probe that upon 
liberation from the linker is activated by taking advantage of the fact that luciferin derivatives 
alkylated on the phenolic oxygen do not generate light.21  Thus free luciferin is only generated 
and measured following disulfide linker reduction followed by thiol cyclization.  Free luciferin is 
then converted by luciferase to oxyluciferin and a photon of light (Figure 3.1A).22  This 
facilitates real-time non-invasive detection of FFA uptake using bioluminescent imagers with an 
excellent signal-to-background ratio and the possibility of spatial localization of signal 
generating organs.  

In addition to the releasable fatty acid imaging probe 1, we also synthesized two control 
compounds (Figure 3.1B).  As mentioned above, the free carboxylic acid of the fatty acid is 
important for transport by the FATPs.  Thus, we synthesized a methyl ester imaging probe, 
termed Me-FFA-SS-luc (2), as a control for non-specific passive diffusion across the cell 
membrane.  The synthesis of this compound is shown in Scheme 3.2 and utilizes carbonate 7, 
synthesized as described above.  The thiopyridyl moiety of carbonate 7 was displaced with 
methyl-16-mercaptohexadecanoate in N, N’-dimethylformamide (DMF) to give the transporter-
linker conjugate 9.  Condensation with D-cysteine completed the luciferin scaffold, resulting in 
Me-FFA-SS-luc (2).  As another control, we synthesized a non-releasable probe to account for 
background hydrolysis of the linker (FFA-S-luc (3), Figure 3.1B).  This probe contains a non-
reducible thioether bond as opposed to the disulfide present in 1.  The synthesis of this probe is 
shown in Scheme 3.3.  16-bromohexadecanoic acid is coupled to 3-mercapto-1-propanol in DMF 
using DBU as a base to give compound 10.  2-cyano-6-hydroxybenzothiazole 4 is converted into 
the chloroformate 5 by reaction with a solution of phosgene in toluene (20%) and N, N-
diisopropylethylamine (DIPEA) in THF.  Coupling of compound 10 with chloroformate 5 
provided carbonate 11.  Condensation with D-cysteine completed the luciferin scaffold, resulting 
in FFA-S-luc (3). 

 
 

Scheme 3.2.  Synthesis of Me-FFA-SS-luc (2). 
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Scheme 3.3.  Synthesis of FFA-S-luc (3). 

Evaluation of the Fatty Acid-Luciferin Probe In Vitro 
To determine the physiological parameters of cellular uptake, BSA-bound compound 1  

(Figure 3.1B) was added to luciferase-expressing 3T3-L1 adipocytes at a final concentration of 
0-100 µM.  This led to a robust, dose-dependent signal (Figure 3.2A).  In contrast, the uptake 
kinetics by undifferentiated fibroblast-like 3T3-L1 cells, which lack FATP expression, were 
significantly lower (Figure 3.2E).  To further demonstrate physiological uptake, we generated a 
methyl ester of compound 1, termed compound 2 (Figure 3.1B), which should not be a 
substrate for FFA transporters.18  Indeed both compound 2 and unconjugated free luciferin 
showed significantly lower uptake rates in adipocytes compared to compound 1 (Figure 3.2B).  
Most importantly, we were able to inhibit compound 1 uptake by adipocytes with an excess of 
oleate, but not methyl-oleate, demonstrating that the uptake process for the imaging compound 
overlaps with that of natural fatty acid substrates (Figure 3.2C-D).  

Physiological uptake of compound 1 was further supported by reproducing the known 
stimulatory effect of insulin on FFA uptake.23  We were able to monitor changes in FFA uptake 
rates in real time immediately following insulin addition (Figure 3.2F).  Notably, the use of BLI, 
unlike other imaging methods, permitted monitoring of both signal increase and dissipation.  The 
non-cumulative nature of the light signal generated upon uptake allowed us to clearly detect the 
decrease in FFA uptake rates.  By contrast, traditional fluorescence- or radio-imaging methods 
produce signals that accumulate over time and thus make the detection of dynamic changes 
accompanying prolonged imaging more challenging. 
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Figure 3.2.  Characterization of fatty acid probe uptake in vitro.  A) Uptake kinetics of 
compound 1 at the indicated concentrations by 3T3-L1 adipocytes.  B) Uptake rate of 
compound 1, compound 2, and luciferin (each at 20 µM) over a 30 minute time course.  C) 
Concentration-dependent inhibition curve of oleate against uptake of 20 µM compound 1 by 
3T3-L1 adipocytes (IC50=17 µM ).  D) As (C), but with methyl-oleate.  E) Uptake of 20 µM 
compound 1 by luciferase expressing undifferentiated fibroblasts or 3T3-L1 adipocytes over 30 
min.  F) Uptake kinetics of 20 µM compound 1 by 3T3-L1 adipocytes with or without 1 µg/ml 
insulin.   
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Bioluminescence Imaging of Intestinal Fatty Acid Uptake In Vivo 
Having validated compound 1 in cultured adipocytes, we next tested its capabilities in 

mice expressing luciferase under the control of the actin promoter (L2G85).  Oral delivery of 
compound 1 using cremophor, polyethylene glycol (PEG) 400, and 1:1 mixtures of 
PEG/Propylene glycol (PG) as delivery vehicles all showed an abdominal signal as shown in 
Figure 3.3A with uptake kinetics that slowly increased over the time frame of hours, in line with 
expected kinetics of intestinal FFA absorption.14  To verify that the signal was indeed emanating 
from the small intestine, we performed multimodal imaging with BLI and CT utilizing barium 
sulfate as a contrast reagent to highlight the GI tract (Figure 3.3B).  Coregistered overlays of the 
CT and BLI images (following 3D localization of the signal with diffuse luminescent imaging 
tomography24) show that the signal generated by compound 1 is indeed in the small intestine 
(Figure 3.3B).  This was further confirmed by excising the GI tract from the stomach to the 
colon.  Importantly, the strongest signal was generated by the proximal duodenum (Figure 3.3C 
2) while the stomach (Figure 3.3C 1) and colon (Figure 3.3C 3) were negative.  This observation 
is in excellent agreement with the known pattern of long-chain fatty acid absorption in murine 
and human intestine25 and highlights the specificity of uptake, as the stomach is negative in spite 
of receiving the largest dose of  compound 1.  This is to our knowledge, the first report of the 
molecular imaging of fatty acid uptake by the intestine in a living mammal and should enable the 
testing of dietary and pharmacological interventions aimed at blocking or delaying fatty acid 
absorption to reduce caloric uptake and maximize incretin secretion.26 

We further validated the mechanism of BLI generated by compound 1 using control 
compound 3 (Figure 3.1B), which lacks a cleavable linker and instead includes a single sulfide 
bond.  Using the same procedures as with compound 1, we only observed a weak and diffuse 
signal upon oral gavage of control compound 3 (Figure 3.3D).  
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Figure 3.3.  Uptake of compound 1 by the small intestine in L2G85 mice.  A) Ventral 
luminescent/photographic overlay sequence of animals following a gavage with 100 µl 
compound 1 (20 µM) in cremophor.  Scale min: 1.64e5 p/s and max: 2.60e6 p/s.  B) 
Luminescent/µCT overlay of compound 1 uptake by the small intestine following 2 barium 
sulfate administrations (80 mg each over 1 h) and gavage with 50 µl compound 1 (300 µM) in 
1:1 PEG 400 and PG.  Bioluminescent signal was imaged for 1h followed immediately by a µCT 
scan.  3D data sets from both imaging modalities were overlaid using Living Image 4.1 software.  
C) Luminescent/photographic overlay of excised GI tract one hour after gavage with 50 µl of a 
300 µM compound 1 (0.01 mg) solution in 1:1 PEG 400 and PG.  Scale min: 9.8e4 p/s and max: 
3.37e5 p/s.  Numbers indicate 1: stomach; 2: duodenum; 3: colon.  D) Ventral 
luminescent/photographic overlay comparing the BLI of compound 1 (right) and the control 
compound 3 (left) 20 minutes post-gavage.  Mice were gavaged with 50 µL of a 300 µM 
solution of either compound (0.01 mg) in 1:1 PEG 400 and PG.  Scale min: 3.74e3 p/s and max: 
4.52e4 p/s. 
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Bioluminescence Imaging of Fatty Acid Uptake by Other Tissues In Vivo 
To further demonstrate the versatility of the method, compound 1 (20 µM) was bound to 

0.1% BSA and injected intravenously into the tail vein of L2G85 mice followed immediately by 
BLI.  Compound 1 rapidly generated strong signals from the upper body cavity and the leg 
musculature (Figure 3.4A).  As expected for a natural long-chain fatty acid, compound 1 was 
taken up by several organs as confirmed ex vivo.  Particularly, the adipose tissue, liver, kidneys, 
heart and skeletal muscle generated strong signals (Figure 3.4B I-V) in line with known fuel and 
FFA uptake preferences.  Since compound 1 can be used to image any of the FATPs, we next 
decided to study fatty acid uptake in one specific tissue of interest, brown adipose tissue (BAT).  
BAT is involved in non-shivering thermogenesis.  BAT cells contain high numbers of 
mitochondria and a high metabolic rate.  Thus, BAT represents a promising target for the 
treatment of obesity.  Using the actin promoter luciferase transgenic mice, we were able to detect 
a robust BLI signal from the BAT area (see arrows in Figure 3.4C) that increased in intensity 
over the initial 20 minutes post intraperitoneal injection of compound 1 (Figure 3.4D).  Excision 
of the BAT confirmed that the signal in the interscapular area was indeed emanating from the 
BAT pads (Figure 3.4C IV-VI).  Contrary, injection of compound 3 generated little or no signal 
from intact (Figure 3.4C I) or excised (Figure 3.4C IV) BAT, thus confirming the specificity of 
our imaging reagent.  We previously showed that ß-adrenergic agonists enhance FFA uptake by 
BAT in a FATP1-dependent fashion.1  Importantly, injection of the ß-3 adrenergic agonist 
CL316,243 led to a highly reproducible and significant increase in compound 1 uptake by BAT 
(Figure 3.4C II/V vs. III/VI).  The CL316,243-induced changes in BAT BLI were highly 
reproducible in a cohort of 16 animals (Figure 3.4D).  This demonstrates that we are able to 
quantitate physiologically meaningful changes in the spatiotemporal flux of fatty acids in real 
time using live animals.  
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Figure 3.4.  Uptake of compound 1 following injection into L2G85 mice.  A) Ventral 
luminescent/photographic overlay of mouse five minutes after tail vein injection of compound 1  
(100 µL of a 20 µM solution bound to 0.1% BSA in PBS).  Scale min: 8.04e3 p/s and max: 
1.54e5 p/s.  B) Luminescent/photographic overlay of compound 1 uptake by (I.) WAT, (II.) 
liver, (III.) kidneys, (IV.) heart, and (V.) skeletal muscle, excised from L2G85 mice five minutes 
after compound 1 administration as in A).  C) Ventral luminescent/photographic overlay of 
intact (I.-III.) and excised (IV.-VI.) BAT 30 minutes after IP injection of 100 µl of a 0.1% BSA 
PBS solution containing either 200 µM compound 3 (I/IV), compound 1 (II/V), or compound 1 
with 1 mg/kg of the ß-adrenergic agonist CL316,243 (III/VI). I-III scale min: 2.62e5 p/s and max: 
5.02e6 p/s. IV-VI scale min: 1.85e4 p/s and max: 8.34e5 p/s.  D) BAT uptake kinetics of 
compound 3 (blue triangles), compound 1 (green circles), and compound 1 + 1 mg/kg 
CL316,243 (red squares).  All compounds were administered as stated in (C).  BLI images were 
acquired every three minutes immediately after compound administration.  FFA uptake rate by 
BAT was calculated by drawing regions of interest around the interscapular region of each 
mouse. 

Conclusions 
In summary, we have synthesized a probe for the bioluminescence imaging of fatty acid 

uptake.  We have shown that the probe is taken up by a physiologically relevant, transporter-
mediated uptake process in vitro.  In addition, the compound enables the imaging of fatty acid 
uptake in vivo.  BLI imaging with compound 1 enables quantitative spatiotemporal analysis of 
FFA uptake associated with important physiological processes.  Compound 1 enables the 
interrogation of FFA uptake of internal organs in real time using live animals with the potential 
ability to further restrict signal through tissue-specific luciferase expression.  Notably, the 
technique allows, for the first time, in vivo monitoring of FFA uptake by the small intestine and 
BAT.  Both processes are of significant importance to human health.  Blocking intestinal lipid 
absorption could reduce caloric uptake11 and shifting the absorption of dietary fatty acids to the 
distal small intestine could stimulate incretin release and thus decrease feeding while enhancing 
insulin sensitivity26.  Activation of fatty acid oxidation by BAT could be used for novel anti-
obesity approaches.27  Quantifying changes in fatty acid uptake has wide implications for 
fundamental biological observations as well as the diagnosis of diseases, evaluation of novel 
treatment approaches, and drug discovery.  Finally, the design principles embodied in 
compound 1 can be extended to probes that sense triglycerides, other lipids, and clinically 
translatable imaging methods such as MRI and PET.   
 
Experimental Procedures 
 
General Materials and Methods 
 

All chemical reagents obtained from commercial suppliers were used without further 
purification unless noted.  All compounds/solvents were purchased from Sigma-Aldrich except 
D-cysteine hydrochloride, which was from Anaspec, Inc, 16-mercaptohexadecanoic acid and 
methyl-16-mercaptohexadecanoate which were from Asemblon INC, and 2-cyano-6-
hydroxybenzothiazole which was from Shanghai Chemical Pharm-Intermediate Tech. Co., Ltd.  
Air- and moisture-sensitive reactions were performed in oven-dried glassware under an N2 
atmosphere.  Solvents were degassed by sparging with nitrogen for at least 20 min.  Deionized 
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water was obtained from a Milli-Q purification system.  Tetrahydrofuran (THF) and 
dichloromethane (CH2Cl2) were dried by passage over a column of activated alumina under an 
N2 atmosphere.  Silica gel chromatography was performed using Silicycle SiliaFlash P60 230-
400 mesh silica gel.  Flash chromatography was performed on a Biotage FLASH + using a 
Biotage Si 12+M column.  Analytical thin layer chromatography was performed using glass-
backed Silicycle UltraPure silica gel 60 Å F254 plates.  Reversed phase high performance liquid 
chromatography (RP-HPLC) was performed on a Varian Pro Star system with a Varian UV-Vis 
detector model 330 using a Microsorb C-18 preparative column (21.4 x 250mm) at a flow rate of 
10 mL/min.  Gradients of H2O and MeOH were used as the mobile phase. 

All NMR spectra (1H and 13C) were obtained on Bruker DRX-500, AV-500, AV600, and 
AVQ-400 MHz spectrometers.  Data for 1H NMR spectra are reported as follows:  chemical 
shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublet, t = triplet, q = quintet, and m 
= multiplet), integration, and coupling constant (Hz).  Data for 1H NMR and 13C NMR spectra 
were referenced to residual solvent peaks (CDCl3: 7.26 and 77.16 ppm, CD3OD: 3.31 and 49.1 
ppm, and (CD3)2CO: 2.05 and 29.84 ppm; 1H NMR and 13C NMR, respectively).  High 
resolution electrospray ionization (ESI) mass spectrometry was performed at the UC-Berkeley 
Mass Spectrometry Laboratory. 
 
Synthesis and Characterization of Compounds 
 

 

Synthesis of 3-(pyridin-2-yldisulfanyl)propan-1-ol (6).  6 was prepared as reported previously 
with slight modifications.17  To an oven-dried flask under nitrogen at room temperature equipped 
with a stir bar was added 2’-aldrithiol (3.84 g, 17.44 mmol) in 12 mL of methanol purged with 
nitrogen.  To this mixture was added 3-mercapto-1-propanol dropwise (0.50 mL, 5.81 mmol).  
The solution turned yellow and was allowed to stir for 3 hours.  The reaction was concentrated in 
vacuo then purified by silica gel chromatography (1:1 hexanes:ethyl acetate).  The product was a 
yellow oil.  The NMR matched those previously reported.   
 

 
 
Synthesis of 2-cyanobenzo[d]thiazol-6-yl 3-(pyridin-2-yldisulfanyl)propyl carbonate (7).  To 
an oven-dried flask equipped with a stir bar and a Teflon cap under nitrogen was added phosgene 
(20% w/v in toluene) (0.98 mL, 1.99 mmol).  A solution of 2-cyano-6-hydroxybenzothiazole (4) 
(87.8 mg, 0.50 mmol) and pyridine (44.18 µL, 0.55 mmol) in tetrahydrofuran (6 mL) was added 
dropwise over 30 min to the reaction flask.  This was allowed to stir overnight at room 
temperature.  The flask was purged into a solution of aqueous potassium hydroxide for 10 min 
and then the solvent was evaporated in vacuo.  A solution of 3-(pyridin-2-yl-disulfanyl)-propan-
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1-ol (6) (100.00 mg, 0.50 mmol) and pyridine (44.18 µL, 0.55 mmol) in methylene chloride (4 
mL) was added to the flask at room temperature under nitrogen.  This was allowed to stir for 1 h 
and then the solvent was evaporated in vacuo.  The compound was purified by reversed phase 
high performance liquid chromatography (RP-HPLC) (40% methanol/60% water to 100% 
methanol over 45 min then 100% methanol for 12 min, maximum peak elution at 38.9 min).  The 
methanol was removed from fractions containing product to yield a clear oil (168 mg, 75%).  
This product still contained ~10% impurities but was taken on to the next step without further 
purification.  1H NMR (CDCl3, 400 MHz): δH 2.16 (q, 2H, J = 6.4 Hz), 2.91 (t, 2H, J = 6.8 Hz), 
4.38 (t, 2H, J = 6.4 Hz), 7.04-7.09 (m, 1H), 7.42 (dd, 1H, J = 2.4 Hz, 8.8 Hz), 7.60-7.68 (m, 2H), 
7.83 (d, 1H, J = 2.0 Hz), 8.15 (d, 1H, J = 8.8 Hz), 8.43 (d, 1H, J = 4.4 Hz).  13C NMR (CDCl3, 
125 MHz): δc 27.80, 34.70, 67.39, 112.65, 113.94, 119.91, 120.91, 122.27, 125.91, 136.08, 
136.92, 137.15, 149.66, 149.98, 150.99, 152.94, 159.66.  HRMS (ESI): Calcd for C17H14N3O3S3    
[M+H]+ 404.0192, found 404.0192. 
  

 
 
Synthesis of 16-((3-((2-cyanobenzo[d]thiazol-6-yloxy)carbonyloxy)propyl)disulfanyl) 
hexadecanoic acid (8).  7 (50.00 mg, 0.12 mmol) and16-mercaptohexadecanoic acid (26.0 mg, 
0.09 mmol) were placed in a flask.  To this flask was added N, N’-dimethylformamide (DMF) (9 
mL) and triethylamine (25.87 µL, 0.19 mmol).  The reaction was allowed to stir for 2 h at room 
temperature.  The reaction was concentrated in vacuo.  The crude material was purified by RP-
HPLC (40% methanol/60% water to 100% methanol over 45 min then 100% methanol for 20 
min, maximum peak elution at 54.5 min).  The methanol was removed from fractions containing 
product.  The product was further purified by silica gel chromatography (5:1 to 3:1 hexanes:ethyl 
acetate) to afford a white solid (49.9 mg, 95%).  1H NMR (CDCl3, 400 MHz): δH 1.24 (s, 20H), 
1.33-1.43 (m, 2H), 1.58-1.73 (m, 4H), 2.19 (q, 2H, J = 6.4 Hz), 2.34 (t, 2H, J = 7.6 Hz), 2.70 (t, 
2H, J = 7.6 Hz), 2.81 (t, 2H, J = 7.2 Hz), 4.42 (t, 2H, J = 6.4 Hz), 7.48 (dd, 1H, J = 2.4 Hz, 9.2 
Hz), 7.875 (d, 1H, J = 2.4 Hz), 8.22 (d, 1H, J = 9.2 Hz).  13C NMR (CDCl3, 125 MHz): δc 24.80, 
28.08, 28.65, 29.18, 29.36, 29.55, 29.63, 29.71, 29.75, 29.82, 34.13, 34.62, 39.17, 67.70, 112.77, 
114.03, 122.42, 126.14, 136.24, 137.09, 150.18, 151.18, 153.17, 179.90.  HRMS (ESI): Calcd 
for C28H41N2O5S3 [M+H]+ 581.2172, found 581.2172. 
 

 
 
Synthesis of (S)-2-(6-((3-((15-carboxypentadecyl)disulfanyl)propoxy)carbonyloxy) 
benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (FFA-SS-luc) (1).  D-cysteine 
hydrochloride (13.5 mg, 0.09 mmol) was placed in a flask which contained 8 (49.90 mg, 0.09 
mmol).  To this flask was added methanol (5 mL) and dichloromethane (5 mL).  A solution of 
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potassium carbonate (11.8 mg, 0.09 mmol) in water (2 mL) and methanol (5 mL) was added to 
the reaction.  The reaction was allowed to stir for 5 min at room temperature at which time it was 
quenched by acidification to a pH of 3-4 with 1M HCl.  The organic solvent was removed in 
vacuo and diluted further with methanol.  The crude material was purified by RP-HPLC (40% 
methanol/60% water to 100% methanol over 45 min then 100% methanol for 20 min, maximum 
peak elution at 54.4 min).  The methanol was removed from fractions containing product to 
afford a white solid.  This was further purified by RP-HPLC (80% methanol/20% water to 100% 
methanol over 45 min then 100% methanol for 20 min, maximum peak elution at 41.3 min) 
followed by extraction (acetonitrile/hexanes) to yield a white solid (10.0 mg, 17%).  1H NMR 
(CD3OD, 500 MHz): δH 1.29 (s, 20H), 1.38-1.43 (m, 2H), 1.59 (q, 2H, J = 7.5 Hz), 1.69 (q, 2H, J 
= 7.5 Hz), 2.16 (q, 2H, J = 7.0 Hz), 2.27 (t, 2H, J = 7.5 Hz), 2.72 (t, 2H, J = 7.5 Hz), 2.83 (t, 2H, 
J = 7.0 Hz), 3.79 (dd, 2H, J = 4.0 Hz, 9.5 Hz), 4.39 (t, 2H, J = 6.5 Hz), 5.38 (t, 1H, J = 9.5 Hz), 
7.43 (dd, 1H, J = 2.0 Hz, 9.0 Hz), 7.96 (d, 1H, J = 2.0 Hz), 8.12 (d, 1H, J = 9.0 Hz).  13C NMR 
((CD3)2CO, 125 MHz): δc 25.69, 28.98, 29.10, 34.19, 34.24, 35.16, 35.81, 39.30, 39.41, 68.08, 
79.95, 115.73, 122.16, 125.69, 137.47, 137.94, 151.08, 152.01, 154.09, 162.63, 171.82, 174.66.  
HRMS (ESI): Calcd for C31H43N2O7S4 [M-H]- 683.1959, found 683.1964.  

 
 
Synthesis of Methyl 16-((3-((2-cyanobenzo[d]thiazol-6-yloxy)carbonyloxy)propyl) 
disulfanyl)hexadecanoate (9).  7 (56.0 mg, 0.14 mmol) and methyl-16-mercaptohexadecanoate 
(30.6 mg, 0.10 mmol) were placed in a flask.  To this flask was added N, N’-dimethylformamide 
(DMF) (10 mL) and triethylamine (28.97 µL, 0.21 mmol).  The reaction was allowed to stir for 2 
h at room temperature.  The reaction was concentrated in vacuo and purified by RP-HPLC (40% 
methanol/60% water to 100% methanol over 45 min then 100% methanol for 30 min, maximum 
peak elution at 57.6 min).  The methanol was removed from fractions containing product.  The 
product was further purified by silica gel chromatography (9:1 to 7:1 hexanes:ethyl acetate) to 
afford a white solid (37.2 mg, 62%).  1H NMR (CDCl3, 400 MHz): δH 1.21-1.29 (m, 20H), 1.33-
1.42 (m, 2H) 1.58-1.73 (m, 4H), 2.18 (q, 2H, J = 6.4 Hz), 2.29 (t, 2H, J = 7.2 Hz), 2.70 (t, 2H, J 
= 7.2 Hz), 2.80 (t, 2H, J = 7.2 Hz), 3.66 (s, 3H), 4.41 (t, 2H, J = 6.4 Hz), 7.48 (dd, 1H, J = 2.4 
Hz, 9.2 Hz), 7.87 (d, 1H, J = 2.4 Hz), 8.22 (d, 1H, J = 9.2 Hz).  13C NMR (CDCl3, 125 MHz): δc 
25.08, 28.08, 28.64, 29.27, 29.36, 29.38, 29.56, 29.63, 29.71, 29.75, 29.83, 34.23, 34.62, 39.17, 
51.56, 67.68, 112.77, 114.02, 122.41, 126.14, 136.24, 137.08, 150.19, 151.18, 153.15, 174.46.  
HRMS (ESI): Calcd for C29H43N2O5S3 [M+H]+ 595.2329, found 595.2332. 
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Synthesis of (S)-2-(6-((3-((16-methoxy-16-oxohexadecyl)disulfanyl)propoxy)carbonyloxy) 
benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (Me-FFA-SS-luc) (2).  D-
cysteine hydrochloride (10.7 mg, 0.07 mmol) was placed in a flask which contained 9 (37.2 mg, 
0.06 mmol).  To this flask was added methanol (3.4 mL) and dichloromethane (3.4 mL).  A 
solution of potassium carbonate (8.7 mg, 0.06 mmol) in water (1.4 mL) and methanol (3.4 mL) 
was added to the reaction.  The reaction was allowed to stir for 30 min at room temperature at 
which time it was quenched by acidification to a pH of 3-4 with 1M HCl.  The organic solvent 
was removed in vacuo and diluted further with methanol and DMF.  The crude material was 
purified by RP-HPLC (40% methanol/60% water to 100% methanol over 45 min then 100% 
methanol for 30 min, maximum peak elution at 56.0 min).  The methanol was removed from 
fractions containing product to afford a white solid.  This was further purified by RP-HPLC 
(80% methanol/20% water to 100% methanol over 45 min then 100% methanol for 30 min, 
maximum peak elution at 47.6 min) followed by extraction (acetonitrile/hexanes) to yield a white 
solid (15.0 mg, 34%).  1H NMR (CD3OD, 500 MHz): δH 1.24-1.32 (m, 20H), 1.36-1.45 (m, 2H), 
1.59 (q, 2H, J = 7.5 Hz), 1.69 (q, 2H, J = 7.5 Hz), 2.15 (q, 2H, J = 6.5 Hz), 2.30 (t, 2H, J = 7.5 
Hz), 2.72 (t, 2H, J = 7.5 Hz), 2.83 (t, 2H, J = 7.5 Hz), 3.65 (s, 3H), 3.78 (dd, 2H, J = 2.0 Hz, 9.5 
Hz), 4.39 (t, 2H, J = 6.5 Hz), 5.36 (t, 1H, J = 9.5 Hz), 7.43 (dd, 1H, J = 2.0 Hz, 9.0 Hz), 7.95 (d, 
1H, J = 2.0 Hz), 8.11 (d, 1H, J = 9.0 Hz).  13C NMR ((CD3)2CO, 150 MHz): δc 25.67, 28.98, 
29.11, 30.36, 30.38, 30.46, 34.34, 35.15, 35.53, 35.64, 39.29, 51.44, 68.10, 79.46, 115.76, 
122.21, 125.73, 137.49, 151.13, 152.00, 154.09, 162.48, 171.24, 174.13.  HRMS (ESI): Calcd 
for C32H47N2O7S4 [M+H]+ 699.2272, found 699.2268. 
 

 
 
Synthesis of 16-(3-hydroxypropylthio)hexadecanoic acid (10).  16-bromohexadecanoic acid 
(67.00 mg, 2.0 mmol) was dissolved in N, N’-dimethylformamide (DMF) (8 mL).  To this was 
added 3-mercapto-1-propanol (0.172 mL, 2.0 mmol), tetrabutylammonium iodide (TBAI) 
(148.00 mg, 0.4 mmol), and 1,8-diazabicycloundec-7-ene (DBU) (0.657 mL, 4.4 mmol).  The 
reaction flask was sealed under N2 and the reaction was allowed to stir overnight at room 
temperature.  The reaction was concentrated under a stream of nitrogen and then purified by 
silica gel chromatography (2:1 to 1:1 hexanes:ethyl acetate with 1% acetic acid) to yield a white 
solid (368.0 mg, 53%).  1H NMR (CDCl3, 400 MHz): δH 1.25 (s, 20H), 1.33-1.43 (m, 2H), 1.54-
1.64 (m, 4H), 1.86 (q, 2H, J = 6.8 Hz), 2.35 (t, 2H, J = 7.6 Hz), 2.53 (t, 2H, J = 7.6 Hz), 2.64 (t, 
2H, J = 6.8 Hz), 3.77 (t, 2H, J = 6.0 Hz).  13C NMR (CDCl3, 125 MHz): δc 24.84, 29.06, 29.18, 
29.37, 29.53, 29.63, 29.67, 29.72, 29.85, 31.97, 32.29, 33.95, 62.23, 178.65.  HRMS (ESI): 
Calcd for C19H39O3S [M+H]+ 347.2614, found 347.2617. 
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Synthesis of 16-(3-((2-cyanobenzo[d]thiazol-6-yloxy)carbonyloxy)propylthio)hexadecanoic 
acid (11).  To an oven-dried flask equipped with a stir bar and a Teflon cap under nitrogen was 
added phosgene (20% w/v in toluene) (0.73 mL, 1.47 mmol).  The reaction was cooled to 0 °C in 
an ice bath.  A solution of 2-cyano-6-hydroxybenzothiazole (4) (26.4 mg, 0.15 mmol) and N, N-
diisopropylethylamine (DIPEA) (28.2 µL, 0.16 mmol) in tetrahydrofuran (1.8 mL) was added 
dropwise over 30 min to the reaction flask at 0 °C.  This was allowed to stir for 2 h.  The flask 
was purged into a solution of aqueous potassium hydroxide for 15 min and then the solvent was 
evaporated in vacuo.  A solution of 10 (51.1 mg, 0.15 mmol) and triethylamine (61.6 µL, 0.44 
mmol) in methylene chloride (1.2 mL) was added to the flask at room temperature under 
nitrogen.  This was allowed to stir overnight and then the solvent was evaporated in vacuo.  The 
crude material was purified by RP-HPLC (40% methanol/60% water to 100% methanol over 45 
min then 100% methanol for 20 min, maximum peak elution at 53.0 min).  The methanol was 
removed from fractions containing product to afford a white solid (~30 mg).  This solid was then 
further purified by flash chromatography using a Biotage Si 12+M column (4:1 to 1:1 
hexanes:ethyl acetate) to yield a white solid (10.1 mg, 12%).  1H NMR (CDCl3, 400 MHz): δH 
1.25 (s, 20H), 1.33-1.43 (m, 2H), 1.55-1.68 (m, 4H), 2.06 (q, 2H, J = 6.4 Hz), 2.35 (t, 2H, J = 7.6 
Hz), 2.53 (t, 2H, J = 7.6 Hz), 2.66 (t, 2H, J = 7.2 Hz), 4.42 (t, 2H, J = 6.4 Hz), 7.48 (dd, 1H, J = 
2.4 Hz, 9.2 Hz), 7.88 (d, 1H, J = 2.4 Hz), 8.23 (d, 1H, J = 9.2 Hz).  13C NMR (CDCl3, 125 
MHz): δc 24.85, 28.32, 28.62, 29.07, 29.20, 29.38, 29.40, 29.57, 29.68, 29.72, 29.75, 29.77, 
29.78, 29.85, 32.38, 33.78, 68.11, 112.81, 114.05, 122.47, 126.18, 136.26, 137.10, 150.21, 
151.23, 153.22, 177.85.  HRMS (ESI): Calcd for C28H41N2O5S2 [M+H]+ 549.2451, found 
549.2455. 
 

 
 
Synthesis of (S)-2-(6-((3-(15-carboxypentadecylthio)propoxy)carbonyloxy)benzo[d]thiazol-
2-yl)-4,5-dihydrothiazole-4-carboxylic acid (FFA-S-luc) (3).  D-cysteine hydrochloride (3.1 
mg, 0.02 mmol) was placed in a flask which contained 11 (10.1 mg, 0.02 mmol).  To this flask 
was added methanol (1 mL) and dichloromethane (1 mL).  A solution of potassium carbonate 
(2.6 mg, 0.02 mmol) in water (0.4 mL) and methanol (1 mL) was added to the reaction.  The 
reaction was allowed to stir for 30 min at room temperature at which time it was quenched by 
acidification to a pH of 3-4 with 1M HCl.  The organic solvent was removed in vacuo and 
diluted further with methanol and DMF.  The crude material was purified by RP-HPLC (40% 
methanol/60% water to 100% methanol over 45 min then 100% methanol for 20 min, maximum 
peak elution at 51.8 min).  The methanol was removed from fractions containing product which 
was further purified by extraction (acetonitrile/hexanes) to afford a white solid (5.0 mg, 31%). 
1H NMR (CD3OD, 500 MHz): δH 1.24-1.37 (m, 20H), 1.37-1.45 (m, 2H), 1.59 (q, 4H, J = 7.5 
Hz), 2.02 (q, 2H, J = 6.5 Hz), 2.27 (t, 2H, J = 7.5 Hz), 2.54 (t, 2H, J = 7.5 Hz), 2.65 (t, 2H, J = 
7.5 Hz), 3.78 (dd, 2H, J = 3.0 Hz, 9.5 Hz), 4.38 (t, 2H, J = 6.5 Hz), 5.37 (t, 1H, J = 9.5 Hz), 7.43 
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(dd, 1H, J = 2.5 Hz, 8.5 Hz), 7.96 (d, 1H, J = 2.5 Hz), 8.11 (d, 1H, J = 8.5 Hz).  HRMS (ESI): 
Calcd for C31H43N2O7S3 [M-H]- 651.2238, found 651.2233.     
 
Studies Performed with Compounds 
 
Luciferase expressing cellular model (3T3-L1-luc cells):  3T3-L1 fibroblasts (ATCC) were 
stably transfected with the pGL4.51[luc2/CMV/Neo] vector (Promega).  Clones with the highest 
level of luciferase expression were isolated and expanded.  
 
Cell culture and treatment:  3T3-L1-luc fibroblasts were grown in DMEM containing 10% 
fetal bovine serum with 2 mM L-glutamine and 1% penicillin/streptomycin (DMEM/FBS).  A 
cell differentiation protocol was followed as previously described.28,29  Specifically, 
differentiated cells were generated by treating fibroblasts 48 hours post-confluency with 
DMEM/FBS supplemented with 0.83 µM insulin, 0.25 µM dexamethasone, and 0.25 mM IBMX 
for 48 hours, then DMEM/FBS supplemented with 0.83 µM insulin for 48 hours, followed by 
maintenance in DMEM/FBS for an additional 48-72 hours.  Differentiated cells were used in 
experiments on days 8-12 of differentiation. 
 
Animal models:  Transgenic mice ubiquitously expressing luciferase under control of the actin 
promoter were kindly provided by Dr. Contag at Stanford University.  
 
Imaging equipment and software:  All luminescent/photographic images were captured with 
the IVIS Spectrum (Caliper Life Sciences).  Total flux (photons/sec) of regions of interest were 
calculated with the IVIS Living Image software.  CT data was acquired with the Quantum FX 
µCT (Caliper Life Sciences).  
 
Cell-based fatty acid uptake assays:  3T3-L1-luc adipocytes or fibroblasts were seeded into 
black-wall/clear-bottom-96-well plates (Costar) and treated with 100 µl of a fatty acid uptake 
buffer consisting of 0.1% BSA in HBSS in addition to 2-100 µM of compound 1 or compound 
2.  Plates were read immediately and luminescent images were acquired with a 5-minute 
exposure time back to back for 60 minutes.  All cell-based assays utilized the same kinetic 
acquisition settings. 
 
FFA-SS-Luc competition assay:  3T3-L1-luc adipocytes were seeded into black-wall/clear-
bottom-96-well plates (Costar) and treated with 100 µl fatty acid uptake buffer including 20 µM 
compound 1 and a titration of 0-2 mM oleate or methyl-oleate immediately prior to imaging.  
 
Insulin-mediated uptake of compound 1:  3T3-L1-luc adipocytes were seeded into black-
wall/clear-bottom-96-well plates (Costar).  One group of cells was serum starved in DMEM for 5 
hours followed by the addition of 100 µl fatty acid uptake buffer with 20 µM compound 1 
immediately prior to imaging.  A second group of cells was treated with DMEM/FBS for 5 hours 
followed by the addition of 100 µl fatty acid uptake buffer with 20 uM compound 1 and 1 
ug/mL insulin immediately prior to imaging. 
 
Gavage of compound 1 and compound 3:  Anesthetized mice received a 50 µl volume gavage 
of 300 µM compound 1 or compound 3 (0.01 mg) in a vehicle of 1:1 PEG 400 and propylene 
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glycol.  Mice were awake for 5 minutes post-gavage to stimulate peristalsis before they were re-
anesthetized for imaging.  Mice were under constant isoflurane administration in the IVIS 
Spectrum In Vivo Imager and luminescent images were acquired with a 5-minute exposure back 
to back for 60 minutes.  
 
Intravenous injection:  Restrained mice received 100 µl volume tail vein injections of 20 µM 
compound 1 or compound 3 (0.0014 mg) bound to 0.1% BSA in PBS.  Mice were immediately 
anesthetized and luminescent images with a 1-minute exposure were acquired. 
 
Intraperitoneal injection:  Anesthetized mice received a 100 µl volume intraperitoneal 
injection of 200 µM compound 1 or compound 3 (0.014 mg) bound to 0.1% BSA in PBS 
immediately prior to imaging.  Luminescent images were acquired with a 3-minute exposure 
back to back for 30-minutes.   
 
BAT imaging:  Anesthetized mice received 100 µl volume intraperitoneal injection of 200 µM 
compound 1 (0.014 mg) immediately prior to imaging.  Luminescent images were acquired with 
a 3-minute exposure back to back for 30-minutes.  For BAT activation imaging, mice received 
intraperitoneal injections of the ß-adrenergic stimulator CL316,243 at 1 mg/kg 20 minutes prior 
to the compound 1 injection.   
 
CT scans:  Mice received a 100 µl volume gavage of 80 mg barium sulfate.  After one hour, 
mice received a second barium sulfate gavage, immediately followed by a 50 µl volume gavage 
of 300 µM compound 1 (0.01 mg) in a vehicle of 1:1 PEG 400 and propylene glycol.  Mice 
were placed in a Mouse Imaging Shuttle Adaptor (Caliper Life Sciences) and luminescent 
images were acquired with a 5-minute exposure back to back for 60 minutes.  Mice were then 
transferred to the Quantum FX µCT for CT imaging without disruption of position.  Co-
registration of luminescent and CT images were performed with Living Image software.  
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Chapter 4 – Design and Synthesis of Novel Architectures of Peptoids  

Abstract 
Peptoids are a class of peptidomimetic polymer based on N-substituted glycine.  They 

combine advantages from both synthetic polymers and peptides, including stability, low cost, 
and control of sequence and length.  Peptoids with novel architectures can expand the use of this 
interesting class of polymers beyond those already reported for linear peptoids.  In this chapter, 
we report the design and synthesis of dendritic and ladder structures using peptoids.  These 
compounds were synthesized by using aliphatic and aromatic diamines as building blocks.  
Several synthetic parameters were varied including concentration, haloacetic acid, solvent, and 
temperature.  Optimized synthesis conditions were found for the formation of dendritic and 
cyclic products.  The aromatic dendrimer was then used in the synthesis of two classes of 
amphiphilic molecules, dendritic peptoid/dipeptide hybrids and lipitoids.       
 
Introduction 
 In Nature, many molecules often adopt well-defined conformations that are crucial to 
their function.  Naturally occurring biopolymers have been created using a limited set of 
monomers, a robust linking chemistry, and weak non-covalent interactions.1  The most widely 
studied example of these characteristics is proteins, which fold into unique tertiary structures in 
solution.  Protein tertiary structure arises from the assembly of elements of regular secondary 
structure, such as α-helices and β-sheets.  The result is a specific positioning of the functional 
groups in space.2  It has been a goal of research groups in the past few years to mimic this 
intrinsic property of biopolymers using unnatural synthetic polymers.  These biomimetic 
materials combine the advantages of proteins with those of traditional synthetic polymers.  Like 
polymers, they can incorporate a wide range of functionality and also offer greater stability to 
temperature and biological conditions.  However, unlike synthetic polymers, they also allow for 
the control of the monomer sequence and length of the chains.  These molecules are useful in a 
range of applications including molecular recognition, drug delivery, energy transduction, and 
catalysis.3  In order to take advantage of the tasks these molecules might perform, they must be 
able to be synthesized efficiently and cost-effectively. 
 Many peptidomimetic molecules have been synthesized, including β-peptides, γ-peptides, 
peptoids, @-tides, azatides, oligoureas, and oligocarbamates.4  All of these include structural 
alterations of the repeat unit of the peptidic backbone.  Some representative structures are shown 
in Figure 4.1.  These oligomers all vary in their backbone composition, linking chemistry, mode 
of synthesis (solution-phase vs. solid-phase), side-chain chemical diversity, ease of monomer 
synthesis, and efficiency of monomer coupling.5  Many of them have been shown to adopt 
defined secondary structures.6 

Peptoids are a class of non-natural biomimetic oligomer based on an N-substituted 
glycine backbone.  Though structurally similar to peptides, they have several major differences.  
First, the side chain is connected to the nitrogen rather than to the carbon.  Thus, peptoids have 
an achiral backbone and also lack the ability to participate in hydrogen bonding as donors.  
However, they have a polarity and side chain spacing similar to those of natural proteins.  One of 
the major advantages of peptoids over natural peptides is that they are protease-resistant and 
stable in a variety of solvents.7  Also, in contrast to natural peptides which use only 20 amino 
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acids as building blocks, peptoids can incorporate a large number of monomers.  In addition, 
peptoids have been shown to adopt stable α-helical secondary structures when a chiral center is 
incorporated adjacent to the nitrogen.3       
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Figure 4.1.  Structures of representative peptidomimetic oligomers.  The repeat unit is marked 
by the parenthesis. 
 

Peptoids have a unique method of synthesis that is both efficient and proceeds with high 
yields.  They are synthesized on the solid-phase by a submonomer method that is based on a two-
step monomer addition cycle as shown in Figure 4.2.  The first step in the synthesis is an 
acylation step with a haloacetic acid using N, N’-diisopropylcarbodiimide (DIC) as an activating 
reagent.  This is followed by a displacement step in which a primary amine displaces the 
halogen.  These two steps are continued in an iterative fashion until the peptoid of the desired 
length is obtained.7  This procedure allows for the automated synthesis of peptoids without the 
need of main chain protecting groups.  In addition, since the side chain functionality is 
introduced via a primary amine submonomer, a great diversity of functionalities can be 
introduced into the sequence using cheap and commercially available starting materials.  
Peptoids containing a diversity of alkyl, aromatic, heterocyclic, cationic and anionic N-
substituents have been synthesized and characterized.3 
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Figure 4.2.  Submonomer method of solid-phase synthesis of peptoids. 

 
Though linear peptoids have already found applications in the areas of combinatorial 

drug discovery, gene therapy, drug delivery, and biopolymer folding5, peptoids with novel 
structural architectures have the potential to be useful in a variety of fields, including materials 
science and the building of nanostructured materials as well as those applications listed above.  
In particular, dendrimers and molecular ladders are two structures of interest.  Dendrimers are 
highly ordered, hyperbranched, and polyfunctional macromolecules.  The dendritic scaffold can 
be used to arrange different functional groups spatially and thus tailor their properties.  These 
molecules mimic nature in that they alter the properties of a substance by varying the 
architecture.8  Dendrimers are useful as drug delivery agents, artificial enzymes, vaccines, 
catalysts, and contrast agents.  There are several examples in the literature of the synthesis and 
characterization of peptidic dendrimers.9,10  For instance, Percec et al. synthesized an 
amphiphilic dendritic dipeptide (shown in Figure 4.3A).  These dendrimers were shown to self-
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assemble into helical pores (shown in Figure 4.3B), which could have applications as synthetic 
ion channels.11 

Another architecture of interest is the molecular ladder.  These types of structures have 
applications as construction elements, molecular networks and scaffolds, molecular recognition 
elements, and nanofiltration membranes.12-14  A recent example of the synthesis of a molecular 
ladder structure was reported by Schafmeister et al.15  They synthesized spiro ladder oligomers 
composed of cyclic monomers joined by diketopiperazine rings (shown in Figure 4.3C).  These 
structures can be constructed in two steps, firstly by synthesizing cyclic bis-amino acid 
monomers by solid-phase peptide synthesis and then by rigidifying the structure by 
simultaneously closing multiple diketopiperazines.   

 

Percec, V., et al., Nature 2004, 430, 764-768.

 

Schafmeister, C. E., et al., J. Org. Chem. 2006, 71,
8691-8695.

 

A B 

C 
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Figure 4.3.  Examples of Dendritic and Ladder Architectures.  A) Conformation of the L-L 
dendritic dipeptide.  The yellow indicates the region of the dendritic dipeptide where functional 
groups capable of taking part in hydrogen bonding are accessible.  B) Molecular model of the 
helical porous column showing the top view.  C) Structure of ladder oligomers. 
 

The molecular ladders of interest would incorporate larger macrocyclic rings.  These 
would form rigid molecular rod structures.  Macrocycles with a larger ring-size have been used 
in numerous applications.  Such macrocycles have the ability to bind metal ions.  These kinds of 
structures could potentially be used to hydrolyze peptides and proteins under non-denaturing 
conditions and thus could be used in the analysis of protein solution structure, in protein 
engineering, and in therapeutics.16  In addition, macrocycles with additional reactive functional 
groups can be used to bind the macrocycles to other compounds.  Metal ion-complexed cyclams 
bound to biomolecules have been used as NMR contrast agents for antibody labeling in cancer 
diagnosis and therapy and cyclams bound to solid supports have been used to separate certain 
metal ions.17  Macrocyclic diamides have been synthesized previously by reacting carboxylic 
acid derivatives, such as malonic and α,ω-dicarboxylic acid esters, diacid dichlorides and bis(α-
chloroamide) compounds with diamines under high dilution or for long reaction periods (Figure 
4.4B).  However, often the two-to-two cyclization product was obtained in addition to the 
desired one-to-one adduct (Figure 4.4A).18-20   

N

R

O O

N N
R1 R1

N N

N

N N

N

O O

O O

R R

R1

R1 R1

R1

1:1 cyclization product

2:2 cyclization product                    
 

N N

Cl Cl

O O

H3C CH3

+ H3CC(O)N NH2

H

N

O O

N N
H3C CH3

N N

N

N N

N

O O

O O

H3C CH3

H3C CH3

+

NHC(O)CH3

H3C(O)CHN
NHC(O)CH3

 
 
Figure 4.4.  Structure and synthesis of macrocyclic diamides.  General structures of example 1:1 
and 2:2 cyclization products (A) and synthesis of these types of structures (B). 
 

In this chapter, we describe the synthesis and characterization of novel peptoid 
architectures.  The initial synthetic targets are dendritic and ladder structures.  These will be 
produced by using various unprotected diamines as the submonomer of interest in the solid-
phase synthesis procedure.  The initial diamines tested are ortho- and meta-phenylenediamine, 
1,2-cyclohexanediamine, and ethylenediamine.  The structures of the desired cyclic and dendritic 
structures are shown in Figure 4.5.   

A 

B 



 77 

 
Figure 4.5.  Structures of desired cyclic and dendritic products.  The diamine submonomers are 
colored in blue. 
 

When approaching the synthesis of these structures, several questions arose.  The first 
two questions of interest are: first, if one acylates the diamine, will the product be the 
monoketopiperazine or the bis-acylated product (Figure 4.6, top), and, further, what happens if a 
second diamine is added into the synthesis (Figure 4.6, bottom).  Various synthesis conditions 
were tested in order to optimize the yield and gain control over which product (i.e., dendritic or 
cyclic) was ultimately obtained.     
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Figure 4.6.  General synthetic scheme of novel peptoid backbone architectures. 
 
Results and Discussion 
Synthesis of Ortho- and Meta-phenylenediamine Peptoids 

To determine if one obtains the monoketopiperazine or the bis-acylated product upon 
acylation of the diamines, the synthesis of peptoids 1 and 2 was carried out on an automated 
peptide synthesizer (Scheme 4.1).  The first two displacements, as well as the final displacement, 
were carried out using benzylamine because it is known to be well-behaved in peptoid 
synthesis.7  In addition, if the phenylenediamine fails to be incorporated into the peptoid, the 
product will be the N-benzylglycine trimer, which is easily characterized.7  The product, as 
determined by Liquid Chromatography/Mass Spectrometry (LC/MS), was the bis-acylated 
product.  None of the monoketopiperazine or singly acylated product was observed.  The yield 
was greater than 85% in both cases. 
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Scheme 4.1.  Synthesis of tripeptoids 1 and 2. 

Another displacement using phenylenediamine was added into the synthesis to determine 
whether the cyclic or dendritic product was obtained when a second diamine is used (Scheme 
4.2).  The resulting products, 3 and 4, were the second-generation dendrimers.  The products of 
this synthesis, as well as those of the following syntheses, were analyzed by LC/MS and the 
purity was determined by analytical High Performance Liquid Chromatography (HPLC).  No 
cyclic products were observed and the synthesis proceeded with greater than 60% purity for the 
crude product.  Product 4 was also analyzed by 1H NMR, 13C NMR, and tandem MS/MS.  In the 
tandem MS, the doubly-charged peak at m/z = 672.8 was fragmented to yield two major peaks at 
1033.4 amu and 903.4 amu (Figure 4.7).  Peptoids are known to fragment along the amide 
bond.21  The peak at 1033.4 amu corresponded to the loss of two of the benzylamine 
submonomer units, and the peak at 903.4 amu corresponded to the loss of three of the 
benzylamine submonomer units with water added to it.  In addition, the peak at 1181.0 amu 
corresponded to the loss of one benzylamine submonomer unit.  The MS3 spectrum of 1033.4 
amu (Figure 4.8) clearly shows the loss of both one and two more benzylamine submonomer 
units (m/z = 885.8 and 738.6).  The MS3 spectrum of 902.8 amu (Figure 4.9) shows the loss of 
four benzylamine submonomer units from the fragment with m/z = 1033.4 with masses of 885.8, 
738.0, 590.8 and 443.8 amu, respectively.   
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Scheme 4.2.  Synthesis of dendritic structures 3 and 4. 
 

 
 
Figure 4.7.  MS/MS spectrum of doubly-charged ion at m/z = 672.8. 
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Figure 4.8.  MS3 spectrum of peak at m/z = 1033.4. 
 

 
 
Figure 4.9.  MS3 spectrum of peak at m/z = 902.8. 
 

NH2
NN

N

H
N

O

O

HN

O

N

O

HN

H
NN

H

O

O

O

N
H

H
N

O

N

O

4

1 

2 

3 

NH2
NN

N

H
N

O

O

HN

O

N

O

HN

H
NN

H

O

O

O

N
H

H
N

O

N

O

4

1 

2 

3 

4 

5 



 82 

 
Synthesis of Cyclohexanediamine and Ethylenediamine Peptoids 
 Using phenylenediamine, we obtained exclusively dendritic structures.  In order to 
explore whether we could bias the system toward the ladder structures, we employed aliphatic 
diamines that, due to their increased nucleophilicity, might favor the cyclization products.  Thus, 
we repeated the peptoid syntheses using 1,2-cyclohexanediamine and ethylenediamine.  Using 
the same conditions as the phenylenediamine synthesis resulted in a mixture of cyclic and 
dendritic products.  It was not possible to determine the ratio of products for 1,2-
cyclohexanediamine because the products could not be resolved.  For ethylenediamine, the cyclic 
and dendritic products can be distinguished by both mass spectrometry and analytical HPLC, 
allowing for quantification of the resulting mixtures.  The amount of cyclic product as compared 
to dendritic product for the ethylenediamine synthesis was 1:5.  Even though the dendrimer was 
the predominant product, it was encouraging to see some cyclic product.  The two products were 
isolated using preparative HPLC and analyzed by 1H NMR.  
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Scheme 4.3.  Synthesis of cyclic and dendritic structures using 1,2-cyclohexanediamine. 
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Scheme 4.4.  Synthesis of cyclic and dendritic structures using ethylenediamine. 
 
Variation of Synthesis Conditions 

In order to control which product was obtained with the different submonomers, various 
parameters were changed in the synthesis.  First, the haloacetic acid used in the acylation step 
was varied.  The efficiency of the displacement is modulated by the choice of the halide, with the 
iodide being more reactive than bromide, which in turn is more reactive than chloride.  The rate 
of this displacement step should affect which products are formed and their relative ratios.  The 
relative reaction rate of a chloride leaving group is approximately 40 times less than that of a 
bromide.5  Thus, we hypothesized that using chloroacetic acid in the acylation step would give us 
a cleaner synthesis of the dendritic product.  When this was done, a complex mixture of products 
was observed for all of the diamine submonomers.  It was further hypothesized that iodoacetic 
acid would favor the intramolecular cyclization, since the displacement of an iodide is faster than 
that of a bromide.  However, with the phenylenediamine submonomers, only the dendritic 
product was observed and with the aliphatic diamine submonomers both cyclic and dendritic 
products were observed with the ratio of cyclic product to dendrimer for ethylenediamine being 
1:1.4.  The purities of the crude mixtures were lower than those observed when bromoacetic acid 
was used as the acylating reagent. 
 The next parameter that was varied was the concentration of amine submonomer used in 
the displacement step.  We thought a lower concentration of amine would favor the cyclization 
step since these types of cyclizations have previously been demonstrated under high dilution 
conditions.17  Lowering of the amine concentration from 2 M to 0.1 M resulted in deletion 
products in the syntheses with phenylenediamine submonomers.  The syntheses with 
ethylenediamine and 1,2-cyclohexanediamine submonomers resulted in both cyclic and dendritic 
products, but with a greater amount of undesired side products as well.  With ethylenediamine, 
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lowering the concentration to 1 M resulted in a ratio of cyclic product to dendritic product of 
1:2.5 and lowering the concentration to 0.1 M resulted in a ratio of cyclic product to dendritic 
product of 1:3.3. 
 Finally, the solvent was altered.  DMF is the typical solvent used in solid-phase peptoid 
synthesis because most amines dissolve readily in it.  It is a polar, aprotic solvent.  Since the 
displacement is an SN2 reaction, it occurs fastest in these kinds of solvents.  To help modify the 
rate of the reaction, an apolar, aprotic solvent, 1,2-dichloroethane, and a more polar solvent, 
DMSO, were used.  In both cases, the syntheses with phenylenediamines resulted in dendritic 
product and the syntheses with ethylenediamine and 1,2-cyclohexanediamine resulted in both 
cyclic and dendritic products.  The ratio of cyclic product to dendritic products when using 
ethylenediamine as the submonomer and 1,2-dichloroethane as solvent was 1:2.  When using 
ethylenediamine as the submonomer and DMSO as solvent, the ratio of cyclic product to 
dendrimer was 1:1.3.   
 
Metal Templating and Microwave Syntheses 

One way to alleviate the entropic cost that is paid in the intramolecular cyclization 
reaction is by using a metal to template the cyclization.  As diamines are known ligands of 
various metals, we reasoned that divalent metals could be added to the synthesis in order to 
template the cyclization reaction.  The syntheses were attempted using ethylenediamine as the 
submonomer of interest.  Ethylenediamine is known to bind strongly to several metals, including 
copper and cobalt.  The metals used in this study were copper, cobalt, lead, magnesium, nickel, 
and zinc.  Ethylenediamine binds these metals with different strengths.22  All of these syntheses 
resulted in a mixture of products, but the amount of cyclic product in relation to dendrimer was 
increased as compared to the synthesis without metals.  The resulting ratios are shown in Table 
4.1.  These ratios were determined from the peak areas of the analytical HPLC. 

 

Metal Used Ratio of Cyclic to 

Dendrimer 

None 1:2.5 

Copper 1:2.2 

Cobalt 1:1.4 

Magnesium 1:2.2 

Lead 1:2.2 

Nickel 1:2.1 

Zinc 1:2.2 

  
Table 4.1.  Metal-catalyzed syntheses with ethylenediamine.  The ratio of cyclic 
product/dendrimer is determined from the analytical HPLC. 
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An alternative strategy used to favor the cyclization is to increase the temperature, which 
will accelerate the reaction.  To increase the temperature in our syntheses, a microwave peptide 
synthesizer was used.  The acylation step was carried out using bromoacetic acid at only slightly 
elevated temperatures (35 °C) for 2 minutes.  However, the displacement step was carried out at 
95 °C for 4 minutes.  Two different concentrations (0.5 M and 1.0 M) of ethylenediamine were 
used in the synthesis.  The solvent used was DMF.  The result was again a mixture of cyclic and 
dendritic products, with an increase in the amount of cyclic product relative to dendritic product, 
as compared to the syntheses done at room temperature.  The ratio of cyclic product to dendrimer 
was 1:1.8 when the concentration of ethylenediamine was 0.5 M and 1:1.5 when the 
concentration of ethylenediamine was 1.0 M.    

Increasing the temperature by using a microwave reactor was also tested in the case of 
meta-phenylenediamine.  In this case, a lower concentration of the amine (0.1 M) was also used 
in order to help favor the cyclization reaction.  The acylation step was carried out using 
bromoacetic acid at only slightly elevated temperatures (35 °C) for 2 minutes.  However, the 
displacement step was carried out at 95 °C for 12 minutes.  For the first time, we observed 
formation of the cyclic product with an aromatic diamine (Scheme 4.5).  The ratio of cyclic 
product to dendrimer was 1.3:1. 
 

 
 
Scheme 4.5.  Synthesis of cyclic and dendritic structures using meta-phenylenediamine. 
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Synthesis of Dendritic Peptoid/Dipeptide Hybrids and Lipitoids 
Given that, using our protocols, we can successfully generate dendritic peptoids, we 

prepared several dendritic peptoid/dipeptide hybrids (Figure 4.10) as an analogy to the work 
done by Percec et al.  The meta-phenylenediamine dendrimer was chosen to use for the dendritic 
architecture.  This compound can be synthesized cleanly using our optimum solid-phase 
synthesis conditions, specifically 2 M of the amine submonomer, bromoacetic acid as the 
acylating reagent, and DMF as the solvent.  Each of the dendrimers was capped by 
dodecylamine, a long aliphatic chain, thus making the final product amphiphilic.  Several 
dipeptides were chosen as initial synthetic targets.  The dipeptide was included to allow for 
hydrogen-bonding interactions.  All of the dipeptides contain tyrosine as the second amino acid.  
The first amino acid had various side chains, including two nonpolar aliphatic groups (alanine 
and isoleucine), one aromatic group (phenylalanine), and one positively charged group (lysine).  
These dipeptide portions of the molecules were synthesized using standard solid-phase peptide 
chemistry with Fmoc-protected amino acids.   

To attach the peptoid dendrimer to the dipeptide, first the Fmoc group was removed from 
the terminal amino acid and then the synthesis was continued by using the submonomer method 
of peptoid synthesis.  After the synthesis of the dendritic peptoid/dipeptide hybrid was complete, 
the free nitrogen atoms were acylated using acetic anhydride and pyridine in DMF so that there 
would be no remaining positive charges.  

Dendritic peptoid/dipeptide hybrids were synthesized in which the dipeptide consisted of 
two aspartic acid residues or two lysines.  Initially, the dodecylamine was attached to the 
dendrimer using standard peptoid synthesis conditions, specifically 1 M of the amine 
submonomer with DMF as the solvent and a 40-minute displacement.  This enabled successful 
synthesis of the compounds (compounds 14 and 15); however, the yields were low.  It was 
hypothesized that one of the problems might be with the attachment of the dodecylamine.  Thus, 
the intermediate without the dodecylamine, the dipeptide attached to the dendrimer, was 
synthesized.  This synthesis resulted in good purity of the intermediate (data not shown) 
confirming that the attachment of the dodecylamine is problematic.  Next, we tested conditions 
used previously for attachment of the lipid chains to lipitoids.23  The amine was dissolved in a 
solution that is 15% methanol (v/v) in chlorobenzene and the displacement was done over 16 
hours.  This resulted in an improved synthesis of the compounds.  Dendritic peptoid/dipeptide 
hybrids were synthesized that contained different lengths of aliphatic chain by using octylamine, 
decylamine and dodecylamine (compounds 16-21).  
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Figure 4.10.  Structures of the dendritic peptoid/dipeptide hybrids. 

With these optimized conditions in hand, we set out to synthesize an amphiphilic 
molecule composed solely of peptoids.  We termed these compounds lipitoid dendrimers 
(Scheme 4.6).  These molecules are composed of three repeating trimers of p-
methoxyphenethylamine, p-methoxyphenethylamine, and ethylenediamine followed by the meta-
phenylenediamine dendrimer and the lipid chains.  These compounds were successfully 
synthesized with varying lengths of aliphatic chains (compounds 22-25).   
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Scheme 4.6.  Synthesis of lipitoid dendrimers. 
 

It would be interesting to analyze these molecules using polarizing optical microscopy.  
Molecules synthesized previously in our group, as well as molecules synthesized by Percec et. 
al., have shown liquid crystalline phases upon heating.  The formation of a liquid crystalline 
phase upon heating or by addition of different solvents indicates that the molecule is self-
assembling into an ordered structure.  Further studies, such as differential scanning calorimetry 
or X-ray diffraction, will need to be carried out to further characterize the structures formed.   

 
Conclusions 

The design of new architectures of peptoids would be useful in a variety of applications, 
ranging from medicine to materials science to nanotechnology.  Two such novel architectures are 
dendrimers and ladder structures.  A major goal is the efficient and controlled synthesis of these 
molecules.  As work towards this goal, various synthetic conditions were tried using four 
different submonomers.  The results of these conditions are shown in Table 4.2.  The products 
formed were determined by LC/MS.  The percent purity refers to the amount of desired cyclic 
product or dendrimer that was formed.  The percent purities and the ratio of cyclic 
product/dendrimer for ethylenediamine were determined from the analytical HPLC.  In 
conclusion, bromoacetic acid gives the desired product in better yields than either chloroacetic 
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acid or iodoacetic acid.  Thus, intermediate reactivity gave the best results.  Higher diamine 
concentrations give less of the undesired deletion products and DMF gives cleaner syntheses 
than 1,2-dichloroethane or DMSO.  Metal-templating and increased temperatures give a higher 
ratio of cyclic product to dendrimer than syntheses with either no metal or at room temperature.  
However, some work is necessary to form exclusively the cyclic ladder structures.  

Thus far, the best conditions found for the dendrimer are using bromoacetic acid, 2 M 
diamine, DMF as solvent, and a 60-minute displacement time.  With these conditions, no cyclic 
product is observed with the aromatic diamines.  The best conditions for the cyclic product with 
aromatic diamines are bromoacetic acid, 0.1 M diamine, DMF as the solvent, and 12 minute 
displacement using microwave synthesis (95 °C).  For the aliphatic diamines, the best conditions 
for the cyclic product use bromoacetic acid, 1 M diamine, DMF as the solvent, 0.06 M CoCl2, 
and a 90-minute displacement time at room temperature. 

In order for these reactions to be useful, the synthesis must give the product in high yield.  
This is important if higher generation dendrimers or longer ladders are to be constructed, as they 
are made by repetition of the same steps.  The synthesis of the meta-phenylenediamine 
dendrimer has been optimized up to the second generation.  Thus, the synthesis of dendritic 
peptoid/dipeptide hybrids and lipitoid dendrimers using this novel architecture has been 
accomplished.  Future work includes characterizing the structure and self-assembly properties of 
these structures in order to help determine their applications.  Other functional groups can be 
attached to the core and periphery of these dendrimers for numerous other applications.  

Future work will also focus on obtaining a single product from the syntheses with 
ethylenediamine or cyclohexanediamine submonomers, with the goal of being able to apply 
these same principles to other submonomers of interest.  Once this goal has been achieved, large 
libraries of peptoids can be built using the dendritic or ladder framework and incorporating any 
functional group of interest easily and cheaply.  
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Table 4.2.  Results of various synthetic conditions.  The letters in parenthesis refer to synthesis 
conditions described in the Experimental section below.  The products formed were determined 
by LC/MS.  The ratio of cyclic product/ dendrimer is for ethylenediamine.  The percent purity 
refers to the amount of desired cyclic product or dendrimer formed.  The percent purities and 
ratio of cyclic product/dendrimer were determined by analytical HPLC. 

 
 
 

 

Compounds and 

Conditions 

Concentration 

of Amine 

Acid Used Solvent Results Percent Purity 

Ortho- and Meta-

Phenylenediamine (a)  

2 M Bromoacetic 

acid 

DMF Dendrimer 3 = 65% 

4 = 60% 

Ethylenediamine and 1,2-

Cyclohexanediamine (g) 

2 M Bromoacetic 

acid 

DMF Dendrimer and 

Cyclic Product 

Cyclic 

Product/Dendrimer 

= 1:5 

5 and 6 = 39% 

7 = 10%, 8 = 

49% 

Ortho- and Meta-

Phenylenediamine (b) 

2 M  Chloroacetic 

acid 

DMF  Complex mixture of 

products 

< 10% 

Ethylenediamine and 1,2-

Cyclohexanediamine (h) 

1 M Chloroacetic 

acid 

DMF Complex mixture of 

products 

< 10% 

Ortho- and Meta-

Phenylenediamine (c) 

2 M Iodoacetic 

acid 

DMF Dendrimer 3 = 36% 

4 = 52%  

Ethylenediamine and 1,2-

Cyclohexanediamine (i) 

1 M Iodoacetic 

acid 

DMF Dendrimer and 

Cyclic Product 

Cyclic 

Product/Dendrimer 

= 1:1.4 

5 and 6 = 15% 

7 = 13%, 8 = 

1 8 %  

Ortho- and Meta-

Phenylenediamine (d) 

0.1 M Bromoacetic 

acid 

DMF Deletion products <10% 

Ethylenediamine and 1,2-

Cyclohexanediamine ( j )  

1 M Bromoacetic 

acid 

DMF Dendrimer and 

Cyclic Product 

Cyclic 

Product/Dendrimer 

= 1:2.5 

5 and 6 = 24% 

7 = 13%, 8 = 

3 3 %  

Ethylenediamine and 1,2-

Cyclohexanediamine ( k )  

0.1 M Bromoacetic 

acid 

DMF Dendrimer and 

Cyclic Product 

Cyclic 

Product/Dendrimer 

= 1:3.3 

5 and 6 = 47% 

7 = 8%, 8 = 

2 6 %  

Ortho- and Meta-

Phenylenediamine (f)  

2 M Bromoacetic 

acid 

DMSO Complex mixture of 

products 

<10% 

Ethylenediamine and 1,2-

Cyclohexanediamine (m) 

1 M Bromoacetic 

acid 

DMSO Dendrimer and 

Cyclic Product 

Cyclic 

Product/Dendrimer 

= 1:1.3 

5 and 6 = 16% 

7 = 12%, 8 = 

1 6 %  

Ortho- and Meta-

Phenylenediamine (e) 

2 M Bromoacetic 

acid 

1,2-

dichloroethane 

Dendrimer 3 = 41% 

4 = 33%  

Ethylenediamine and 1,2-

Cyclohexanediamine (l) 

1 M Bromoacetic 

acid 

1,2-

dichloroethane 

Dendrimer and 

Cyclic Product 

Cyclic 

Product/Dendrimer 

= 1:2 

5 and 6 = 26% 

7 = 17%, 8 = 

3 4 %  
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Experimental Procedures 
 
General Materials and Methods 
 

All chemical reagents were obtained from commercial suppliers and used without further 
purification.  Oligomer synthesis was performed on Fmoc-protected Rink Amide poly(styrene) 
resin (Novabiochem) with a substitution level of 0.6 mmol/g.   
 
Peptoid Synthesis 

The peptoid oligomers were synthesized on an automated peptide synthesizer (Aaptec 
Apex 396).  Each peptoid sequence was prepared following this general procedure: 
 Swelling: For each oligomer synthesis, 100 mg of resin (60 µmol) (or 80 mg of resin 
when using chloroacetic acid) was swelled with 4.0 mL of N, N’-dimethylformamide (DMF) for 
2 min. 

Fmoc Deprotection: The resin was deprotected with 2.0 mL of 20% piperidine in DMF 
for 1 min, followed by draining, and then a second deprotection with 2.0 mL of 20% piperidine 
in DMF for 12 min.  After the deprotection, the resin was washed with five 2.0 mL portions of 
DMF. 
 Two-Step Monomer Addition Cycle.  

Step 1: Acylation: To the resin-bound amine was added 1.0 mL of a solution of the 
haloacetic acid in DMF (1.2 M for bromoacetic acid or iodoacetic acid and 0.4 M for 
chloroacetic acid) followed by N, N’-diisopropylcarbodiimide (DIC) (180 µL for bromoacetic 
acid or iodoacetic acid and 60 µL for chloroacetic acid).  The resin was mixed for 20 min for 
bromoacetic acid or iodoacetic acid and for 5 min for chloroacetic acid, drained, and then 
washed with five 2.0 mL portions of DMF. 
 Step 2: Displacement: The resin-bound halogen was then displaced with the primary 
amine submonomer.  To the resin-bound halogen was added 1.0 mL of a solution of the primary 
amine (2.0 M, 1.0 M or 0.1 M) in DMF and this was allowed to react for between 40 and 90 min.  
After the displacement reaction, the resin was drained and then washed with five 2.0 mL portions 
of DMF. 
 The monomer addition cycle was repeated until the desired oligomer length was 
achieved. 

Cleavage Protocol: The peptoid product was cleaved from the resin by treatment with 4.0 
mL of a solution of 95% TFA/5% water at ambient temperature and mixed for 20 min.  The 
cleavage solution was filtered to remove the resin beads and the filtrate was evaporated under a 
stream of nitrogen.  The peptoid product was redissolved in 4.0 mL of 30% acetonitrile/70% 
water. 
 
Microwave Peptoid Synthesis.  The peptoid oligomers were synthesized on an automated 
microwave peptide synthesizer (Liberty).  Each peptoid sequence was prepared following this 
general procedure: 
 Swelling: For each oligomer synthesis, 167 mg of resin (100 µmol) was swelled with 10 
mL of a 1:1 mixture of DMF and dichloromethane for 15 minutes. 
 Fmoc Deprotection: The resin was deprotected with 7.0 mL of 20% piperidine in DMF 
for 30 s at 75 °C and 35 W.  This was followed by a second deprotection with 7.0 mL of 20% 
piperidine in DMF for 180 s at 75 °C and 35 W.  The resin was drained and washed. 
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Two-Step Monomer Addition Cycle.  
Step 1: Acylation: To the resin-bound amine was added 3.0 mL of 1.2 M bromoacetic 

acid in DMF followed by 1.0 mL of 3.4 M DIC in DMF.  The resin was microwaved for 120 s at 
35 °C and 5 W.  The resin was drained and washed. 

Step 2: Displacement: To the resin-bound halogen was added 3.75 mL of a solution of 
the primary amine (0.1 M, 0.5 M, or 1.0 M).  This was microwaved for 240 s or 720 s at 95 °C 
and 70 W.  The resin was drained and washed.  

Cleavage Protocol: The peptoid product was cleaved from the resin by treatment with 4.0 
mL of a solution of 95% TFA/5% water at ambient temperature and mixed for 20 min.  The 
cleavage solution was filtered to remove the resin beads and the filtrate was evaporated under a 
stream of nitrogen.  The peptoid product was redissolved in 4.0 mL of 30% acetonitrile/70% 
water. 
 
Analysis of Peptoids 

The synthetic purity was evaluated by reversed-phase analytical HPLC on a Varian 
Prostar.  The sample was injected on to a C18 column using a linear gradient from 5% to 95% of 
solvent B in solvent A (solvent A = water + 0.1% TFA (v/v), solvent B = acetonitrile + 0.1 % 
TFA (v/v)) at 1.0 mL/min and a column temperature of 60 °C over 40 min.  The samples were 
purified by reversed-phase preparative HPLC on a Varian Prostar.  The sample was injected on 
to a C18 column using a linear gradient from 5% to 95% of solvent B in solvent A (solvent A = 
water + 0.1% TFA (v/v), solvent B = acetonitrile + 0.1 % TFA (v/v)) at 10 mL/min and ambient 
temperature over 40 min.  Molecular weights were verified by liquid 
chromatography/electrospray mass spectrometry (LC/MS) using an Agilent 1100 series LC/MSD 
Trap XCT in the positive mode.  1H and 13C NMR were obtained with a 500 MHz Bruker 
spectrometer.  Chemical shifts are reported in δ ppm referenced to the solvent peak for 1H and 
13C NMR.  MS/MS were obtained by directly injecting the sample into an Agilent 1100 series 
LC/MSD Trap XCT in the positive mode. 
 
Peptide Synthesis and Analysis 

The synthesis of the peptides started with the same swelling and Fmoc-deprotection 
procedures as described above for peptoid synthesis.  The amino acid was coupled to the resin by 
adding 2.0 mL of a solution containing 0.4 M amino acid and 0.4 M N-hydroxybenzotriazole 
(HOBt) in DMF followed by 130 µL of DIC.  This was mixed for 60 min, drained, and washed 
with five 2.0 mL portions of DMF.  After the coupling, the Fmoc-protecting group was removed 
from the amino acid by first adding 2.0 mL of 20% piperidine in DMF for 1 min, followed by 
draining, and then a second deprotection with 2.0 mL of 20% piperidine in DMF for 12 min.  
After the deprotection, the resin was washed with five 2.0 mL portions of DMF.  This was 
repeated for the second amino acid.  The peptoid was synthesized using the same general 
procedure as described above with 1.2 M bromoacetic acid as the acylating reagent and DMF as 
the reaction solvent.  Meta-phenylenediamine was prepared as a 2.0 M solution in DMF and 
dodecylamine was prepared as a 1.0 M solution in DMF.  The meta-phenylenediamine 
submonomers were added with a displacement time of 60 min and the dodecylamine 
submonomers were added with a displacement time of 40 min.  In the optimized procedure, the 
dodecylamine was prepared as a 1.0 M solution in 15% (v/v) methanol in chlorobenzene and was 
added with a displacement time of 16 h.  After the peptoid synthesis, the nitrogen atoms were 
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acylated by adding 2.0 mL of a solution containing 0.4 M acetic anhydride and 0.4 M pyridine in 
DMF and mixing for 60 min. 

Cleavage Protocol: The cleavage procedure was the same as that used for peptoids 
above.  This removed the peptoid from the resin and also deprotected the side chains of the 
amino acids.  The product was resuspended in 4.0 mL of DMF due to formation of micelles upon 
the addition of 30% acetonitrile/70% water.   

Analysis: The synthetic purity was evaluated by reversed-phase analytical HPLC on a 
Varian Prostar.  The sample was injected on to a C18 column using a linear gradient from 5% to 
95% of solvent B in solvent A (solvent A = water + 0.1% TFA (v/v), solvent B = acetonitrile + 
0.1 % TFA (v/v)) at 1.0 mL/min and a column temperature of 60 °C over 40 min.  In the 
optimized procedure, the sample was injected on to a C18 column using a linear gradient from 
5% to 95% of solvent B in solvent A (solvent A = water + 0.1% TFA (v/v), solvent B = 
acetonitrile + 0.1 % TFA (v/v)) at 1.0 mL/min and ambient 
temperature over 50 min.  Molecular weights were verified by 
liquid chromatography/electrospray mass spectrometry 
(LC/MS) using an Agilent 1100 series LC/MSD Trap XCT in 
the positive mode.  
 
Synthetic Procedures 
 
Ortho- and meta-phenylenediamine generation 1 
dendrimers (1 and 2).  The dendrimers were prepared using 
the submonomer method described above.  The amines were 
prepared as 2.0 M solutions in 1-methyl-2-pyrrolidinone 
(NMP).  Bromoacetic acid was used as the acylating reagent 
and the transfer solvent was DMF.  The benzylamine 
submonomers were added with a displacement time of 40 
min.  The displacement time was increased to 60 min for 
the phenylenediamines since they are less nucleophilic.  
LC/MS: Calcd. for bis-substituted dendrimer [M+H]+: 
754.4, found for 1 and 2 754.0 m/z. 
Ortho- and meta-phenylenediamine generation 2 
dendrimers (3 and 4).  The dendrimers were prepared 
using the submonomer method described previously.  
Several synthesis conditions were tried.  These will be 
described in detail below, along with the characterization 
of the products.  A specific experimental procedure for 
compound 4 is given below.   
a) The amines were prepared as 2.0 M solutions in NMP.  

Bromoacetic acid (1.2 M in DMF) was used as the 
acylating reagent and the reaction solvent was DMF.  
The benzylamine submonomers were added with a 
displacement time of 40 min and the 
phenylenediamines were added with a displacement 
time of 60 min.  Following resin cleavage, 
lyophilization of the crude product 4 yielded 0.4343 g (98%).  Purification of 4 by 
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preparative HPLC yielded 0.0331 g (7.5%).  The low yield can be accounted for by losses 
during chromatography since there was an impurity that eluted immediately following the 
desired product.  Crude purity as determined by analytical HPLC: 3, 65%, 4, 60%.  LC/MS: 
Calcd. for generation 2 dendrimer [M+H]+: 1344.6, found for 3: 1345.8 m/z, found for 4: 
1345.1 m/z.  1H NMR (CD3CN): δ 1.168 (m), 3.585-3.604 (m), 3.633-3.652 (m), 3.712-3.732 
(m), 3.920-4.034 (m), 4.102-4.128 (m), 4.201-4.254 (m), 7.320-7.497 (m).  13C NMR 
(CD3OD): δ 50.48, 50.75, 119.00, 120.22, 123.39, 126.33, 126.69, 126.78, 127.50, 127.57, 
127.66, 127.79, 127.84, 128.26, 128.33, 128.59, 128.67, 128.82, 128.90, 128.99, 129.41, 
129.51, 129.81, 129.86, 130.06, 130.40, 130.47, 130.70, 135.68, 136.21, 139.16, 139.37, 
140.76, 140.80, 160.73, 161.01, 163.59, 164.92, 165.12, 166.82, 168.03.  MS/MS of peak at 
m/z = 672.8: 1033.4 m/z, 903.4 m/z, 681.2 m/z, MS3 of peak at m/z = 1033.4: 885.8 m/z, 
738.6 m/z, 605.6 m/z, 416.6 m/z, MS3 of peak at m/z = 902.8: 885.8 m/z, 738.0 m/z, 590.8 
m/z, 443.8 m/z.      

b) The amines were prepared as 2.0 M solutions in DMF.  Chloroacetic acid (0.4 M in DMF) 
was used as the acylating reagent and the reaction solvent was DMF.  All of the 
submonomers were added with a displacement time of 40 min.  This synthesis resulted in a 
complex mixture of products from which the dendrimer could not be distinguished.  

c) The phenylenediamines were prepared as 2.0 M solutions in DMF.  The benzylamine was 
prepared as a 1.0 M solution in DMF.  Iodoacetic acid (1.2 M in DMF) was used as the 
acylating reagent and the reaction solvent was DMF.  The benzylamine submonomers were 
added with a displacement time of 40 min and the phenylenediamines were added with a 
displacement time of 60 min.  Crude purity as determined by analytical HPLC: 3, 36%, 4, 
52%.  LC/MS: Calcd. for generation 2 dendrimer [M+H]+: 1344.6, found for 3: 1346.8 m/z, 
found for 4: 1344.2 m/z. 

d) The phenylenediamines were prepared as 0.1 M solutions in DMF.  Benzylamine was 
prepared as a 1.0 M solution in DMF.  Bromoacetic acid (1.2 M in DMF) was used as the 
acylating reagent and the reaction solvent was DMF.  All of the submonomers were added 
with a displacement time of 40 min.  One of the masses observed by LC/MS was 458.8 m/z, 
which corresponded to the benzylamine trimer (calc’d. [M+H]+: 459.2).  Other deletion 
products were also identified by LC/MS.   

e) The amines were prepared as 1.0 M solutions in 1,2-dichloroethane.  Bromoacetic acid (1.2 
M in DMF) was used as the acylating reagent and the reaction solvent was 1,2-
dichloroethane.  All of the submonomers were added with a displacement time of 40 min.  
Crude purity as determined by analytical HPLC: 3, 41%, 4, 33%.  LC/MS: Calcd. for 
generation 2 dendrimer [M+H]+: 1344.6, found for 3: 1345.2 m/z, found for 4: 1345.7 m/z.  

f) The phenylenediamines were prepared as 2.0 M solutions in DMSO and benzylamine was 
prepared as a 1.0 M solution in DMSO.  Bromoacetic acid (1.2 M in DMF) was used as the 
acylating reagent and the reaction solvent was DMSO.  The benzylamine submonomers were 
added with a displacement time of 40 min and the phenylenediamines were added with a 
displacement time of 60 min.  This synthesis resulted in a complex mixture of products from 
which the dendrimer could not be distinguished.  

Cyclohexanediamine Cyclic Product (5) and Cyclohexanediamine Dendrimer (6).  The 
products were prepared simultaneously using the submonomer method described previously.  
Several synthesis conditions were tried.  These will be described in detail below, along with the 
characterization of the products. 
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g) The benzylamine was prepared as a 2.0 M solution in NMP and the 1,2-cyclohexanediamine 
was prepared as a 2.0 M solution in DMSO.  Bromoacetic acid (1.2 M in DMF) was used as 
the acylating reagent and the reaction solvent was DMF.  The benzylamine submonomers 
were added with a displacement time of 40 min and 
the cyclohexanediamines were added with a 
displacement time of 60 min.  Crude purity as 
determined by analytical HPLC: for 5 and 6, 39%.  
LC/MS: Calcd. for 5 [M+H]+: 807.5, found for 5: 
807.1 m/z, Calcd. for 6 [M+H]+: 1215.7, found for 6: 
1216.2 m/z.  

h) The benzylamine was prepared as a 1.0 M solution in 
DMF and the 1,2-cyclohexanediamine was prepared as 
a 1.0 M solution in DMSO.  Chloroacetic acid (0.4 M in 
DMF) was used as the acylating reagent and the 
reaction solvent was DMF.  All of the submonomers 
were added with a displacement time of 40 min.  This 
synthesis resulted in a complex mixture of products.   

i) The benzylamine was prepared as a 1.0 M solution in 
DMF and the 1,2-cyclohexanediamine was prepared as 
a 1.0 M solution in DMSO.  Iodoacetic acid (1.2 M in 
DMF) was used as the acylating reagent and the 
reaction solvent was DMF.  The benzylamine 
submonomers were added with a displacement time of 40 min and the cyclohexanediamines 
were added with a displacement time of 60 min.  Crude purity as determined by analytical 
HPLC: for 5 and 6, 15%.  LC/MS: Calcd. for 5 [M+H]+: 807.5, found for 5: 807.1 m/z, 
Calcd. for 6 [M+H]+: 1215.7, found for 6: 1216.2 m/z.  

j) The benzylamine was prepared as a 1.0 M solution in DMF and the 1,2-cyclohexanediamine 
was prepared as a 1.0 M solution in DMSO.  Bromoacetic acid (1.2 M in DMF) was used as 
the acylating reagent and the reaction solvent was DMF.  All of the submonomers were 
added with a displacement time of 40 min.  Crude purity as determined by analytical HPLC: 
for 5 and 6, 24%.  LC/MS: Calcd. for 5 [M+H]+: 807.5, found for 5: 807.4 m/z, Calcd. for 6 
[M+H]+: 1215.7, found for 6: 1215.5 m/z.  

k) The benzylamine was prepared as a 1.0 M solution in DMF and the 1,2-cyclohexanediamine 
was prepared as a 0.1 M solution in DMSO.  Bromoacetic acid (1.2 M in DMF) was used as 
the acylating reagent and the reaction solvent was DMF.  All of the submonomers were 
added with a displacement time of 40 min.  Crude purity as determined by analytical HPLC: 
for 5 and 6, 47%.  LC/MS: Calcd. for 5 [M+H]+: 807.5, found for 5: 807.0 m/z, Calcd. for 6 
[M+H]+: 1215.7, found for 6: 1216.3 m/z. 

l) The amines were prepared as 1.0 M solutions in 1,2-dichloroethane.  Bromoacetic acid (1.2 
M in DMF) was used as the acylating reagent and the reaction solvent was 1,2-
dichloroethane.  All of the submonomers were added with a displacement time of 40 min.   
Crude purity as determined by analytical HPLC: for 5 and 6, 26%.  LC/MS: Calcd. for 5 
[M+H]+: 807.5, found for 5: 806.9 m/z, Calcd. for 6 [M+H]+: 1215.7, found for 6: 1215.3 
m/z. 

m) The amines were prepared as 1.0 M solutions in DMSO.  Bromoacetic acid (1.2 M in DMF) 
was used as the acylating reagent and the reaction solvent was DMSO.  The benzylamine 
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submonomers were added with a displacement time of 40 min and the cyclohexanediamines 
were added with a displacement time of 60 min.  Crude purity as determined by analytical 
HPLC: for 5 and 6, 16%.  LC/MS: Calcd. for 5 [M+H]+: 807.5, found for 5: 807.0 m/z, 
Calcd. for 6 [M+H]+: 1215.7, found for 6: 1215.3 m/z.          

Ethylenediamine Cyclic Product (7) and Ethylenediamine Dendrimer (8).  The products 
were prepared simultaneously using the submonomer method described previously.  Several 
synthesis conditions were used.  These will be described in 
detail below, along with the characterization of the 
products. 
g) The amines were prepared as 2.0 M solutions in NMP.  

Bromoacetic acid (1.2 M in DMF) was used as the 
acylating reagent and the reaction solvent was DMF.  
The benzylamine submonomers were added with a 
displacement time of 40 min and the ethylenediamines 
were added with a displacement time of 60 min.  Crude 
purity as determined by analytical HPLC: 7, 10%, 8, 
49%.  LC/MS: Calc’d for 7 [M+H]+: 699.4, found for 7: 
698.9 m/z, Calc’d for 8 [M+H]+: 1053.6, found for 8: 
1053.2 m/z.  1H NMR for 7 (CD3CN): δ 0.777-0.882 
(m), 1.085 (s), 1.098 (s), 1.167 (s), 1.190 (m), 1.270 
(m), 1.309 (s) 1.424 (s), 2.772-2.909 (m), 3.144-3.369 
(m), 3.752-3.946 (m), 4.158-4.282 (m), 4.432-4.694 
(m), 7.254-7.504 (m).  1H NMR for 8 (CD3CN): δ 
0.777-0.882 (m), 1.086 (s), 1.098 (s), 1.168 (s), 1.191 
(m), 1.275 (m), 1.309 (s), 1.424 (s), 1.608 (s), 1.622 (s), 3.241-3.393 (m), 3.573-3.695 (m), 
3.732-3.949 (m), 3.988-4.106 (m), 4.135-4.334 (m), 4.352-4.432 (m), 4.518-4.580 (m), 
4.617-4.652 (m), 7.275-7.476 (m).   

h) The amines were prepared as 1.0 M solutions in DMF.  Chloroacetic acid (0.4 M in DMF) 
was used as the acylating reagent and the reaction solvent was DMF.  All of the 
submonomers were added with a displacement time of 40 min.  This synthesis resulted in a 
complex mixture of products.   

i) The amines were prepared as 1.0 M solutions in DMF.  Iodoacetic acid (1.2 M in DMF) was 
used as the acylating reagent and the reaction solvent was DMF.  The benzylamine 
submonomers were added with a displacement time of 40 min and the ethylenediamines were 
added with a displacement time of 60 min.  Crude purity as determined by analytical HPLC: 
7, 13%, 8, 18%.  LC/MS: Calc’d for 7 [M+H]+: 699.4, found for 7: 698.9 m/z, Calc’d for 8 
[M+H]+: 1053.6, found for 8: 1053.1 m/z.  

j) The amines were prepared as 1.0 M solutions in DMF.  Bromoacetic acid (1.2 M in DMF) 
was used as the acylating reagent and the reaction solvent was DMF.  All of the 
submonomers were added with a displacement time of 40 min.  Crude purity as determined 
by analytical HPLC: 7, 13%, 8, 33%.  LC/MS: Calc’d for 7 [M+H]+: 699.4, found for 7: 
699.2 m/z, Calc’d for 8 [M+H]+: 1053.6, found for 8: 1053.6 m/z.  

k) The benzylamine was prepared as a 1.0 M solution in DMF and the ethylenediamine was 
prepared as a 0.1 M solution in DMF.  Bromoacetic acid (1.2 M in DMF) was used as the 
acylating reagent and the reaction solvent was DMF.  All of the submonomers were added 
with a displacement time of 40 min.  Crude purity as determined by analytical HPLC: 7, 8%, 
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8, 26%.  LC/MS: Calc’d for 7 [M+H]+: 699.4, found for 7: 698.9 m/z, Calc’d for 8 [M+H]+: 
1053.6, found for 8: 1053.1 m/z.  

l) The amines were prepared as 1.0 M solutions in 1,2-dichloroethane.  Bromoacetic acid (1.2 
M in DMF) was used as the acylating reagent and the reaction solvent was 1,2-
dichloroethane.  All of the submonomers were added with a displacement time of 40 min.  
Crude purity as determined by analytical HPLC: 7, 17%, 8, 34%.  LC/MS: Calc’d for 7 
[M+H]+: 699.4, found for 7: 698.9 m/z, Calc’d for 8 [M+H]+: 1053.6, found for 8: 1053.2 
m/z. 

m) The amines were prepared as 1.0 M solutions in DMSO.  Bromoacetic acid (1.2 M in DMF) 
was used as the acylating reagent and the reaction solvent was DMSO.  The benzylamine 
submonomers were added with a displacement time of 40 min and the ethylenediamines were 
added with a displacement time of 60 min.  Crude purity as determined by analytical HPLC: 
7, 12%, 8, 16%.  LC/MS: Calc’d for 7 [M+H]+: 699.4, found for 7: 698.9 m/z, Calc’d for 8 
[M+H]+: 1053.6, found for 8: 1053.1 m/z.     

n) The benzylamine was prepared as a 2.0 M solution in DMF.  The metals were prepared as a 
60 mM solution with 1.0 M ethylenediamine in DMSO.  The metals used were nickel (II) 
chloride hexahydrate, zinc chloride, magnesium chloride hexahydrate, cobalt (II) chloride 
hexahydrate, lead (II) chloride, and copper (II) chloride dihydrate.  Bromoacetic acid (1.2 M 
in DMF) was used as the acylating reagent and the reaction solvent was DMF.  The 
benzylamine submonomers were added with a displacement time of 40 min and the 
ethylenediamines were added with a displacement time of 90 min.  Crude purity as 
determined by analytical HPLC: 7 with Ni, 15%, 8 with Ni, 32%, 7 with Zn, 18%, 8 with Zn, 
39%, 7 with Mg, 19%, 8 with Mg, 41%, 7 with Co, 16%, 8 with Co, 23%, 7 with Pb, 19%, 8 
with Pb, 42%, 7 with Cu, 18%, 8 with Cu, 39%.  LC/MS: Calc’d for 7 [M+H]+: 699.4, found 
for 7 with Ni: 698.9 m/z, found for 7 with Zn: 698.9 m/z, found for 7 with Mg: 698.9 m/z, 
found for 7 with Co: 698.9 m/z, found for 7 with Pb: 698.9 m/z, and found for 7 with Cu: 
698.9 m/z, Calc’d for 8 [M+H]+: 1053.6, found for 8 with Ni: 1054.1 m/z, found for 8 with 
Zn: 1053.1 m/z, found for 8 with Mg: 1053.1 m/z, found for 8 with Co: 1053.1 m/z, found 
for 8 with Pb: 1053.1 m/z, and found for 8 with Cu: 1053.2 m/z.        

Microwave synthesis of Ethylenediamine Cyclic Product (7) and Ethylenediamine 
Dendrimer (8).  The products were prepared simultaneously using the general microwave 
method described above.  Details of the synthesis and characterization are described below.   
o) The ethylenediamine was prepared as 0.5 M and 1.0 M solutions in DMSO.  The 

benzylamine was prepared as a 1.0 M solution in DMSO.  Bromoacetic acid (1.2 M in DMF) 
was used as the acylating reagent and DMF and dichloromethane are the reaction solvents.  
The displacement time was 4 min.  Crude purity as determined by analytical HPLC: 7 with 
0.5 M ethylenediamine, 5%, 8 with 0.5 M ethylenediamine, 9%, 7 with 1.0 M 
ethylenediamine, 4%, 8 with 1.0 M ethylenediamine, 6%.  LC/MS: Calc’d for 7 [M+H]+: 
699.4, found for 7 with 0.5 M ethylenediamine: 699.0 m/z, found for 7 with 1.0 M 
ethylenediamine: 698.9 m/z, Calc’d for 8 [M+H]+: 1053.6, found for 8 with 0.5 M 
ethylenediamine: 1053.1 m/z, found for 8 with 1.0 M ethylenediamine: 1053.1 m/z.  

p) The benzylamine was prepared as a 1.0 M solution in DMSO.  The ethylenediamine was 
prepared as a 1.0 M solution with 60 mM metal.  The metals used were copper (II) chloride 
dihydrate and cobalt (II) chloride hexahydrate.  Bromoacetic acid (1.2 M in DMF) was used 
as the acylating reagent and DMF and dichloromethane are the reaction solvents.  The 
displacement time was 4 min.  Crude purity as determined by analytical HPLC: 7 with Cu, 



 98 

NH2

N
N

N
N

O

O

O

O

HN
H
N

N

O

O

NH

O

13

H2N
N

N
N

N

O

O

O

O

NH
H
N

N

O

O

HN

O

13  

4%, 8 with Cu, 12%, 7 with Co, 4%, 8 with Co, 15%.  LC/MS: Calc’d for 7 [M+H]+: 699.4, 
found for 7 with Cu: 698.9 m/z, found for 7 with Co: 698.9 m/z, Calc’d for 8 [M+H]+: 
1053.6, found for 8 with Cu: 1053.1 m/z, found for 8 with Co: 1053.1 m/z.    

Microwave synthesis of Meta-Phenylenediamine Cyclic 
Product (13) and Meta-Phenylenediamine Dendrimer (4).  
The products were prepared simultaneously using the general 
microwave method described above.  Details of the synthesis 
and characterization are described below.   
q) The meta-phenylenediamine was prepared as a 0.1 M 

solution in DMF.  The benzylamine was prepared as a 1.0 
M solution in DMF.  Bromoacetic acid (1.2 M in DMF) 
was used as the acylating reagent and DMF and 
dichloromethane are the reaction solvents.  The 
displacement time was 12 min.  Crude purity as determined by analytical HPLC: 13, 13%, 4, 
10%.  LC/MS: Calc’d for 13 [M+H]+: 942.1, found for 13: 942.0, Calc’d for 4 [M+H]+: 
1344.6, found for 4: 1345.1 m/z.  

 
Synthesis of Dendritic Peptoid/Dipeptide Hybrids (9, 10, 11, and 12).  The second amino acid 
used in all of the dipeptides was Fmoc-Tyr(But)-OH.  The first amino acid was varied to include 
several different side chains.  The first amino acid was Fmoc-Ala-OH for 9, Fmoc-Phe-OH for 
10, Fmoc-Ile-OH for 11, and Fmoc-Lys(Boc)-OH for 12,  where the three letter abbreviations 
have been used for the amino acids and the abbreviations in parentheses are the side chain 
protecting groups (But = t-butyl and Boc = t-butyloxycarbonyl).  All dendritic dipeptides were 
synthesized according to the general procedure described above.  A specific experimental 
procedure for compound 12 is given below.  LC/MS: Calc’d for 9 [M+H]+: 1765.2, found for 9: 
1764.7 and 883.1 (M+2/2) m/z, Calc’d for 10 [M+H]+: 1841.2, found for 10: 1841.8 and 921.0 
(M+2/2) m/z, Calc’d for 11 [M+H]+: 1807.2, found for 11: 1806.6 and 904.2 (M+2/2) m/z, 
Calc’d for 12 [M+H]+: 1822.2, found for 12: 1821.9 and 911.6 (M+2/2) m/z.      

 
Synthesis of Dendritic Peptoid/Dipeptide Hybrids (14, 15, 16, 17, 18, 19, 20, and 21).  For 
each dendrimer, the dipeptide consisted of two residues of the same amino acid.  The amino acid 
was varied to include several different side chains.  The amino acids used were Fmoc-
Asp(OBut)-OH for 14, 16, 17, and 18, and Fmoc-Lys(Boc)-OH for 15, 19, 20, and 21  where the 
three letter abbreviations have been used for the amino acids and the abbreviations in parentheses 
are the side chain protecting groups (But = t-butyl and Boc = t-butyloxycarbonyl).  For dendritic 
peptoid/dipeptide hybrids 14 and 15, dodecylamine was prepared as a 1.0 M solution in DMF.  
The dendritic dipeptides were synthesized according to the general procedure described above.  
Compounds 16-21 were synthesized according to the optimized general procedure described 
above without the final acylation step.  The aliphatic amines (octylamine for compounds 16 and 
19, decylamine for compounds 17 and 20, and dodecylamine for compounds 18 and 21) were 
prepared as 1.0 M solutions in 15% (v/v) methanol in chlorobenzene.  Crude purity as 
determined by analytical HPLC: 14, 13%, 15, 25%, 16, 60%, 17, 47%, 18, 59%, 19, 57%, 20, 
45%, 21, 42%.  LC/MS: Calc’d for 14 [M+H]+: 1761.2, found for 14: 1761.5 and 880.7 (M+2/2) 
m/z, Calc’d for 15 [M+H]+: 1787.3, found for 15: 894.0 (M+2/2) m/z, Calc’d for 16 [M+H]+: 
1368.9, found for 16: 1369.1 and 685.6 (M+2/2) m/z, Calc’d for 17 [M+H]+: 1481.0, found for 
17: 741.2 (M+2/2) m/z, Calc’d for 18 [M+H]+: 1593.1, found for 18: 797.3 (M+2/2) and 532.0 
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(M+3/3) m/z, Calc’d for 19 [M+H]+: 1395.0, found for 19: 1395.4, 698.3 (M+2/2) and 465.7 
(M+3/3) m/z, Calc’d for 20 [M+H]+: 1507.1, found for 20: 1507.6, 754.2 (M+2/2) and 503.0 
(M+3/3) m/z, Calc’d for 21 [M+H]+: 1619.2, found for 21: 810.4 (M+2/2) and 540.5 (M+3/3) 
m/z. 
 
Synthesis of Lipitoid Dendrimers (22, 23, 24, and 25).  The lipitoid dendrimers were prepared 
using the submonomer method described above.  4-methoxyphenethylamine and boc-
ethylenediamine were prepared as 1.0 M solutions in DMF.  1,3-phenylenediamine was prepared 
as a 2.0 M solution in DMF.  Bromoacetic acid (1.2 M in DMF) was used as the acylating 
reagent and the transfer solvent was DMF.  The displacement time was 60 min.  The aliphatic 
amines (hexylamine 22, octylamine 23, decylamine 24, and dodecylamine 25) were prepared as 
1.0 M solutions in 15% (v/v) methanol in chlorobenzene.  The displacement time was 16 h.  
Crude purity as determined by analytical HPLC: 22, 34%, 23, 45%, 24, 43%, 25, 53%.  LC/MS: 
Calc’d for 22 [M+H]+: 2473.4, found for 22: 1237.5 (M+2/2), 825.5 (M+3/3), and 620.1 
(M+4/4) m/z, Calc’d for 23 [M+H]+: 2585.6, found for 23: 1293.6 (M+2/2), 862.9 (M+3/3), and 
647.6 (M+4/4) m/z, Calc’d for 24 [M+H]+: 2697.7, found for 24: 1350.0 (M+2/2), 900.1 
(M+3/3), and 675.3 (M+4/4) m/z, Calc’d for 25 [M+H]+: 2809.8, found for 25: 1405.6 (M+2/2), 
937.4 (M+3/3), 704.0 (M+4/4) and 563.2 (M+5/5) m/z. 

 
Specific Synthetic Procedures 

 
Meta-phenylenediamine generation 2 dendrimer (4).  The 
peptoids were synthesized on an automated peptide 
synthesizer (Aaptec Apex 396).  Five portions of 
approximately 100 mg of resin (60 µmol) were used and each 
portion was placed in a separate reaction well.  The solutions 
were prepared and placed in vessels on the synthesizer.  1,3-
phenylenediamine (3.2607 g, 0.0302 mol) was dissolved in 
DMF (15.0 mL).  Benzylamine (2.182 mL, 0.020 mol) was 
mixed with DMF (20 mL).  Bromoacetic acid (25.2287 g, 
0.1816 mol) was dissolved in DMF (150 mL).     
 Swelling: The resin was swelled with 4.0 mL of N, N’-dimethylformamide (DMF) for 2 
min.   
 Fmoc Deprotection: The resin was deprotected with 2.0 mL of 20 % piperidine in DMF 
for 1 min, followed by draining, and then a second deprotection with 2.0 mL of 20% piperidine 
in DMF for 12 min.  After the deprotection, the resin was washed with five 2.0 mL portions of 
DMF. 
 First Monomer Addition Cycle: To the resin-bound amine was added 1.0 mL of a 
solution of 1.2 M bromoacetic acid in DMF (1.2 mmol) followed by 180 µL of N, N’-
diisopropylcarbodiimide (DIC).  The resin was mixed for 20 min, drained, and then washed with 
five 2.0 mL portions of DMF.  To the resin-bound bromide was added 1.0 mL of a 1.0 M 
solution of benzylamine in DMF (1.0 mmol).  This was allowed to react for 40 min.  After the 
displacement reaction, the resin was drained and then washed with five 2.0 mL portions of DMF. 
 Second Monomer Addition Cycle: To the resin-bound amine was added 1.0 mL of a 
solution of 1.2 M bromoacetic acid in DMF (1.2 mmol) followed by 180 µL of DIC.  The resin 
was mixed for 20 min, drained, and then washed with five 2.0 mL portions of DMF.  To the 
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resin-bound bromide was added 1.0 mL of a 1.0 M solution of benzylamine in DMF (1.0 mmol).  
This was allowed to react for 40 min.  After the displacement reaction, the resin was drained and 
then washed with five 2.0 mL portions of DMF. 
 Third Monomer Addition Cycle: To the resin-bound amine was added 1.0 mL of a 
solution of 1.2 M bromoacetic acid in DMF (1.2 mmol) followed by 180 µL of DIC.  The resin 
was mixed for 20 min, drained, and then washed with five 2.0 mL portions of DMF.  To the 
resin-bound bromide was added 1.0 mL of a 2.0 M solution of 1,3-phenylenediamine in DMF 
(2.0 mmol).  This was allowed to react for 60 min.  After the displacement reaction, the resin was 
drained and then washed with five 2.0 mL portions of DMF. 
 Fourth Monomer Addition Cycle: To the resin-bound amine was added 1.0 mL of a 
solution of 1.2 M bromoacetic acid in DMF (1.2 mmol) followed by 180 µL of DIC.  The resin 
was mixed for 20 min, drained, and then washed with five 2.0 mL portions of DMF.  To the 
resin-bound bromide was added 1.0 mL of a 2.0 M solution of 1,3-phenylenediamine in DMF 
(2.0 mmol).  This was allowed to react for 60 min.  After the displacement reaction, the resin was 
drained and then washed with five 2.0 mL portions of DMF. 
 Fifth Monomer Addition Cycle: To the resin-bound amine was added 1.0 mL of a 
solution of 1.2 M bromoacetic acid in DMF (1.2 mmol) followed by 180 µL of DIC.  The resin 
was mixed for 20 min, drained, and then washed with five 2.0 mL portions of DMF.  To the 
resin-bound bromide was added 1.0 mL of a 1.0 M solution of benzylamine in DMF (1.0 mmol).  
This was allowed to react for 40 min.  After the displacement reaction, the resin was drained and 
then washed with five 2.0 mL portions of DMF. 
 
Dendritic Peptoid/Dipeptide Hybrid (12).  
The dendritic peptoid/dipeptide hybrids were 
synthesized on an automated peptide 
synthesizer (Aaptec Apex 396).  106.1 mg of 
resin (63.7 µmol) was used.  The solutions were 
prepared and placed in vessels on the 
synthesizer.  Fmoc-Lys(Boc)-OH (0.9411 g, 
2.0088 mmol) and N-hydroxybenzotriazole 
(HOBt) (0.3095 g, 2.0209 mmol) were 
dissolved in DMF (5 mL).  Fmoc-Tyr(But)-OH 
(1.8402 g, 4.0044 mmol) and HOBt (0.6164 g, 
4.0248 mmol) were dissolved in DMF (10 mL).  1,3-phenylenediamine (2.1773 g, 20.1341 
mmol) was dissolved in DMF (10 mL).  Dodecylamine (0.9339 g, 5.0386 mmol) was dissolved 
in DMF (5 mL).  Acetic anhydride (378.1 µL, 4.0 mmol) and pyridine (323.52 µL, 4.0 mmol) 
were mixed with DMF (10 mL). 

Swelling: The resin was swelled with 4.0 mL of N, N’-dimethylformamide (DMF) for 2 
min.   
 Fmoc Deprotection: The resin was deprotected with 2.0 mL of 20 % piperidine in DMF 
for 1 min, followed by draining, and then a second deprotection with 2.0 mL of 20% piperidine 
in DMF for 12 min.  After the deprotection, the resin was washed with five 2.0 mL portions of 
DMF. 
 First Monomer Addition Cycle:  To the resin-bound amine was added 2.0 mL of a 
solution containing 0.4 M Fmoc-Lys(Boc)-OH and 0.4 M HOBt in DMF followed by 130 µL of 
DIC.  This was mixed for 60 min, drained, and washed with five 2.0 mL portions of DMF.  After 
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the coupling, the Fmoc-protecting group was removed from the amino acid by first adding 2.0 
mL of 20% piperidine in DMF for 1 min, followed by draining, and then a second deprotection 
with 2.0 mL of 20% piperidine in DMF for 12 min.  After the deprotection, the resin was washed 
with five 2.0 mL portions of DMF.   
 Second Monomer Addition Cycle: To the resin-bound amine was added 2.0 mL of a 
solution containing 0.4 M Fmoc-Tyr(But)-OH and 0.4 M HOBt in DMF followed by 130 µL of 
DIC.  This was mixed for 60 min, drained, and washed with five 2.0 mL portions of DMF.  After 
the coupling, the Fmoc-protecting group was removed from the amino acid by first adding 2.0 
mL of 20% piperidine in DMF for 1 min, followed by draining, and then a second deprotection 
with 2.0 mL of 20% piperidine in DMF for 12 min.  After the deprotection, the resin was washed 
with five 2.0 mL portions of DMF. 
 Third Monomer Addition Cycle: To the resin-bound amine was added 1.0 mL of a 
solution of 1.2 M bromoacetic acid in DMF (1.2 mmol) followed by 180 µL of DIC.  The resin 
was mixed for 20 min, drained, and then washed with five 2.0 mL portions of DMF.  To the 
resin-bound bromide was added 1.0 mL of a 2.0 M solution of 1,3-phenylenediamine in DMF 
(2.0 mmol).  This was allowed to react for 60 min.  After the displacement reaction, the resin was 
drained and then washed with five 2.0 mL portions of DMF. 
 Fourth Monomer Addition Cycle: To the resin-bound amine was added 1.0 mL of a 
solution of 1.2 M bromoacetic acid in DMF (1.2 mmol) followed by 180 µL of DIC.  The resin 
was mixed for 20 min, drained, and then washed with five 2.0 mL portions of DMF.  To the 
resin-bound bromide was added 1.0 mL of a 2.0 M solution of 1,3-phenylenediamine in DMF 
(2.0 mmol).  This was allowed to react for 60 min.  After the displacement reaction, the resin was 
drained and then washed with five 2.0 mL portions of DMF. 
 Fifth Monomer Addition Cycle: To the resin-bound amine was added 1.0 mL of a 
solution of 1.2 M bromoacetic acid in DMF (1.2 mmol) followed by 180 µL of DIC.  The resin 
was mixed for 20 min, drained, and then washed with five 2.0 mL portions of DMF.  To the 
resin-bound bromide was added 1.0 mL of a 1.0 M solution of dodecylamine in DMF (1.0 
mmol).  This was allowed to react for 40 min.  After the displacement reaction, the resin was 
drained and then washed with five 2.0 mL portions of DMF. 
 Acylation: After the peptoid synthesis, the nitrogen atoms were acylated by adding 2.0 
mL of a solution containing 0.4 M acetic anhydride and 0.4 M pyridine in DMF and mixing for 
60 min.  The resin was drained and washed with DMF. 
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Chapter 5 – Synthesis and Sequencing of Combinatorial Libraries 
of Peptoids 

Abstract 
Peptoids, oligo-(N-substituted glycines), represent promising compounds for drug 

discovery and the identification of novel ligands.  In order to identify peptoids with the desired 
properties, it is necessary to be able to synthesize large libraries, to screen these libraries for 
“hits”, and to subsequently be able to obtain the sequences of the “hits”.  All of these processes 
should be simple to execute and cost-effective.  In this chapter, we report the synthesis and 
sequencing of combinatorial libraries of peptoids.  Amine submonomers were screened for 
inclusion in the library synthesis and the synthesis conditions were optimized.  Three 
combinatorial libraries were synthesized.  In addition, a method for the rapid sequence 
determination of peptoids and peptide-peptoid hybrids selected from one-bead-one-compound 
combinatorial libraries has been developed.  In this method, beads carrying unique peptoid (or 
peptide-peptoid) sequences were subjected to multiple cycles of partial Edman degradation 
(PED) by treatment with a 1:3 (mol/mol) mixture of phenyl isothiocyanate (PITC) and 9-
fluorenylmethyl chloroformate (Fmoc-Cl) to generate a series of N-terminal truncation products 
for each resin-bound peptoid.  After PED, the Fmoc group was removed from the N-terminus 
and any reacted side chains via piperidine treatment.  The resulting mixture of the full-length 
peptoid and its truncation products was analyzed by matrix-assisted laser desorption ionization 
(MALDI) mass spectrometry, to reveal the sequence of the full-length peptoid.  With a slight 
modification, the method was also effective in the sequence determination of peptide-peptoid 
hybrids.  This rapid, high-throughput, sensitive, and inexpensive sequencing method should 
greatly expand the utility of combinatorial peptoid libraries in biomedical and materials research. 
 
Introduction 
 Oligomers of N-substituted glycines, or “peptoids”, are a new class of unnatural materials 
that are capable of mimicking the structure and function of peptides and proteins.1  A diverse 
array of biologically active peptoids have been discovered, including carriers for nucleic acid 
delivery,2 antimicrobials,3 lung surfactant mimetics,4 inhibitors of G-protein-coupled receptors,5 
and ligands of both intracellular and cell surface proteins.6,7  Peptoids offer several advantages 
over peptides as therapeutic or diagnostic agents.  They are resistant to proteases8 and more 
membrane permeable,9 due to the lack of amide –NH groups, thus overcoming two major 
problems associated with peptide drugs.  Furthermore, peptoids containing a wide variety of 
side-chain functionalities can be readily prepared by using a two-step, submonomer method.10  
These properties make peptoids attractive structures in drug discovery as well as materials 
engineering. 

Combinatorial chemistry provides a powerful method for the rapid identification of high-
affinity ligands against macromolecular targets (e.g., proteins).  Most of the biologically active 
peptoids aforementioned were originally discovered by screening combinatorial peptoid libraries.  
Although in-solution screening of peptoid libraries has been practiced,5 the more straightforward 
method involves one-bead screening of one-bead-one-compound (OBOC) libraries, during which 
peptoid ligands are displayed on the surface of individual beads and a soluble, properly labeled 
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receptor, small molecule, or intact cell is allowed to bind to those beads that carry the high-
affinity ligands (Figure 5.1B).6,7  The advantage of on-bead screening is that OBOC libraries of 
very high sequence diversity can be readily prepared by the split-and-pool synthesis method11-13 
(Figure 5.1A) and a large number of compounds can be rapidly screened in a short time (e.g., 107 
beads/compounds can be screened in a few hours).  However, on-bead screening of OBOC 
libraries necessitates post-screening identification of the selected “hit” compounds.  Direct 
sequencing of resin-bound peptoids by Edman degradation has been most commonly employed 
for this purpose.6,7,14  Unfortunately, Edman sequencing is time-consuming (hours to a day to 
sequence a short peptide/peptoid) and expensive (~$300/peptide or peptoid).  For peptoids and 
peptides containing unnatural amino acids, the Edman method is especially slow, since it 
requires the prior synthesis and analysis of phenylthiohydantoin standards for each unnatural 
residue.  Liskamp and co-workers applied MS/MS techniques to determine the sequence of 
peptoids15-17 and found that peptoids in general fragment in a similar manner to peptides.  
However, the presence of at least two sets of fragment ions in the spectra (b and y ions) makes 
them inherently difficult to interpret.  To alleviate this problem, Paulick et al. recently showed 
that spectral interpretation could be greatly simplified by the addition of an isotope tag to one 
end of the peptoids.18  In this method, the peptoids were attached to the solid phase via a 
cleavable linker.  After a hit compound/bead was isolated from a library, the peptoid was 
released from the bead to form a C-terminal aldehyde, which was then derivatized with a 
bromine-containing amino-oxy compound that serves as an isotope tag.  The tagged peptoid was 
subjected to MS/MS analysis, during which the y-ion fragments were readily identified by their 
doublet peaks (m/z M and M+2 due to 79Br and 81Br isotopes).  This method works well with 
peptoids displayed on TentaGel macrobeads (which typically carry ≥1 nmol peptoids per bead), 
but becomes less reliable when the amount of peptoids is limited.  It also requires chemical 
modification after the peptoid is released from the resin, resulting in sample loss during the 
manipulations.  These features make the MS/MS method less convenient for the more popular 
TentaGel microbeads (which are ≤100 µm in diameter and carry ≤100 pmol of peptoids), 
especially when a large number of hits need to be sequenced.  The Pei laboratory has previously 
demonstrated that resin-bound peptides can be rapidly sequenced by partial Edman 
degradation/mass spectrometry (PED/MS).19-21  Briefly, a resin-bound peptide is converted into a 
series of progressively shorter fragments by multiple cycles of partial Edman degradation and the 
resulting peptide ladder is analyzed by matrix-assisted laser desorption ionization (MALDI) MS.  

In this chapter, we describe the synthesis of three peptoid libraries, one with a peptoid 
linker and two with peptide linkers.  The amine monomers for the library were initially used to 
synthesize test compounds in order to optimize the synthesis conditions.  Several monomers 
were found to be unsuitable for library synthesis.  After selection of optimal conditions and 
monomers, the libraries were synthesized and sequenced by PED/MS.  We have adapted the 
PED/MS concept to develop a reliable, sensitive, high-throughput, and inexpensive method to 
directly sequence resin-bound peptoids and peptide-peptoid hybrids derived from OBOC 
libraries. 
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Figure 5.1.  Synthesis and screening of one-bead-one-compound (OBOC) libraries.  Split-and-
pool synthesis method (A) and screening of resultant library (B). 
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Results and Discussion 
Synthesis of Test Peptoids and Representative Library Members 

Before synthesizing the peptoid libraries, we wanted to make sure that the amines we 
selected (Figure 5.2) would work well in the submonomer method.  First, we synthesized test 
pentamers (1-12) consisting of alternating benzylamine and amine submonomers of interest.  We 
used benzylamine as the alternating residue because it is known to be well-behaved in peptoid 
synthesis.22  In addition, if the monomer of interest fails to be incorporated into the peptoid, the 
product will be the N-benzylglycine trimer, which is easily characterized.22  The pentamers were 
analyzed by Liquid Chromatography/Mass Spectrometry (LC/MS).  We determined that the 
unprotected tryptamine does not result in clean product.  Thus, we decided not to use this 
monomer in the library synthesis.  The rest of the monomers worked well.   
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Figure 5.2.  Structures of amine monomers used in the synthesis of test compounds. 

 
To further test the suitability of the amines for library synthesis, we synthesized 

representative library members on the peptide linker (Figure 5.3, compounds 13-17).  The 
peptide linker contains six residues, leucine, asparagine, β-alanine, β-alanine, arginine and 
methionine (LNBBRM).  The sequence is cleaved from the resin using cyanogen bromide in 
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70% trifluoroacetic acid (TFA), which results in the formation of a homoserine lactone.  This 
allows deprotection of the side chain protecting groups without cleavage from the resin thus 
enabling on-bead screening of the library (Figure 5.1B).  After cleavage, we analyzed the 
products using MALDI mass spectrometry.  Analysis of the sequences showed loss of the 
furfurylamine side chain during cleavage.  In addition, O-t-butyl glycine as the next to the last 
residue causes cyclization of the terminal nitrogen into the carboxylic acid of the side chain and 
elimination of water.  Finally, O-TIPS-2-aminoethanol doesn’t get incorporated completely.  As 
solutions to these problems, we replaced the furfurylamine residue with cyclohexylamine and O-
t-butyl glycine with O-t-butyl-β-alanine as the next to the last residue.  In addition, we increased 
the concentration of O-TIPS-2-aminoethanol to 2 M and increased the displacement times to 2 
hours.  We synthesized a new set of representative library members incorporating these changes 
(Figure 5.4, compounds 18-22).  The changes resulted in successful synthesis of these test 
compounds.  We next performed sequencing of these test compounds using PED/MS.  We were 
able to sequence the representative library members and thus decided to synthesize combinatorial 
libraries including these amine submonomers (see below).  We have also tested various other 
amine submonomers for use in library synthesis (compounds 23-35) and the structures of these 
amines are shown in Figure 5.5. 
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Figure 5.3.  Structures of representative library members after cleavage from the resin.  All of 
the compounds contain a peptide linker consisting of LNBBRM. 
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Figure 5.4.  Structures of the second set of representative library members after cleavage from 
the resin.  All of the compounds contain a peptide linker consisting of LNBBRM.   
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Figure 5.5.  Structures of additional amine monomers tested. 
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Synthesis and PED/MS Sequencing of Peptoid Libraries 
 PED/MS provides a powerful method for sequence determination of hit peptides 
identified from OBOC libraries.23-26  The key strategy of PED/MS is to convert a peptide to be 
sequenced into a family of progressively shorter fragments, followed by MALDI-TOF MS 
analysis.  Thus, a support-bound peptide is treated with a mixture of phenyl isothiocyanate 
(PITC) and a small amount of capping agent (e.g., Fmoc-OSU21).  PITC and the capping agent 
compete for reacting with the N-terminal amine of the peptide.  Under properly controlled 
conditions, 90−95% of the peptide molecules react with PITC and subsequent treatment with 
trifluoroacetic acid (TFA) results in cleavage of the N-terminal residue (Edman degradation).  
The remaining 5−10% peptides react with the capping agent and become N-terminally blocked; 
TFA treatment does not cleave the N-terminal residue.  Repetition of the PED reaction for n-1 
cycles (where n is the number of residues to be sequenced) converts the original peptide into a 
series of sequence-related truncation products (or “a peptide ladder”).  Subsequent analysis of the 
peptide mixture by MALDI-TOF MS reveals the amino acid sequence of the original peptide.  
Obviously, a proper capping agent is crucial for successful PED.  The ideal capping agent should 
react readily with the N-terminal amine but not with any peptide side chain or solvent (e.g., 
pyridine and water).  Alternatively, one can use a removable capping agent (traceless capping 
agent).  The traceless capping agent may react with both the N-terminal amine and certain side-
chain functionalities, but can be removed after PED is complete (but prior to MS analysis).  For 
peptide sequencing, we have found that Fmoc-OSU is ideally suited for this purpose.21  It 
competes effectively with PITC for reacting with the N-terminal amines of peptides, is stable 
towards Edman degradation conditions (pyridine/water and TFA), and is readily removed by 
treatment with piperidine. 
 Since peptoid oligomers have been sequenced by conventional Edman degradation,6,7,14 
we reasoned that the PED/MS strategy previously developed for peptide sequencing should be 
applicable to peptoids.  However, due to the very different nucleophilicity of peptide (primary 
amine) vs. peptoid N-terminus (secondary amine), we anticipated that reagents and conditions 
for PED would have to be re-optimized for peptoids.  To test this notion, we synthesized a 
peptoid library containing five random positions, XXXXX(Nmeg)4RM-resin (Library I, where X 
represents N-substituted glycines Nbsa, Nglu, Nleu, Nlys, Nphe, Npip, Nser, and Ntyr), on 
TentaGel S-NH2 resin (90 µm, 0.28 mmol/g, 2.86 x 106 beads/g) (Figure 5.6).  The C-terminal 
methionine allows cleavage of the peptoid from the resin by CNBr prior to MS analysis.  The 
arginine residue improves the solubility of the peptoids in aqueous solution and provides a fixed 
positive charge to facilitate MS analysis.  The four N-methoxyethylglycine (Nmeg) residues 
provide a hydrophilic linker and ensure that the peptoids and their PED fragments have masses 
greater than 500 amu, to avoid signal overlap with those of MALDI matrices (vide infra).  Fmoc-
OSU was initially tested as the capping agent for PED of library I peptoids, but failed to generate 
the desired peptoid ladder under all of the conditions tested (PITC/Fmoc-OSU ratios of 40:1 to 
1:5).  Most of the peptoids were completely degraded, indicating that Fmoc-OSU is not 
sufficiently reactive toward the sterically hindered secondary amines at the peptoid N-termini.  
We therefore examined several other electrophilic reagents including phenyl formate, N-
formylbenzotriazole, and Fmoc-Cl as capping agents.  The formyl ester and amide were chosen 
because their small acyl group (formyl) was expected to facilitate the nucleophilic attack by the 
bulky secondary amines.  Fmoc-Cl is generally more reactive than Fmoc-OSU toward 
nucleophilic amines.  Indeed, phenyl formate and N-formylbenzotriazole reacted readily with the 
N-terminal amines and, when added to PITC, generated the desired peptoid ladders (data not 
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shown).  However, they also formylated (albeit partially) some of the peptoid side chains, 
resulting in very complex MS spectra.  Fmoc-Cl also had adequate reactivity with the peptoid N-
termini; PED with 1:3 (mol/mol) PITC and Fmoc-Cl generated the desired percentage of chain 
termination after each cycle (5−20%).  Fmoc-Cl undoubtedly also reacted with some of the 
nucleophilic side chains (e.g., the side-chain amine of Nlys), but any attached Fmoc group was 
quantitatively removed by subsequent piperidine treatment.  We chose Fmoc-Cl as a traceless 
capping agent for further experimentation.  
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Figure 5.6.  The structures of peptoid library I and the building blocks used for its synthesis.  
The structure of the library before and after cleavage from the resin are shown (top).  The side-
chain structure, the four-letter code, and the residue mass of the peptoid monomers are shown 
(bottom). 
 

To demonstrate the effectiveness of Fmoc-Cl as a capping agent for peptoid sequencing, 
we randomly selected 120 beads from library I and subjected them to five cycles of PED at a 
PITC/Fmoc-Cl ratio of 1:3 (Figure 5.7a).  Twenty of these treated beads were randomly selected 
and their peptoids were released from the beads by treatment with CNBr and individually 
analyzed by MALDI-TOF MS.  Nineteen of the spectra had sufficient quality for unambiguous 
sequence assignment and their sequences are listed in Table 5.1.  The remaining bead gave no 
peptoid signal, possibly due to failed peptoid synthesis or poor sample preparation.  Figure 5.7b 
shows a representative MS spectrum obtained from one of the 20 beads.  The spectrum contains 
peaks at m/z 1581.70, 1390.60, 1262.50, 1071.40, 958.37, and 718.28, derived from the full-
length peptoid and its five N-terminal truncation products, respectively.  The peptoid sequence is 
readily interpreted as Npip-Nlys-Npip-Nleu-Nbsa-(Nmeg)4-Arg-Met-resin by examining the 
mass differences between adjacent peaks.  For example, the mass difference of 191.10 amu 
between the peak with the highest m/z value (m/z 1581.70, which corresponds to the full-length 
peptoid) and that of the second highest m/z value (m/z 1390.60, which corresponds to the 
peptoid missing the N-terminal residue) indicates that the N-terminal residue is Npip.  The MS 
spectra were in general quite “clean”, containing relatively few extra peaks.  Among some 
frequently observed extra signals was a peak at m/z 900.37, whose identity or origin has not yet 
been revealed.  Other extra signals included a set of peaks that are always 85 amu heavier 
relative to the peptoid ladder (e.g., the peak at m/z 1347.50 in Figure 5.7b).  These signals appear 
to be originated from peptoid library synthesis, most likely due to modification of the 
(Nmeg)4RM linker by a yet unknown functional group.  However, none of the extra signals 
adversely affect the unambiguous sequence determination of the full-length peptoid.  
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Figure 5.7.  Partial Edman degradation of peptoids.  (a) Scheme showing the reactions involved 
in partial Edman degradation.  Reagents and conditions: (a) 1:3-5 PITC:Fmoc-Cl; (b) TFA; (c) 
Repeat a and b four times; (d) 20% piperidine in DMF; and (e) CNBr in 70% TFA.  M*, 
homoserine lactone.  (b) Representative MS spectrum of peptoid and its PED products derived 
from a 90-µm TentaGel bead carrying the sequence Npip-Nlys-Npip-Nleu-Nbsa-(Nmeg)4-Arg-
Met-resin.  The peaks labeled “a” (at m/z 900.37) and “b” (at m/z 1347.50) are impurity peaks 
derived from library synthesis. 
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Bead 

No. 

Peptoid sequence 

1 Nlys-Nleu-Nglu-Nser-Ntyr 

2 Nbsa-Nser-Nleu-Npip-Nglu 

3 Nphe-Nglu-Nleu-Npip-Nbsa 

4 Nglu-Nphe-Nglu-Ntyr-Nleu 

5 Nglu-Nphe-Nser-Nleu-Nglu 

6 Npip-Nphe-Nlys-Npip-Nser 

7 Nser-Nlys-Nleu-Nphe-Nphe 

8 Nleu-Npip-Nleu-Nphe-Nphe 

9 Nglu-Nser-Nbsa-Nphe-Ntyr 

10 Nser-Nglu-Nphe-Nlys-Nlys 

11 Npip-Nphe-Ntyr-Nglu-Nphe 

12 No ionization 

13 Ntyr-Nphe-Nbsa-Nlys-Nleu 

14 Nbsa-Nleu-Npip-Npip-Npip 

15 Nphe-Npip-Nlys-Nphe-Ntyr 

16 Ntyr-Npip-Nbsa-Nbsa-Nphe 

17 Nleu-Nglu-Nbsa-Nphe-Ntyr 

18 Npip-Nglu-Nphe-Nglu-Nlys 

19 Ntyr-Nleu-Nleu-Nleu-Nglu 

20 Nphe-Nlys-Nleu-Ntyr-Npip 

  
Table 5.1.  Sequences of 20 Randomly Selected Peptoids from Library I. 
 

Due to the difference in reactivity between peptides (primary amines) and peptoids 
(secondary amines), we performed PED/MS under a variety of conditions in order to optimize 
the PED and MS analysis conditions.  We found that a PITC/Fmoc-Cl ratio of 1:3−5 generally 
gave the proper percentage of chain termination during each PED cycle (5−20%).  Compared to 
peptides, longer reaction times were necessary for both the carbamoylation step (20 vs. 6 min) 
and the TFA-mediated cyclization reaction (40 vs. 12 min).  Variations in temperature showed 
that while higher temperature resulted in faster reactions, room temperature was operationally 
simpler and gave more consistent results.  Another important modification involved sample 
preparation prior to MALDI MS analysis.  Dissolution of PED products in 0.1% TFA in water 
produced poor or often no signal for larger peptoid fragments.  This is likely due to the greater 
hydrophobicity and poorer aqueous solubility of peptoids as compared to peptides.  This problem 
is largely resolved by dissolving the PED products in a 50:50:0.05 (v/v) mixture of acetonitrile, 
water, and TFA.  

To determine the success rate and reproducibility of peptoid sequencing by PED/MS, we 
randomly selected two additional batches of beads from library I (70 and 50 beads) and repeated 
the PED procedure.  Twenty and 14 of the degraded beads were subjected to MS analysis, 
resulting in 19 (95%) and 13 complete sequences (93%), respectively (Table 5.2, trials 2 and 3).  
We also synthesized a second peptoid library containing five random residues and a peptide 
linker, XXXXXLNBBRM-resin (library II, where X represents 10 N-substituted glycines Nbsa, 
Ncpl, Ncyh, Nglu, Nleu, Nlys, Nphe, Npip, Nser, and Ntyr and B is β-alanine) (Figure 5.8).  
Three batches of beads from library II were sequenced by PED/MS to give 16/16, 14/14, and 



 114 

19/20 complete sequences (Table 5.2, trials 4−6).  In addition, we individually synthesized 2 
known peptoid sequences (compounds 18 and 22) on 90-µm TentaGel beads and a few beads 
from each peptoid sequence were subjected to the PED/MS procedure.  In each case, the peptoid 
sequence was correctly determined (Table 5.2, trials 7 and 8).  All together, we have used the 
PED/MS method to sequence 116 peptoid-containing beads and obtained 112 unambiguous 
sequences, with an overall success rate of 97% (Table 5.2). 
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Figure 5.8.  The structures of peptoid library II and the building blocks used for its synthesis.  
The structure of the library before and after cleavage from the resin are shown (top).  The side-
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chain structure, the four-letter code, and the residue mass of the peptoid monomers are shown 
(bottom). 

 
Table 5.2.  Success Rates for Sequencing Support-Bound Peptoids by PED/MS. 
 
Synthesis and PED/MS Sequencing of Peptide-Peptoid Hybrids 
 While peptoids have improved protease resistance and membrane permeability, they lack 
the backbone –NH, which often serves as a critical element in both inter- and intramolecular 
interactions.  There has been growing interest in the preparation of peptide-peptoid hybrids as 
molecular probes and therapeutics.  We thus tested whether the above PED/MS approach can be 
adapted to sequence peptide-peptoid hybrids.  We synthesized a third library containing both N-
substituted glycines and α-amino acids at the random positions, XXXXXLNBBRM-resin (library 
III, where X represents N-substituted glycines Nasp, Nbsa, Nleu, Nlys, Nphe, Npip, and Nser 
and amino acids glycine, sarcosine, and L-proline and B represents β-alanine).  Our initial 
attempts to sequence the hybrid sequences under the conditions that had been optimized for 
peptoids (1:3−5 FITC/Fmoc-Cl) all failed; the peptoid/peptide ladder always stopped when PED 
reached the first amino acid in sequence (data not shown).  We reasoned that the excess Fmoc-Cl 
probably dominated the Edman degradation reaction when the N-terminal residue was an amino 
acid, resulting in N-terminal blocking of all resin-bound molecules (instead of the desired 
5−20%).  To overcome this problem, we devised a two-stage PED protocol.  The beads were first 
treated with 30:1 (mol/mol) PITC/Fmoc-OSU (i.e., the optimal condition for peptide sequencing) 
for 1 min; during this stage, 90−95% of the N-terminal amino acids (if any) would react with 
PITC and the remaining 5−10% would become N-blocked by Fmoc group, while the N-
substituted glycines (which are less reactive) would have little reaction.  The beads were quickly 
washed with pyridine and treated with 1:5 PITC/Fmoc-Cl for 19 min to partition the sequences 

Trial No. Peptoid 

PITC: 

Fmoc-Cl 
No. of beads 

in PED 

No. of beads 

analyzed by 
MS  

No. of complete 

sequences 
obtained (%) 

1 XXXXX(Nmeg)4RM-resin 1:3 120 20 19 (95) 

2 XXXXX(Nmeg)4RM-resin 1:3 70 20 19 (95) 

3 XXXXX(Nmeg)4RM-resin 1:3 50 14 13 (93) 

4 XXXXXLNBBRM-resin 1:5 100 16 16 (100) 

5 XXXXXLNBBRM-resin 1:3 50 14 14 (100) 

6 XXXXXLNBBRM-resin 1:3 80 20 19 (95) 

7 

Ncpl-Npip-Nbsa-Nlys-Ncyh-

LNBBRM-resin 1:5 50 3 3 (100) 

8 

Nphe-Nlys-Nglu-Nser-Nleu-

LNBBRM-resin 1:5 50 9 9 (100) 

Total   570 116 112 (97) 
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that contained N-terminal N-substituted glycines.  Five batches of the library III beads were 
subjected to the two-stage PED reaction and MS analysis.  Out of a total of 75 beads analyzed by 
MS, we obtained 51 unambiguous, full-length sequences (68% success rate) (Table 5.3).  Figure 
5.9 shows a representative MS spectrum derived from one of the 75 beads, carrying the sequence 
Nleu-Pro-Gly-Nleu-Gly-Leu-Asn-βAla-βAla-Arg-Met-resin.  The lower success rate as 
compared with peptide or peptoid sequencing is at least in part due to the poorer quality of the 
hybrid library.  Synthesis of peptide-peptoid hybrid libraries is not yet well established.  Our 
hybrid library also contained N-carboxymethylglycine (Nasp), which for yet unknown reasons 
interferes with PED/MS sequencing. 
 

Trial No. 

PITC:Fmoc-OSU; 

PITC:Fmoc-Cl 

No. of beads in 

PED 

No. of beads 

analyzed by MS  

No. of complete sequences 

obtained (%) 

1 30:1; 1:5 100 20 13 (65) 

2 30:1; 1:5 100 20 15 (75) 

3 30:1; 1:5 80 15 8 (53) 

4 20:1; 1:5 120 10 7 (70) 

5 30:1; 1:5  120  1 0  8 (80 )  

Total  520  7 5  51 (68 )  

  
 
Table 5.3.  Success Rates for Sequencing Peptide-Peptoid Hybrids by PED/MS. 
 

 
 
Figure 5.9.  Representative MS spectrum of a peptide-peptoid hybrid and its PED products.  The 
spectrum was derived from a 90-µm TentaGel bead carrying the sequence Nleu-Pro-Gly-Nleu-
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Gly-Leu-Asn-βAla-βAla-Arg-Met-resin.  The peak labeled with “a” (at m/z 1077.9) is the 
methylated peptide-peptoid full-length chain. 
 
Identification of K-Ras Ligands from Peptoid Library 
 To demonstrate the compatibility of the PED/MS method with peptoid library screening, 
we screened peptoid library II (Figure 5.8) against G-protein K-Ras.  K-Ras is involved in the G-
protein signal transduction pathway, modulating cellular proliferation and differentiation; 
inhibitors against K-Ras may act as potential anticancer agents.27  Screening of 30 mg of library 
II (~90,000 beads) against 500 nM K-Ras resulted in 34 positive beads, which were sequenced 
by the PED/MS method to give 28 unambiguous, complete sequences (82% success rate) (Table 
5.4).  Among the remaining 6 beads, two gave partial sequences while the other four did not 
produce interpretable mass spectra.  Inspection of the selected sequences indicates that K-Ras 
has an overall preference for aromatic (Nphe, Ntyr, Npip, and Nbsa) and positively charged 
residues (Nlys).  In contrast, the negatively charged Nglu was rarely selected.  Individual 
synthesis and subsequent binding analysis of the selected peptoids are currently underway. 
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Bead 

No. 

Peptoid sequence 

1 Nlys-Nlys-Nphe-Nlys-Ncyh 

2 Nlys-Nser-Nbsa-Nlys-Ntyr 

3 Npip-Nser-Ncyh-Nlys-Nlys 

4 Ncpl-Nphe-Nleu-Nphe-Ntyr 

5 Nglu-Nleu-Npip-Nphe-Npip 

6 Ncyh-Ncpl-Nlys-Ntyr-Nlys 

7 Ncpl-Ncyh-Ncyh-Nlys-Npip 

8 Ncyh-Nlys-Nbsa-Nbsa-Nlys 

9 Nlys-Nbsa-Nser-Nlys-Npip 

10 Npip-Nphe-Nlys-Npip-Nlys 

11 Nlys-Ncpl-Nlys-Nlys-Nbsa 

12 Nphe-Nbsa-Ncpl-Nlys-Nlys 

13 Nphe-Nlys-Nlys-Nbsa-Ncpl 

14 Nlys-Nbsa-Npip-Nlys-Nphe 

15 Nser-Nbsa-Ntyr-Nphe-Nphe 

16 Nglu-Ncpl-Nbsa-Nlys-Nlys 

17 Nbsa-Nphe-Nlys-Npip-Nser 

18 Nphe-Ncyh-Nser-Ncyh-Ncyh 

19 Nbsa-Nphe-Nlys-Nlys-Ncyh 

20 Ncyh-Nbsa-Nlys-Nphe-Nlys 

21 Npip-Ntyr-Nlys-Nlys-Nbsa 

22 Nphe-Nleu-Nlys-Nlys-Nlys 

23 Nser-Npip-Nphe-Nlys-Nlys 

24 Ncyh-Nlys-Nlys-Nlys-Nphe 

25 Npip-Nlys-Nlys-Ncyh-Nphe 

26 Nphe-Nser-Nleu-Npip-Ntyr 

27 Nphe-Nlys-Nser-Ntyr-Nlys 

28 Nlys-Nglu-Nglu-Nbsa-Nphe 

  
Table 5.4.  Sequences of K-Ras Ligands Selected from Library II. 
 
Comparison of PED/MS and MS/MS Methods 
 The PED/MS method is advantageous over the conventional MS/MS methods in several 
aspects.  First, while MS/MS generates at least two sets of fragment ions (y and b ions), PED/MS 
gives a single set of peaks.  Additionally, in PED/MS, peptide/peptoid fragments are generated 
through well-defined chemical reactions and the relative abundance of fragment ions can be 
controlled by varying the ratio of PITC/capping agent.  In contrast, collision- or ion-induced 
fragmentation in MS/MS is not as easy to control.  Consequently, PED/MS gives much simpler 
spectra of more uniform peak intensities, making spectral interpretation simple and 
unambiguous.  Second, with the addition of a few percent of capping agents during library 
synthesis, the PED/MS method can differentiate mass-degenerate residues,21 which is not 
possible by MS/MS.  Third, our method is capable of sequencing peptoids derived from a single 
90-µm TentaGel bead (~0.1 nmol peptoid/bead).  Although not yet tested, the PED/MS method 
should be compatible with still smaller beads (e.g., 30-µm TentaGel beads).  The MS/MS 
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methods, on the other hand, have only been demonstrated on macrobeads (300−500 µm), which 
typically contain 4−100 nmol peptoids per bead.  With the more popular 90-µm microbeads, the 
MS/MS methods remain problematic.  The use of smaller beads permits the construction of 
libraries of greater structural diversity (e.g., 1 g of 90-µm TentaGel resin contains 2.86 x 106 
beads, whereas 1 g of 300-µm TentaGel resin has only 65,500 beads).  Fourth, PED/MS has 
much higher throughput than the MS/MS methods.  Because all of the selected beads/peptoids 
are pooled and degraded simultaneously and MALDI-TOF MS is run in an automated format, 
the PED/MS method can readily sequence 500 beads in a single day (on a single MS instrument).  
In fact, by using a Bruker Reflex III MALDI-TOF instrument in a core facility, the Pei 
laboratory has been sequencing ~10,000 peptides per year over the past few years.23-26  
Sequencing of peptoids and peptide-peptoid hybrids by PED/MS has a similar throughput 
(despite the longer PED cycle for peptoids), because the overall throughput is currently limited 
by the speed of MS analysis.  Finally, the PED/MS method is inexpensive; the cost for 
sequencing a peptide/peptoid (reagents and instrument time) is ~$1.  The method is also 
straightforward to carry out, does not require dedicated instrumentation or personnel, and can 
therefore be performed in any chemical or biochemical laboratory.  The only drawback of the 
PED/MS method is that it is currently limited to resin-bound peptides/peptoids and cannot 
sequence peptides/peptoids that are free in solution. 
 
Conclusions 

In this chapter, we describe the synthesis of combinatorial libraries of peptoids and their 
sequencing using a partial Edman degradation/mass spectrometry method.  We have successfully 
synthesized two peptoid libraries, one with a peptoid linker and one with a peptide linker, and 
one peptide-peptoid hybrid library.  We have modified the PED/MS method to effectively 
sequence peptoids and peptide-peptoid hybrids derived from combinatorial libraries.  The 
PED/MS method is high-throughput, reliable, rapid, and inexpensive and is ideally suited for 
decoding “hit” peptoids identified from OBOC libraries.  It should expand the utility of 
combinatorial peptoid (or peptide-peptoid hybrid) libraries in drug discovery and materials 
research. 

 
Experimental Procedures 
 
General Materials and Methods 
 TentaGel S-NH2 resin (90 µm, 0.28 mmol/g loading, 2.86 x 106 beads/g) was purchased 
from Peptides International Inc. (Louisville, KY).  Fmoc-protected Rink Amide poly(styrene) 
resin was purchased from Novabiochem (0.6 mmol/g).  Amino acids were purchased from 
NovaBiochem (Gibbstown, NJ).  N,N’-Diisopropylcarbodiimide (DIC), N-hydroxybenzotriazole 
(HOBt), and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 
(HBTU) were from Advanced ChemTech (Louisville, KY).  4-Methylpiperidine and 
isobutylamine were purchased from Alfa Aesar (Ward Hill, MA).  O-TIPS-2-aminoethanol was 
synthesized according to a previously published procedure.28  4-Methoxybenzylamine, 
cyclohexylamine, 4-(2-aminoethyl)benzenesulfonamide, piperonylamine, furfurylamine, 
tryptamine, tyramine, 5-amino-2-methoxypyridine, 4-aminophenyl phenyl ether, 2,4-
dichlorophenethylamine, 1-(3-aminopropyl)-2-pyrrolidinone, 2,2-diphenylethylamine, 4-
fluorophenethylamine, cycloheptylamine, isoamylamine, 4-methylmorpholine, bromoacetic acid, 
2-propanol, piperidine, and benzylamine were purchased from Sigma Aldrich (St. Louis, MO).  



 120 

Cyclopropylamine and propargylamine were purchased from Fluka (St. Louis, MO).  Boc-1,4-
diaminobutane and 9-fluorenylmethyl chloroformate were purchased from VWR (West Chester, 
PA).  O-t-Butyl-β-alanine was purchased as the HCl salt from Bachem (Torrance, CA), and was 
free-based prior to use as described below.  Trans-4-amino-cyclohexanol was purchased as the 
HCl salt from Sigma Aldrich (St. Louis, MO), and was free-based prior to use as described 
below.  N,N’-Dimethylformamide (DMF) was purchased from Fisher Scientific (Pittsburgh, PA) 
and 1,2-dichloroethane was purchased from Mallinckrodt Chemicals (Hazelwood, MO).  2-(1H-
7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate (HATU) and 1-
hydroxy-7-azabenzotriazole (HOAt) were purchased from GenScript Corporation (Piscataway, 
NJ).  Bio-Rad columns were purchased from Bio-Rad Laboratories (Hercules, CA). 
 
Synthetic Procedures 
 
Free Base Procedure for O-t-Butyl-β-Alanine HCl.  O-t-Butyl-β-alanine HCl (25 g, 138 
mmol) was dissolved in dichloromethane (150 mL).  One equivalent of NaOH was dissolved in 
water (40 mL) and added to the amine solution.  The mixture was shaken in a separatory funnel 
and the organic layer was collected.  The aqueous layer was extracted with dichloromethane (3 x 
150 mL).  The combined dichloromethane layers were washed with saturated NaCl (3 x 50 mL), 
dried with sodium sulfate, and the solvent removed under reduced pressure. 
 
Free Base Procedure for trans-4-aminocyclohexanol HCl.  Trans-4-aminocyclohexanol HCl 
(5 g, 33 mmol) was dissolved in dichloromethane (37.5 mL).  One equivalent of NaOH was 
dissolved in water (10 mL) and added to the amine solution.  The mixture was shaken in a 
separatory funnel and the organic layer was collected.  The aqueous layer was extracted with 
dichloromethane (3 x 40 mL).  The combined dichloromethane layers were washed with 
saturated NaCl (3 x 12.5 mL), dried with sodium sulfate, and the solvent removed under reduced 
pressure. 
 
Solid-Phase Peptide and Peptoid Synthesis.  Individual peptoid sequences were synthesized on 
TentaGel S-NH2 resin or Fmoc-protected Rink Amide poly(styrene) resin at 35 °C using a 
custom automated synthesizer.  All reactions and washings were performed in glass vessels 
equipped with a coarse frit.  Resins were washed by the addition of either DMF or transfer 
solvent, with agitation so that a uniform slurry was obtained (1 min), followed by draining of the 
solvent by vacuum filtration through the fritted bottom of the reaction vessel.  Agitation of the 
resin slurry was accomplished by bubbling nitrogen through the bottom of the fritted vessel.  

Peptoid submonomer addition cycle for test compounds.  Each peptoid sequence on Rink 
Amide resin was prepared following this general procedure: 
 Swelling: For each oligomer synthesis, 100 mg of resin (60 µmol) was swelled with 2.4 
mL of N, N’-dimethylformamide (DMF) for 5 min. 

Fmoc Deprotection: The resin was deprotected with 2.4 mL of 20% 4-methylpiperidine 
in DMF for 0.5 min, followed by draining, and then a second deprotection with 2.4 mL of 20% 
4-methylpiperidine in DMF for 12 min.  After the deprotection, the resin was washed with DMF 
(5 x 2.4 mL). 
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Two-Step Monomer Addition Cycle.  
Step 1: Acylation: To the resin-bound amine was added bromoacetic acid in DMF (1 mL, 

1.2 M, 1.2 mmol) followed by DIC (0.17 mL, 1.1 mmol).  The resin was mixed for 20 min, 
drained, and washed with DMF (5 x 2.4 mL).  
 Step 2: Displacement: To the resin-bound bromide was added a solution of the 
appropriate primary amine in DMF (1 mL, 1.0 M, 1 mmol) and this was allowed to react for 60 
min (with mixing).  After the displacement reaction, the resin was drained and then washed with 
DMF (5 x 2.4 mL). 
 The monomer addition cycle was repeated until the desired oligomer length was 
achieved. 

Cleavage Protocol: The peptoid product was cleaved from the Rink Amide poly(styrene) 
resin by treatment with 0.1 mL of a solution of 95% TFA/5% water at ambient temperature and 
mixed for 20 min.  The cleavage solution was diluted with 0.9 mL of 50% acetonitrile/50% 
water. 

Analysis: Molecular weights were verified by liquid chromatography/electrospray mass 
spectrometry (LC/MS) using an Agilent 1100 series LC/MSD Trap XCT in the positive mode. 
 
Amino acid monomer addition cycle for representative library compounds.  The synthesis of 
the peptides started by swelling 100 mg of resin (28 µmol) with 1.1 mL of N, N’-
dimethylformamide (DMF) for 5 min.  The amino acid was coupled to the resin by adding 1.1 
mL of a solution containing 0.4 M of the proper Fmoc amino acid and 0.4 M N-
hydroxybenzotriazole (HOBt) in DMF followed by 80 µL of DIC.  This was mixed for 60 min, 
drained, and washed with DMF (5 x 1 mL).  After the coupling, the Fmoc-protecting group was 
removed from the amino acid by first adding 1.1 mL of 20% 4-methyl piperidine in DMF for 0.5 
min, followed by draining, and then a second deprotection with 1.1 mL of 20% piperidine in 
DMF for 12 min.  After the deprotection, the resin was washed with DMF (5 x 1 mL) for 
compounds 13-17, 23, and 24 and with DMF (2 x 1 mL) and 20% isopropanol in 1,2-
dichloroethane (3 x 1 mL) for compounds 18-22.  This was repeated for each amino acid of the 
linker.   
 
Peptoid submonomer addition cycle for representative library compounds.  Each peptoid 
sequence on Tentagel S-NH2 resin was prepared following this general procedure: 

Two-Step Monomer Addition Cycle.  
Step 1: Acylation: To the resin-bound amine was added bromoacetic acid in DMF (0.48 

mL, 1.2 M, 0.57 mmol) followed by DIC (0.080 mL, 0.52 mmol).  The resin was mixed for 20 
min, drained, and washed with DMF (2 x 1 mL) followed by 20% isopropanol in 1,2-
dichloroethane (3 x 1 mL). 
 Step 2: Displacement: To the resin-bound bromide was added a solution of the 
appropriate primary amine in DMF (0.48 mL of a 1.0 or 2.0 M solution).  For the representative 
library compounds 13-17, 23, and 24, all of the amines were prepared as 1.0 M solutions in 
DMF.  The displacement reaction was allowed to proceed for 60 min (with mixing), drained, and 
washed with DMF (5 x 1 mL).  For the representative library compounds 18-22, O-TIPS-2-
aminoethanol was used at 2.0 M in 1:1 DMF/chlorobenzene and Boc-1,4-diaminobutane was 
used at 2.0 M in DMF.  All other amines were used at 1.0 M in DMF.  The amine displacement 
reaction was allowed to proceed for 120 min (with mixing), drained, and washed with DMF (2 x 
1 mL) and 20% isopropanol in 1,2-dichloroethane (3 x 1 mL). 
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 The monomer addition cycle was repeated until the desired oligomer length was 
achieved. 

Cleavage Protocol: The peptoid product was cleaved from the Rink Amide poly(styrene) 
resin using the procedure described above.  For the peptoids synthesized on the Tentagel S-NH2 
resin, the side chains were deprotected by treatment with a solution consisting of 
TFA:water:triisopropylsilane (95:2.5:2.5) for 1 hour.  The resin was washed with DMF (2x) and 
DCM (10x).  To reduce any oxidized methionines, the resin was treated with a solution of TFA 
that contains 20 µL dimethyl sulfide and 25 mg ammonium iodide per mL.  This was incubated 
for 20-25 minutes on ice, drained, and washed with water (10x).  Any residual water was 
removed under vacuum in a SpeedVac concentrator prior to cleavage.  The peptoids were 
cleaved from the resin as described previously.21  Briefly, to the resin was added 40 mg/mL 
cyanogen bromide in 70% TFA.  This was incubated in the dark overnight.  The excess CNBr 
and TFA were removed under vacuum in a SpeedVac concentrator. 

Analysis:  Molecular weights were verified by liquid chromatography/electrospray mass 
spectrometry (LC/MS) using an Agilent 1100 series LC/MSD Trap XCT in the positive mode.  
Alternatively, the released peptoids were dissolved in 50% acetonitrile/50% water.  For MS 
analysis, 1 µL of the peptoid solution was mixed with 1 µL of a saturated solution of α-cyano-4-
hydroxycinnamic acid in 50:50:0.05 (v/v) acetonitrile/water/TFA; 1 µL of the resulting mixture 
was applied to a 96-well sample plate.  After drying, the samples were analyzed on an Applied 
Biosystems TF4800 MALDI-TOF-TOF mass spectrometer in the positive ion mode.    
 
Characterization of Test Pentamers (1-12 and 25-35).  LC/MS: Calcd. for 1 [M+H]+: 685.4, 
found for 1:  686.9. Calcd. for 2 [M+H]+: 661.3, found for 2:  661.0. Calcd. for 3 [M+H]+: 737.4, 
found for 3:  737.8. Calcd. for 4 [M+H]+: 813.4, found for 4:  813.0. Calcd. for 5 [M+H]+: 859.4, 
product not found for 5. Calcd. for 6 [M+H]+: 689.3, found for 6:  689.7. Calcd. for 7 [M+H]+: 
733.3, found for 7:  735.7. Calcd. for 8 [M+H]+: 715.4, found for 8:  715.5. Calcd. for 9 [M+H]+: 
939.3, found for 9:  939.2. Calcd. for 10 [M+H]+: 841.3, found for 10:  842.3. Calcd. for 11 
[M+H]+: 653.3, found for 11:  653.8. Calcd. for 12 [M+H]+: 689.4, found for 12:  689.6. Calcd. 
for 25 [M+H]+: 813.4, found for 25:  813.0. Calcd. for 26 [M+H]+: 787.3, found for 26:  787.5. 
Calcd. for 27 [M+H]+: 909.4, found for 27:  909.7. Calcd. for 28 [M+H]+: 917.2, found for 28: 
919.9. Calcd. for 29 [M+H]+: 823.4, found for 29:  823.6. Calcd. for 30 [M+H]+: 933.5, found 
for 30:  933.4. Calcd. for 31 [M+H]+: 817.4, found for 31:  817.3. Calcd. for 32 [M+H]+: 765.5, 
found for 32:  765.4. Calcd. for 33 [M+H]+: 649.3, found for 33:  649.4. Calcd. for 34 [M+H]+: 
713.4, found for 34:  713.2. Calcd. for 35 [M+H]+: 769.4, found for 35:  769.1 and 458.8 
(M+2/2). 
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Characterization of Representative Library Members (13-24).  MALDI: Calcd. for 13 
[M+H]+: 1280.7, found for 13:  1280.6.  A peak was also observed at 1179.6 (mass loss of 101 
amu) corresponding to the lack of incorporation of Nser.  Calcd. for 14 [M+H]+: 1420.7, found 
for 14:  1420.5.  A peak was also observed at 1340.5 (mass loss of 80 amu) corresponding to the 
loss of the furfurylamine side chain.  Calcd. for 15 [M+H]+: 1342.7, found for 15:  1342.5.  A 
peak was also observed at 1262.5 (mass loss of 80 amu) corresponding to the loss of the 
furfurylamine side chain.  Calcd. for 16 [M+H]+: 1358.6, found for 16:  1358.7.  Additional 
peaks were observed at 1340.7 (mass loss of 18 amu) and 1329.6 (mass loss of 119 amu).  These 
peaks correspond to the loss of water (-18) as a result of cyclization of the terminal nitrogen into 
the carboxylic acid and the lack of incorporation of Nser (-101) and loss of water (-18).  Calcd. 
for 17 [M+H]+: 1317.7, found for 17:  1317.5.  A peak was also observed at 1237.5 (mass loss of 
80 amu) corresponding to the loss of the furfurylamine side chain.  Calcd. for 18 [M+H]+: 
1422.7, found for 18:  1422.5.  A peak was also observed at 1294.5 (mass loss of 128 amu) 
corresponding to the lack of incorporation of Nlys.  Calcd. for 19 [M+H]+: 1344.7, found for 19:  
1344.6.  Calcd. for 20 [M+H]+: 1319.7, found for 20:  1319.6.  Calcd. for 21 [M+H]+: 1372.7, 
found for 21: 1372.6.  A peak was also observed at 1271.5 (mass loss of 101 amu) corresponding 
to the lack of incorporation of Nser.  Calcd. for 22 [M+H]+: 1245.7, found for 22:  1244.7.  
LC/MS:  Calcd. for 23 [M+H]+:  1539.6, found for 23: 1541.0 and 771.2 (M+2/2).  Calcd. for 24 
[M+H]+:  1353.7, found for 24: 1354.0 and 680.1 (M+2/2).             

Amino acid monomer addition cycle for library synthesis.  TentaGel S-NH2 resin (1.2 g, 0.34 
mmol) was suspended in 1 mL of anhydrous DMF.  Proper Fmoc-amino acid (0.67 mmol), 
HBTU (0.67 mmol), and HOBt (0.67 mmol) were dissolved in DMF (5 mL) in a plastic tube.  4-
Methylmorpholine (1.3 mmol) was added to the tube and the resulting solution was briefly 
agitated (30 s) and added to the reaction vessel containing the TentaGel resin.  The final reaction 
mixture contained 0.11 M Fmoc-amino acid, 0.11 M HBTU, 0.11 M HOBt, and 0.22 M 4-
methylmorpholine.  The reaction was allowed to proceed for 2 h on a rotary shaker and 
terminated by draining and washing with DMF (2 x 5 mL), DCM (2 x 5 mL), DMF (1 x 5 mL), 
and 20% piperidine in DMF (1 x 5 mL).  The resin was treated twice with 5 mL of 20% 
piperidine in DMF at room temperature (5 min each time).  The resin was washed with DMF (3 
x 5 mL) and ready for the addition of the next monomer.  

Peptoid submonomer addition cycle for library synthesis.  To the resin-bound amine (0.028 
mmol) was added bromoacetic acid in DMF (0.48 mL, 1.2 M, 0.57 mmol) followed by DIC 
(0.080 mL, 0.52 mmol).  The resin was mixed for 20 min, drained, and washed with DMF (2 x 1 
mL) followed by 20% isopropanol in 1,2-dichloroethane (3 x 1 mL).  To the resin-bound 
bromide was added the appropriate amine (0.48 mL of a 1.0 or 2.0 M solution).  O-TIPS-2-
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aminoethanol was used at 2.0 M in 1:1 DMF/chlorobenzene (0.95 mmol) and Boc-1,4-
diaminobutane was used at 2.0 M in DMF (0.95 mmol).  All other amines were used at 1.0 M in 
DMF (0.48 mmol).  The amine displacement reaction was allowed to proceed for 120 min (with 
mixing), drained, and washed with DMF (2 x 1 mL) and 20% isopropanol in 1,2-dichloroethane 
(3 x 1 mL). 

Synthesis of Peptoid Library.  Peptoid library was synthesized on TentaGel S-NH2 resin (800 
mg, 0.224 mmol, 2.3 x 106 beads) using the procedure described above.  For the addition of 
random residues, the resin was split into the desired number of reaction vessels by the isopycnic 
slurry method using 20% isopropanol in 1,2-dichloroethane as the resin transfer solvent.  For the 
synthesis of library I & II, transfer solvent was added to the resin to bring the resin slurry to a 
final volume of 157 mL and the mixture was agitated briefly.  Next, 18-mL aliquots of the slurry 
(2 x 9 mL) were transferred into each of the reaction vessels, with brief agitation of the slurry in 
between each transfer.  The solvent was drained from all vessels and the procedure was repeated 
twice to ensure complete transfer of the resin.  After the coupling reactions were complete, 14 
mL of the transfer solvent was added to each reaction vessel and the resulting slurry from each 
vessel was agitated and transferred back into a large mixing vessel.  Again, the transfer 
procedure was repeated twice to ensure complete transfer of the resin.  The peptoid libraries were 
stored at -20 °C in the fully protected form with side chains deprotected prior to use.  Typically, 
2 mg of the resin (~6000 beads) was placed in a Bio-Rad Micro-spin column (catalog No. 732-
6204), washed with dichloromethane (3 x 1.5 mL), and treated with 800 µL of modified reagent 
B (94.5:2.5:2.5:0.5 TFA/water/TIPS/thioanisole) for 1 h at room temperature.  The resin was 
washed with dichloromethane (5 x 1 mL). 
 
Synthesis of Peptide-Peptoid Hybrid Library.  The hybrid peptide-peptoid library (library III) 
was synthesized on TentaGel S-NH2 resin using the peptoid synthesis procedure described 
above, but with the following modifications.  The peptide linker (LNBBRM) was synthesized by 
standard Fmoc/HBTU chemistry.  For the addition of random residues, 1 g of resin was split into 
four reaction vessels.  Three vessels each contained 100 mg resin and were coupled to a different 
amino acid.  The coupling reactions contained the properly protected Fmoc-amino acid (4 equiv), 
HATU (4 equiv), HOAt (4 equiv), DIPEA (8 equiv), and DMF (1 mL) and were allowed to 
proceed for 2 h at room temperature on a rotary shaker.  The resin was then treated twice with 
20% piperidine in DMF (1 mL and 10 min each time) and ready for the next coupling reaction.  
The 4th vessel contained the remaining resin (700 mg) and was washed with DMF (2 x 5 mL).  
A bromoacetic acid solution (516 mg in 3.1 mL of DMF) was added to the resin, followed by the 
addition of 521 µL of diisopropylcarbodiimide.  The final concentrations of bromoacetic acid 
and DIC in DMF were 1.03 M and 0.93 M, respectively.  The vessel was capped and shaken at 
37 °C for 30 min.  The resin was drained, washed with DMF (3 x 5 mL) and dichloromethane (3 
x 5 mL), and dried for 4 h under vacuum suction.  The resin was equally split into seven reaction 
vessels (100 mg each) and each aliquot was treated with 900 µL of a 2.0 M solution of different 
primary amine (for ammonium chloride salts, 1.1 equiv of diisopropylethylamine was also 
added).  The reaction vessels were capped and placed on a rotary shaker for 2 h at 37 °C.  The 
resin was drained and washed with DMF (3 x 1 mL) and dichloromethane (3 x 1 mL).  Next, the 
resins from all ten vessels were pooled and mixed and were ready for the addition of the next 
random residue.  During the library synthesis, whenever possible, the presence of primary or 
secondary amine was monitored by Kaiser29 and chloranil tests,30 respectively. 
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Analytical Procedures 
 
Partial Edman Degradation.  All reactions were performed in a homemade glass vessel (12-
mm i.d.; 20-mm height) fitted with a ground glass Luer tip (1-mm i.d.) at one end and a fine 
porosity glass frit (10−20-μm pore size) just above the Luer tip.  Typically, 10-120 beads were 
placed in the vessel, washed with water, pyridine, and a 2:1 (v/v) pyridine/water solution 
containing 0.1% triethylamine, and suspended in 160 μL of the latter solution.  A 280-470 mM 
stock solution of Fmoc-Cl in pyridine (160 μL) was mixed with 1.8 μL (0.015 mmol) of PITC to 
obtain a final degradation reagent mixture containing 93 mM PITC and 280−470 mM Fmoc-Cl 
(PITC/Fmoc-Cl ratio of 1:3-5).  An equal volume of this reagent mixture (160 μL) was added to 
the suspended beads and the reaction was allowed to proceed at room temperature for 20 min 
(with gentle shaking on a rotary mixer).  The beads were drained, washed with pyridine (1.5 mL) 
and dichloromethane (3 x 1.5 mL), dried by suction, and treated twice with 1 mL of anhydrous 
TFA at room temperature (20 min each time).  The beads were then washed with 
dichloromethane (3 x 1.5 mL) and pyridine (1.5 mL) and subjected to the next round of PED.  
After the final round of PED, the beads were treated twice with 1 mL of 20% piperidine in DMF 
solution at room temperature (10 min).  The beads were suspended in 1 mL of anhydrous TFA 
containing 20 μL (0.27 mmol) of dimethyl sulfide and 25 mg (0.18 mmol) ammonium iodide and 
incubated on ice for 20 min to reduce any oxidized methionine.  The beads were washed 
exhaustively with water and transferred to a Petri dish, where they were picked under a 
microscope and placed into separate microcentrifuge tubes.  

For PED of peptide-peptoid hybrid sequences, the beads suspended in 160 µL of 2:1 (v/v) 
pyridine/water solution containing 0.1% triethylamine were first treated with a 30:1 (mol/mol) 
mixture of PITC/Fmoc-OSU solution.  A 3.13 mM Fmoc-OSU stock solution in pyridine (160 
µL) was mixed with 1.8 µL (0.015 mmol) of PITC to give a peptide degradation mixture 
containing 93 mM PITC and 3.1 mM Fmoc-OSU (PITC/Fmoc-OSU ratio of 30:1).  An equal 
volume of this PITC/Fmoc-OSU mixture (160 µL) was added to the suspended beads and the 
degradation reaction was allowed to proceed at room temperature for 1 min with gentle mixing.  
The solution was drained, washed with pyridine (2 x 1 mL), and the beads were suspended in 
160 µL of pyridine/water and treated with 160 µL of a peptoid degradation mixture containing 93 
mM PITC and 464 mM Fmoc-Cl (PITC/Fmoc-Cl ratio of 1:5) at room temperature for 19 min.  
Following this step, the procedure is identical for that described for peptoid-only containing 
sequences. 
 
MS Analysis.  Microcentrifuge tubes containing individual beads were spun under vacuum in a 
SpeedVac concentrator to evaporate any residual water.  Each bead was then treated with 20 µL 
of 40 mg/mL CNBr in 70% TFA in water for 14−18 h in the dark.  The excess CNBr and TFA 
were removed under vacuum in a SpeedVac concentrator.  The released peptoids were dissolved 
in 6 µL of 50:50:0.05 (v/v) acetonitrile/water/TFA.  For MS analysis, 1 µL of the peptoid 
solution was mixed with 2 µL of a saturated solution of α-cyano-4-hydroxycinnamic acid in 
50:50:0.05 (v/v) acetonitrile/water/TFA; 1 µL of the resulting mixture was applied to a 96- or 
384-well sample plate.  After drying, the samples were analyzed on a Bruker Reflex III MALDI-
TOF mass spectrometer in the positive ion mode and automated format.  Sequence assignment 
was made manually by examining the mass difference between two adjacent MS peaks. 
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Peptoid Library Screening 
 

Library screening followed a previously reported procedure,23 but with the following 
modifications.  In a Micro Bio-Spin column (1.0 mL, Bio-Rad), 30 mg of peptoid library II was 
swollen in dichloromethane and washed extensively with DMF and water.  The resin was 
incubated in a blocking buffer (30 mM Hepes, pH 7.4, 150 mM NaCl, 0.05% Tween 20, and 
0.1% gelatin) for 6 h with gentle mixing at 4 °C.  The resin was drained and re-suspended in 800 
µL of the blocking buffer containing 500 nM biotinylated K-Ras protein (as a glutathione-S-
transferase fusion) and incubated overnight with gentle mixing at 4 °C.  The resin was drained, 
re-suspended in the blocking buffer containing 1 µg/mL streptavidin-alkaline phosphatase (SA-
AP), and incubated for 10 min at 4 °C with gentle mixing.  The resin was again drained and 
washed with the blocking buffer (2 x 1 mL) and an SA-AP reaction buffer (30 mM Tris-HCl, pH 
8.5, 100 mM NaCl, 5 mM MgCl2, 20 µM ZnCl2, and 0.05% Tween 20) (2 x 1 mL).  The resin 
was transferred to a petri dish (60 x 15 mm) by using 2.7 mL (3 x 900 µL) of the SA-AP reaction 
buffer.  Upon the addition of 300 µL of 5 mg/mL 5-bromo-4-chloro-3-indolyl phosphate, a 
turquoise color developed on positive beads in ~40 min, when the staining reaction was 
terminated by the addition of 500 µL of 1 M HCl.  The positive beads were picked manually 
with a pipet under a dissecting microscope.  
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Appendix 
 

1H and 13C NMR spectra 



 133 



 134 

 



 135 

 
 



 136 
 



 137 

 
 
 



 138 

 
 
 



 139 

 
 
 



 140 

 
 
 



 141 

 
 
 



 142 

 
 
 



 143 

 
 
 



 144 

 
 
 



 145 

 
 
 



 146 

 
 
 



 147 

 
 
 



 148 

 
 
 



 149 

 
 
 



 150 

 
 
 



 151 

 
 
 



 152 

 


	Thesis title page-3.pdf
	Chapter 1-6
	Chapter 2-2
	Chapter 3-2
	Chapter 4-3
	Chapter 5-3
	Appendix



