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ABSTRACT 

Abnormal protein aggregation has been linked to multiple neurodegenerative diseases; 

however, elucidating the biological roles of these protein aggregates has remained challenging due 

to a lack of available techniques for visualizing protein aggregates in living cells. This work reports 

progress towards the development and synthesis of CLIP-tag probes using Green Fluorescent 

Protein and Red Fluorescent Protein based fluorophores to enable simultaneous labeling of 

insoluble protein aggregates and soluble protein oligomers in living cells. Five different GFP 

fluorophore based CLIP-tag probes were synthesized to test a series of different linker moieties in 

the probe (C2, C4, C6, cyclohexane, and proline). Though purification of these probes via 

preparatory HPLC proved challenging, the synthesis of these GFP based CLIP-tag probes will 

enable quantification of their fluorogenic properties and selection of the probe that exhibits the 

most desirable characteristics for use in in vivo protein aggregation imaging. To enable future 

design and synthesis of RFP fluorophore based fluorogenic probes, the synthesis of the desired 

RFP fluorophore was optimized. Anhydrous conditions with 0.1 eq. loading of BF3 • Et2O as a 

Lewis acid catalyst improved yield of the key enamine condensation from approximately 25% to 

55%, with improved product to starting material ratio to also increase ease of purification. These 

optimized conditions will allow for more efficient future large-scale synthesis of the RFP 

fluorophore to enable synthesis of a series of RFP based CLIP-tag probes. Ultimately, developing 

such tools to enable the study of protein aggregation in living cellular environments may help 

elucidate how such protein aggregation causes biological effects, which is of particular interest in 

the study of neurodegenerative diseases. 
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Chapter 1 

Background 

Fluorogenic Probes for Visualization of Abnormal Protein Aggregation 

Abnormal protein aggregation involving the assembly of misfolded proteins into 

oligomeric and higher order structures has been linked to multiple neurodegenerative diseases such 

as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, 

and various prion diseases.1,2 However, elucidating the biological mechanisms and roles of these 

abnormal protein aggregates in neurodegenerative diseases has remained challenging because of 

the lack of available techniques for detecting and visualizing these protein aggregates in living 

cells.1 Though protein aggregation can be more easily studied under controlled conditions in a test 

tube, studying protein aggregation in the complex cellular environment of a living cell is essential 

to understanding its role in neurogenerative diseases due to the complex interactions of proteins 

with other molecules that affect aggregation (e.g. chaperonins, proteases).3 

To this end, several fluorescence imaging techniques have been developed to study protein 

aggregation in live cells, including many methods to genetically fuse fluorescent proteins to 

proteins of interest in order to enable fluorescent visualization of aggregation behavior.1,3 The 

ability to detect and visualize these aggregated proteins enables studies to elucidate protein 

aggregation behavior, dynamics, and operation in the complex environment of living cells.4 One 

drawback of this technique, however, it that these fluorescent proteins are always fluorescent, 

making it difficult to distinguish folded proteins from oligomers and aggregates.1 To overcome 
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this limitation, more recent techniques have focused on the development of fluorogenic probes that 

only turn-on fluorescence when proteins aggregate. 

For example, Zhang et al. have developed AggTag, an imaging technique that enables the 

visualization and detection of protein aggregates (both soluble oligomers and insoluble aggregates) 

by ensuring that fluorescence only turns on when proteins aggregate.5 In this technique, a protein 

tag called Halo-tag is fused to the protein of interest. This protein tag can be labeled with a Halo-

tag ligand, and this ligand can be modified to contain a fluorophore. For AggTag, a GFP (green 

fluorescent protein) chromophore was used because the fluorophore itself is a molecular rotor. 

These fluorophores do not normally fluoresce when freely dissolved in dilute solution because 

excitation energy is dissipated via twisted-intramolecular charge transfer, wherein free bond 

rotation in the structures allows for energy dissipation via conformational isomerization. This bond 

rotation acts as a non-radiative relaxation pathway that quenches fluorescence. When proteins 

aggregate, however, the microenvironment around the fluorophore becomes rigid, inhibiting free 

rotation and locking the fluorophore into one conformation. This removes the non-radiative 

twisted-intramolecular charge transfer energy dissipation and turns on fluorescence.6 Thus, the 

protein of interest can be bio-orthogonally conjugated with a fluorogenic probe that only turns on 

fluorescence if and when the protein aggregates.1,5 This “turn-on” feature allows for protein 

visualization without having to wash away extra, un-bound fluorescent probes, which makes real-

time analysis possible. Fluorogenicity also improves the signal to noise ratio of images collected.7  

More recently, Zhang et al. also developed a fluorogenic AggTag method based on Halo- 

and SNAP-tag to simultaneously detect the aggregation of two different proteins in live cells. The 

orthogonal fluorescence of the two different fluorogenic probes, which also contain differently 

colored fluorophores, enables simultaneous detection of two different proteins, instead of one 
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single protein at a time.1 By expanding the toolkit of fluorogenic probes available for the scientific 

community to use, this work enables further study of protein aggregation and how such 

aggregation may be causatively implicated in various neurodegenerative diseases.  

To build off this development, the overall objective of this research is to expand the family 

of fluorogenic probes to include CLIP-tag probes. CLIP-tag is an alternative protein label that can 

bind O6-benzylcytosine as a ligand. Moreover, because CLIP-tag possesses orthogonal substrate 

specificity when compared to the previously developed SNAP-tag platform, SNAP and CLIP 

fusion proteins can also be used to simultaneously label different proteins in living cells for 

fluorescent visualization of aggregation.8 Specifically, this thesis details work towards the 

development of a system of CLIP-tag probes using GFP and RFP (red fluorescent protein) based 

fluorophores to enable simultaneous labeling of insoluble protein aggregates and soluble protein 

oligomers in live cells. This thesis work expands upon the developed systems because the aim is 

to develop a fluorogenic labeling method that can detect insoluble aggregates and soluble 

oligomers with distinct fluorescence signals, rather than simply based on how diffuse or punctate 

fluorescent signals appear. 

The general molecular structure of this family of fluorogenic probes consists of a 

fluorophore conjugated via peptide bond to some linker structure, which is then connected via 

peptide bond to the CLIP-tag ligand that is recognized by the protein, in this case, O6-

benzylcytosine (Fig. 1).  
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Figure 1. General Structure of GFP Based CLIP-tag Probes 

To develop this system, a series of fluorogenic probes bearing the GFP fluorophore were 

synthesized using five different linkers to attach the fluorophore to the O6-benzylcytosine ligand 

base. Because the fluorogenic properties of the fluorophore, and hence the overall probe, depend 

on the ability of the fluorophore to experience dramatic changes microenvironment upon protein 

aggregation, the length and rigidity of the molecular structure linking the fluorophore to the ligand 

that binds the protein tag significantly affects fluorogenic properties of the probe. Synthesis of 

these probes will allow for determination of the optimal linker structure for probes with the best 

fluorogenic properties (e.g. largest increase in fluorescence upon aggregation, long fluorescence 

lifetime). 

Ultimately, synthesis of these fluorogenic CLIP-tag probes will enable further 

investigation of their fluorescent properties, selection of the most desirable linker structure, and 

finally application of CLIP-tag based fluorogenic probes in live cell imaging to study abnormal 

protein aggregation. Introducing an additional orthogonal tag system to the SNAP-tag and Halo-

tag platforms will enable more complex biological studies of multiple simultaneously labeled 

proteins of interest in live cells.1  
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Synthesis of RFP Mimic Fluorophore 

For simultaneous labeling of different proteins of interest, it is not only necessary to have 

orthogonal protein labeling platforms, but also necessary to use two different fluorophores that 

excite at different distinguishable frequencies and produce visually distinct colors upon 

fluorescence.1 The fluorophores should ideally absorb different wavelengths of light to allow 

excitation and visualization of one protein at a time if desired, and must also produce visually 

distinct colors of fluorescence to allow researchers to visually distinguish and identify the proteins 

being studied. Hence, in addition to fluorogenic probes containing the GFP fluorophore (yellow 

fluorescence, excitation at 480 nm), recent work has been done to develop fluorogenic probes 

containing an RFP based fluorophore with red fluorescence (excitation at 540 nm).9,10 The general 

structures of both fluorophores are shown in Fig. 2. 

 

Figure 2. GFP and RFP Based Fluorophores 

The RFP fluorophore is a derivative of the GFP fluorophore with the addition of a 

dimethylamino phenyl moiety to the original amide heterocycle via a C=C double bond 

(highlighted in red in Fig. 2). The addition of this moiety increases conjugation of the whole 

molecule and decreases the HOMO-LUMO energy gap. This decrease in the HOMO-LUMO 
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energy gap explains why the RFP fluorophore absorbs light at longer wavelengths (lower energy), 

and also why the fluorophore emits at longer wavelengths that are red-shifted. 

 Synthesis of the RFP fluorophore has been previously reported to proceed in one step from 

the boc-protected form of the GFP fluorophore via a Lewis acid catalyzed enamine condensation 

with dimethylamino benzaldehyde.10 Using the reported procedures, the original goal of this thesis 

was to synthesize five RFP based fluorogenic CLIP-tag probes in addition to the five GFP based 

probes in order to develop fluorogenic probes of two different colors. However, in the midst of the 

synthetic efforts, it was realized that the current synthetic conditions for the RFP fluorophore 

needed significant optimization for the desired RFP derivative with the dimethylamino group. Not 

only was conversion of starting material to product very low, but the precedented conditions also 

simultaneously degraded some of the desired product, and similar Rf values between starting 

material and product precluded efficient purification.  

Therefore, the second portion of this thesis focused on screening conditions for the 

synthesis of the RFP fluorophore from the GFP starting material. A higher yielding synthetic route 

to the RFP fluorophore would enable more efficient, large-scale synthesis of this desirable 

fluorophore, ultimately enabling straightforward and accessible synthesis of RFP based 

fluorogenic probes for future use not only with CLIP-tag probes, but also any compatible 

fluorogenic probe platform.  
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Chapter 2 

Synthesis of GFP-Benzylcytosine Fluorogenic Probes for CLIP-tag 

 To enable fluorogenic labeling of the CLIP-tag protein, the initial goal of this work was to 

synthesize five different fluorogenic probes with different linker moieties attaching the GFP based 

fluorophore and the O6-benzylcytosine ligand. Because the fluorogenic properties of these probes 

arise from how significantly the fluorophores turn on fluorescence upon changes in their 

microenvironment upon aggregation, the length and rigidity of the linker significantly affects 

fluorogenic properties by dictating how the fluorophore is held close to/far from the protein of 

interest. To this end, a series of GFP based CLIP-tag probes were synthesized using 2, 4, and 6-

carbon linkers, a cyclohexane linker, and a proline linker.  

 Ultimately, the fluorogenic properties of these probes will be evaluated, and the probe with 

the best fluorogenic properties (e.g. largest fluorescence “turn-on” effect, highest quantum yield, 

etc.) will be selected as the optimized probe for GFP fluorophore based CLIP-tag labeling.  

Synthesis of O6-Benzylcytosine 

 O6-Benzylcytosine derivatives bearing a fluorescent chemical probe can be used to label 

CLIP fusion (CLIP) proteins in cells because O6-benzylcytosine can act as a ligand that tags the 

CLIP protein.11 Therefore, O6-benzylcytosine was synthesized in order to attach various 

fluorescent probes to this ligand base, allowing for fluorescent tagging of desired proteins. O6-

Benzylcytosine was synthesized in four steps following literature precedent (Fig. 3).11  
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Figure 3. Synthetic Scheme for O6-Benzylcytosine 

The commercially available starting material formylbenzonitrile (1) was reduced to 4-

hydroxymethyl benzylamine (2) using lithium aluminum hydride to reduce the aldehyde and nitrile 

functionalities. The primary amine of benzylamine 2 was protected as an amide to afford 

benzylamide 4 in order to prevent the primary amine from acting as a nucleophile in the next 

synthetic step. The addition of sodium hydride to benzylamide 4 deprotonates the hydroxyl group, 

and the generated alkoxide then attacks the 4-amino-2-chloropyrimidine (5) in a nucleophilic 

aromatic substitution reaction to replace the aromatic chlorine substituent and afford protected O6-

benzylcytosine 6. Detailed experimental procedures and 1H NMR characterization can be found in 

appendices A and B, respectively.  

The yield for this nucleophilic aromatic substitution was acceptable for larger scale 

synthesis, but not high (43%). In a departure from the reported synthesis of O6-benzylcytosine, 

nucleophilic aromatic substitution of chloropyrimidine 5 was also run using 1-methylpyrrolidine 

in the hopes that the resulting positively charged, quaternary amine substituent would be a much 

more facile leaving group than chloride. Although this would add one step to the synthesis (SNAr 
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with 1-methylpyrrolidine to install a better leaving group, followed by the desired SNAr to build 

complexity), this option was investigated to see whether the overall conversion of benzylamide 4 

to protected O6-benzylcytosine 6 would be significantly improved. Unfortunately, the SNAr 

reaction with 1-methylpyrrolidine did not proceed to near-quantitative levels, making the addition 

of this step unhelpful in terms of overall yield.  

The amide functionality of protected O6-benzylcytosine was then cleaved to afford the 

deprotected primary amine in the desired O6-benzylcytosine molecule 7. The original literature 

procedure reports deprotection using 5 mL of methylamine 33% by weight in ethanol.11 To mimic 

these conditions without the same exact reagent, deprotection was tested under three different 

conditions: 2M NH3 in methanol, 40% methylamine by weight in water, and excess K2CO3 in 

water and methanol. Ultimately, the deprotection conditions using potassium carbonate proved the 

fastest, highest yielding, and simplest to work up. 

The most significant challenge in synthesizing large quantities of O6-benzylcytosine was 

purification. The molecule is quite polar because of the two primary amine functional groups on 

7, preventing efficient organic-aqueous extraction and purification via silica gel column 

chromatography. When spotted onto silica coated TLC plates, the desired product spot stays at the 

baseline (visualized with ninhydrin stain) along with other byproducts and undesired materials. 

Thus, the crude product 7 from the deprotection was purified via preparatory HPLC on a reverse-

phase column. Using a solvent system that gradually changed from 94.5% water, 4.5% acetonitrile, 

and 1% trifluoroacetic acid to 67.5% water, 31.5% acetonitrile, and 1% trifluoroacetic acid over 

the course of 12 minutes, purified O6-benzylcytosine was successfully obtained as the major 

component of the crude mixture (eluted at 5.012 min, Fig. 4). 
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Figure 4. HPLC Trace for O6-Benzylcytosine 

However, this solution to the purification problem was far from ideal — only about 30-40 

mg of crude material in 0.9 mL of solvent could be injected into the HPLC during one run, and the 

few milligrams of purified product was then obtained in approximately 20 mL of water and 

acetonitrile. Because O6-benzylcytosine cannot be extracted from water using organic solvents, 

the HPLC eluents were then frozen using liquid nitrogen and lyophilized for several days to 

remove the solvent, affording O6-benzylcytosine in very small quantities as a white, flossy solid.  

Though 970 mg of O6-benzylcytosine was successfully purified in this manner, this purification 

was extraordinarily time consuming and inefficient. For future synthesis of additional O6-

benzylcytosine, purification using aluminum instead of silica gel column chromatography may 

prove a more efficient method of purification than HPLC. Aluminum is a basic medium that should 

not protonate the primary amine moieties of O6-benzylcytosine, hopefully enabling the product to 

move through the solid phase of the column instead of being protonated and bound to acidic silica 

gel. For the purposes of this project, however, the purified O6-benzylcytosine was sufficient to 

continue with the fluorogenic probe synthesis.  
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Synthesis of Linker Molecules 

The utility of these fluorogenic probes depends on their ability to detect changes in their 

surrounding microenvironments and respond with a change in fluorescence. For these GFP based 

fluorogenic probes, the GFP fluorophore increases fluorescence intensity whenever the 

surrounding environment becomes rigid, preventing energy losses through rotational motion of the 

molecule. When the labeled proteins aggregate, the environment around the fluorophore becomes 

more rigid and fluorescence intensity increases. Thus, the connectivity between the protein tag 

ligand (O6-benzylcytosine) and the fluorophore strongly influences how strongly the fluorophore 

feels changes in the protein environment. Both the length and rigidity of the linker connecting the 

fluorophore and O6-benzylcytosine can dictate how closely the probe is held to the protein active 

site and, therefore, how much the environment around the probe changes. To investigate these 

effects, linkers of five different lengths and rigidities were used to synthesize GFP-benzylcytosine 

probes. Screening of this series of molecules would identify the linker that yields a fluorogenic 

probe with the most desirable properties. The linkers examined in this study were 2-carbon, 4-

carbon, 6-carbon, cyclohexane, and proline linkers. As the proline and 2-carbon (glycine) linkers 

are commercially available, only the other three linkers were synthesized (Fig. 5). 
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Figure 5. Synthetic Scheme for Linker Molecules 

 The synthesis of these linkers was straightforward even on gram scale, and the linkers did 

not require extensive purification other than the removal of solvent and volatile reagents and 

byproducts under vacuum.   
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Synthesis of GFP Fluorophore 

 The GFP fluorophore was synthesized in four steps (Fig. 6).  

 

Figure 6. Synthetic Scheme for GFP Fluorophore 

The Schiff base 18 was synthesized via nucleophilic acyl substitution of 4-dimethylamino 

benzaldehyde (16) with glycine t-butyl ester hydrochloride (17) to convert the aldehyde functional 

group to an imine.  

The synthesis of the desired imidate 21 was achieved using a biphasic reaction, which was 

vigorously stirred to enable the reaction to occur at the water/ether interface (Fig. 4). Although the 

reaction was worked up by collecting and drying the ether layers and removing most of ether under 

vacuum, the imidate product was not further purified or characterized due to instability of the 
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product, and the reaction mixture was not analyzed by TLC. Once most of the ether was 

evaporated, with a small amount remaining to avoid decomposition of the product, the freshly 

prepared imidate solution was added directly to the Schiff base reaction mixture.  

The unique procedure of this step accommodates the mechanism of the desired reaction 

and allows for an expedient, efficient work-up to avoid loss of product to decomposition. 

Potassium carbonate and glycine methyl ester hydrochloride (19) are added to the ether/water first 

so the base can deprotonate 19 and make it a strong nucleophile. Deprotonated 19 then partitions 

into ether while inorganic salt byproducts remain in the aqueous phase. Addition of 20 then allows 

for rapid formation of the imidate as 20 is already in the protonated, highly electrophilic form. The 

amine of 19 attacks the imine of 20, resulting in the expulsion of ammonia and the formation of 

the imidate. Because the active forms of 19 and 20 reside in different phases (19 in ether, 20 in 

water), stirring the biphasic mixture vigorously is required because the reaction only takes place 

at the solvent interface. Once the reaction occurs, the neutral product partitions into the ether, 

allowing for easy separation from unwanted byproduct salts and isolation into a usable form. 

The synthesis of the desired protected GFP fluorophore 22 proceeded smoothly from the 

Schiff base and freshly prepared imidate in 45% yield. The boc-protected fluorophore 22 was used 

as the starting material for synthesis of the RFP mimic fluorophore, and also deprotected under 

acidic conditions to cleave the boc ester and yield the GFP fluorophore 23 to be used in the 

syntheses of GFP-benzylcytosine based fluorogenic probes. Detailed experimental procedures and 

1H NMR characterization can be found in appendices A and B. 
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Synthesis of Final GFP-Linker-Benzylcytosine Probes 

 With each of the three pieces in hand (GFP fluorophore, linker molecules, and O6-

benzylcytosine), the final fluorogenic probes were synthesized through a series of peptide coupling 

and carboxylic acid methyl ester deprotection reactions. The synthetic scheme for the GFP-

Cyclohexane-BC probe is shown below in Fig. 7 as a representative scheme. 

 

Figure 7. Synthetic Scheme for GFP-Cyclohexane-BC 

 The GFP fluorophore was coupled to the linker molecules via peptide coupling to form a 

new amide bond. The mechanism of peptide coupling under the conditions used for this synthesis 

is shown below in Fig. 6. The EDC • HCl first activates the carboxylic acid by deprotonating the 

acid, then the carboxylate group re-attacks EDC • HCl to form an activated intermediate. HOBt 

then attacks the activated carbonyl to generate a HOBt ester and release urea byproducts. This 
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HOBt ester is now primed nucleophilic acyl substitution via attack by the amine, ultimately 

yielding the coupled final product with a new amide bond.  

 

Figure 8. Mechanism of Peptide Coupling 

 After the initial peptide coupling, the GFP-linker methyl ester intermediate was 

deprotected under basic conditions to refurnish the carboxylic acid functionality for the next 

peptide coupling reaction. The deprotection reaction mixture was quenched with pH 4.2 acetic 

acid buffer to protonate the carboxylic acid without protonating any of the basic nitrogenous 

functional groups and enable extraction of the product with organic solvent. However, much of 

the product stayed in the aqueous phase even with careful pH control. This may be due to the 

introduction of DMF into the extraction as the reaction solvent, which probably pulled the product 

into the aqueous phase. Much of the product was lost in the aqueous phase at this stage despite 

multiple extractions, so overall yields were significantly diminished. 

 The deprotected GFP-linker intermediates were then finally coupled to O6-benzylcytosine 

via peptide coupling to form an amide bond between the carboxylic acid of the GFP-linker 

intermediate and the primary benzylamine of O6-benzylcytosine. This general synthetic route was 
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used to synthesize five GFP-linker-Benzylcytosine probes using C2, C4, C6, cyclohexane, and 

proline linkers (Fig. 9).  

 

Figure 9. Final GFP-Linker-BC Probes 

Purification of Final GFP-Linker-Benzylcytosine Probes 

 Due to the remaining primary amine functionality in the final GFP-linker-BC probes, the 

small scale of the final peptide coupling reactions (typically under 20 mg scale), and the fact that 

the peptide couplings were run in dimethylformamide, doing an aqueous work-up and silica gel 

column purification proved difficult. Therefore, the final product probes were purified via reverse-

phase HPLC using gradient mixtures of solvent A (94.5% water, 4.5% acetonitrile, 1% 

trifluoroacetic acid) and solvent B (94.5% acetonitrile, 4.5% water, 1% trifluoroacetic acid). 
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However, due to the small scale of these reactions and the close polarity of the desired product and 

byproducts, identification of appropriate solvent conditions for purification proved challenging—

running multiple test gradients resulted in the gradual erosion of material, and the collected 

samples were obtained in dilute aqueous solution.  

 The crude GFP-proline-BC probe 29 was used as a reference to identify improved HPLC 

purification conditions for the probes. Purification of probe 29 using the established HPLC 

purification protocols from the purification of protected GFP and RFP fluorophores (2 min 100% 

A to separate polar organic solvents, gradient to 100% B over 22 min total) resulted in poor 

separation, with two distinct shoulders visible in the HPLC trace monitored at 480 nm (Fig. 10A). 

Slowing the gradient to extend over 30 minutes instead of 20 successfully separated a small 

impurity that eluted slightly before the desired product (Fig. 10B), but increasing the flow rate to 

decrease peak width and try and improve resolution actually resulted in poorer separation of the 

two peaks (Fig. 10C). After several other trials, using a mixed gradient and step solvent program 

was found to result in the best separation (Fig. 10D): 2 min 100% A to allow polar, organic solvents 

to elute, gradient to 24 min 22% B, hold at 22% B until 28 min to allow the impurity to elute, 

gradient to 31 min 100% B to then push the desired product off the column.  
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Figure 10. HPLC Purification of GFP-Pro-BC 

 

A) Gradient from 0 - 100% Solvent B over 20 minutes at 20 mL/min

B) Gradient from 0 - 100% Solvent B over 30 minutes at 20 mL/min

C) Gradient from 0 - 100% Solvent B over 30 minutes at 30 mL/min

D) Gradient puri cation with 4 min. step at  22% Solvent B
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 Using similar small-scale HPLC runs to test purification conditions for probes 25 to 29, 

the final probes were purified using three different HPLC solvent programs (for final conditions 

and HPLC traces, see Appendix B). However, due to the small quantity of product synthesized, 

not all probes could be completely purified as testing each new HPLC purification condition 

resulted in loss of product. The purification of all probes was sufficient to allow for structural 

characterization and confirmation by 1H NMR. Ultimately, three probes were effectively purified: 

GFP-Cyclohexane-BC 25, GFP-C2-BC 26, and GFP-C4-BC 27. The other probes, GFP-C6-BC 

28 and GFP-Pro-BC 29, were mostly purified.  

With these five synthesized probes in hand, future directions will include scaling up these 

syntheses to enable more facile purification of the final probes and yield slightly larger quantities 

of product. Once that is accomplished, these five fluorogenic probes can be screened for their 

fluorogenic properties using CLIP protein under conditions that induce protein aggregation. 

Quantification of their fluorogenic properties will allow for the selection of the best probe for 

future applications in the labeling and imaging of aggregating CLIP tagged proteins of interest in 

live cells.  
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Chapter 3 

Optimization of RFP Mimic Fluorophore Synthesis 

Increasing conjugation of the GFP fluorophore by adding a benzaldehyde derivative 

changes the color of the molecule’s fluorescence from yellow to red. By increasing conjugation of 

the pi system, the HOMO-LUMO energy gap of the molecular orbitals decreases and the 

wavelength of light absorbed by the molecule increases from 480 nm for GFP to 540 nm for the 

RFP mimic fluorophore. Synthesizing a series of fluorogenic probes using the RFP fluorophore 

attached to the O6-benzylcytosine ligand via different linkers would enable dual-color imaging of 

CLIP tagged proteins that aggregate (both GFP and RFP fluorophores could be used).  

The protected RFP fluorophore 31 can be synthesized from the protected GFP fluorophore 

22 in one synthetic step through a Lewis acid catalyzed enamine condensation with dimethylamino 

benzaldehyde (30) (Fig. 11).  

 

Figure 11. Synthetic Scheme for RFP Fluorophore 

 These conditions have been frequently used to synthesize the RFP fluorophore.10 However, 

product conversion under these conditions is typically only low to moderate, resulting in low yields 

of the desired RFP fluorophore (~20%). Additionally, the Zn2+ Lewis acid catalyst can also 

deprotect the boc-protected carboxylic acid moiety of the fluorophores;12 this side reactivity eats 
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up both the starting material and the product, significantly reducing yields. Particularly 

problematic is the fact that the boc ester carbonyl in the product is more electron rich than the 

carbonyl in the starting material due to additional electron donation from the dimethylamino 

phenyl moiety. This added electron richness means the Lewis acid catalyst may coordinate more 

readily to the product, and selectively catalyze deprotection of the product over the starting 

material, which would decrease RFP:GFP ratio. Moreover, the GFP and RFP fluorophores have 

extremely similar polarities and Rf values, making them difficult or even impossible to cleanly 

separate via silica gel column chromatography. Multiple trials with several different solvent 

systems (ethyl acetate & hexanes, DCM & methanol, etc.) failed to separate the RFP product from 

the GFP starting material both on a manual silica gel column and a Biotage auto-column. 

Recrystallization of a GFP/RFP mixture also resulted in some recrystallization of leftover GFP 

starting material, but the desired RFP product and a significant amount of GFP remained in 

solution. Thus, the only viable purification method for the protected RFP fluorophore was, again, 

preparatory reverse-phase HPLC, which was time-consuming and highly inefficient when trying 

to synthesize large, gram-scale quantities of this fluorophore (see Fig. 32, Appendix B). Overall, 

low product conversion combined with purification difficulty makes the synthesis of the desired 

RFP fluorophore highly inefficient, precluding the facile synthesis of a series of RFP based 

fluorogenic probes. 

 Thus, optimization of the RFP synthesis was undertaken by screening different conditions 

for the key enamine condensation. Initially, different conditions for this reaction were selected 

using mechanistic understanding of the reaction. The proposed reaction mechanism for the current 

RFP synthesis is shown below in Fig. 12.  
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Figure 12. Proposed Mechanism of RFP Synthesis 

 Protected RFP 31 is synthesized from protected GFP 22 via a Lewis acid catalyzed enamine 

condensation with 4-dimethylamino benzaldehyde (30). The Lewis acid, Zn2+ under precedented 

conditions, coordinates to the most basic nitrogen in the protected GFP structure. This coordination 

actives the protected GFP by making the methyl hydrogens acidic, as the C–H 𝜎-bonds 

hyperconjugate into the adjacent electron deficient 𝜋 system. This activation enables deprotonation 

of the acidic methyl group by the solvent or another electron donor in solution, generating a 

nucleophile that then attacks the activated aldehyde carbonyl of the benzaldehyde starting material. 

Because the precedented reaction conditions are acidic, the aldehyde carbonyl is likely protonated 

or also coordinated to the Lewis acid, which facilitates the nucleophilic attack by GFP during the 

condensation reaction. The resultant benzylic hydroxyl group is likely also protonated under the 

acidic conditions, allowing for facile elimination of water to form the final double bond. Formation 
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of this double bond is favorable both because water is a good leaving group, and also because 

installation of this double bond dramatically increases conjugation over the entire molecule.   

 Using this mechanistic understanding of the key transformation, different reaction 

conditions were tested for the RFP synthesis. These conditions were screened using small scale 

(~50 mg starting material) reactions that were purified via manual silica gel column 

chromatography to obtain a GFP/RFP mixture. The ratio of GFP:RFP was calculated from the 1H 

NMR spectrum by comparing the integration of key characteristic signals, and this ratio was also 

used to calculate the NMR yield of RFP for each condition. All results of this screen for optimized 

reaction conditions are shown in Table 1. A dash (-) in Table 1 indicates that these results are from 

conditions that were tested, but for which the final 1H NMR results have not yet been obtained.  

 

Table 1. RFP Synthesis Condition Screen 

Conditions RFP:GFP Ratio NMR Yield (%) 

0.1 eq. ZnCl2, 101°C, not anhydrous 1 : 0.9 26.3 

Piperidine in pyridine, 115°C 0 : 1 N/A 

0.5 eq. ZnCl2, 101°C, not anhydrous 1 : 0.46 16.0 

0.1 eq. ZnCl2, 101°C, anhydrous solvent - - 

0.1 eq. BF3 • Et2O, 101°C,  anhydrous solvent 1 : 0.245 54.4 

0.1 eq. AlCl3, 101°C, anhydrous solvent - - 

0.1 eq. TiCl4, 101°C, anhydrous solvent - - 

0.1 eq. MgCl2, 101°C, anhydrous solvent - - 

0.1 eq. Zn(OAc)2,  101°C, anhydrous solvent - - 
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 The solvent for all the screened acidic conditions was kept as 1,4-dioxane. Although some 

literature procedures also use THF as a solvent,13 the boiling point of THF is much lower than 1,4-

dioxane (66°C vs. 101°C) which limits the ability to heat the reaction. Though the RFP:GFP ratio 

and yield of RFP was not calculated for this preliminary reaction, running this condensation at 

70°C instead of 101°C using the original ZnCl2 conditions resulted in less than ~30% conversion 

of GFP to RFP (qualitative TLC analysis). Therefore, the solvent was maintained as 1,4-dioxane 

to enable sufficient heating to push the reaction forward as much as possible.  

 The first screened condition was the original, precedented conditions using 0.1 eq. ZnCl2 

as the Lewis acid catalyst under not strictly anhydrous conditions (using wet 1,4-dioxane). The 1H 

NMR of the purified GFP/RFP mixture is shown in Figure 13. 
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Figure 13. Annotated 1H NMR of GFP/RFP Mixture 

By comparing the 1H NMR spectrum of the mixture to 1H NMR spectra of both purified 

GFP and RFP fluorophores, it is possible to definitively assign every signal to either the GFP 

starting material or the RFP product. Then, using the ratio of peak integrations for equivalent 

protons, the ratio of RFP:GFP was calculated. Specifically, the signals for the methylene protons 

between the boc-protected carboxylic acid and the amide nitrogen were selected because of their 

easy identification and integration (no overlapping signals or splitting). The singlet for these 

methylene protons shows up at 4.43 ppm for protected RFP and 4.28 ppm for protected GFP, and 

both signals should integrate to 2H if the molecules are in a 1:1 ratio. The ratio of RFP:GFP was 
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calculated by dividing the integration value of the characteristic GFP methylene signal by the 

integration value for the same protons on the RFP molecule. This ratio was then used to back-

calculate the yield of RFP from the mass of the GFP/RFP mixture. For all 1H NMR of the GFP/RFP 

mixtures from the screened conditions, see Appendix B.  

Under the original reaction conditions, the RFP:GFP ratio is 1:0.9 and the RFP yield is 

only 26.3%. Typically, similar kinds of condensation reactions can also be run under basic 

conditions (e.g. Aldol condensation), wherein a strong base deprotonates a slightly acidic position 

to generate an enolate nucleophile that then attacks a carbonyl. Thus, a basic condition was also 

tested following literature precedent using pyridine as a basic solvent and a small amount of 

piperidine as a proton donor.13 Under these conditions, however, there was no observable product 

formation at all—the 1H NMR of the product mixture was essentially pure starting material (Fig. 

28, Appendix B). Thus, attempting to run this condensation under basic conditions was ruled out 

as a viable option. The addition of an acid catalyst seemed necessary to activate both the GFP 

(enabling deprotonation) and aldehyde (facilitating nucleophilic attack) starting materials. 

 Three different routes were considered for the optimization of this enamine condensation 

under acidic conditions: 1) changing equivalents of the catalyst, 2) changing the Lewis acidity of 

the catalyst, 3) changing the counterion of the Lewis acid catalyst. Increasing the equivalents of 

ZnCl2 from 0.1 to 0.5 indeed improved the conversion of GFP to RFP, but the overall yield of the 

RFP fluorophore was actually lower than with 0.1 eq. of ZnCl2. This result is most probably due 

to the fact that ZnCl2 can both facilitate the conversion of GFP to RFP but also deprotect the boc 

ester, resulting in degradation of the desired product over time. The Zn2+ cation can also activate 

the boc ester carbonyl, and with trace water in solution, water can act as a nucleophile to cleave 

the boc protecting group and reveal the carboxylic acid functionality. The deprotected product 
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appears as an insoluble black gel-residue that coats the inside of the reaction vessel, and adsorbs 

strongly to silica gel due to its high polarity. To avoid product degradation due to deprotection of 

the carboxylic acid functional group, the equivalents of the Lewis acid catalyst were maintained 

at 0.1 eq.  

 Next, the reaction was run under the same conditions, but using 1,4-dioxane that had been 

dried over activated molecular sieves for several days. Although this reaction may not be 

incredibly water sensitive, water could potentially act as a nucleophile to cleave the boc protecting 

group, add into the aldehyde instead of the protected GFP starting material, or it could also 

coordinate to the Lewis acid catalyst and decrease catalytic efficiency. Running the same reaction 

under anhydrous conditions indeed resulted in less visible black residue in the reaction mixture 

from deprotected product, though it afforded a similar mass of purified GFP/RFP mixture after the 

initial column purification. The purified mixture looked qualitatively similar to the product formed 

with non-anhydrous solvent; however, quantitative analysis by 1H NMR has not yet been 

performed.  Ultimately, anhydrous 1,4-dioxane was chosen as the preferred solvent system because 

1) the reaction mixture appeared to have less visible deprotected product (based on appearance of 

reaction mixture and TLC analysis), and 2) using an anhydrous solvent enhances the 

reproducibility of this reaction by eliminating an otherwise uncontrolled variable and more 

generally adheres to good synthetic practice.  

 Next, different Lewis acid catalysts were screened to investigate whether the acidity of the 

catalyst had a significant impact on the reaction. As ZnCl2 is 2+ on the catalytic metal center, 

different catalysts ranging from +1 to +4 charge were screened. Because Lewis acid coordination 

to the nitrogen and the subsequent removal of electron density from the 𝜋 system is mechanistically 

required for deprotonation of the terminal methyl to generate the nucleophile, it was hypothesized 
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that a more cationic/acidic Lewis acid would result in higher GFP to RFP conversion and yield 

because it would more strongly activate the starting material and lower the energy barrier for 

generation of the nucleophile.  

 Surprisingly, however, using 0.1 eq. BF3 • Et2O resulted in significantly higher GFP to 

RFP conversion (1 : 0.245) and RFP yield (54.4%). This result directly contradicts the initial 

hypothesis that more Lewis acidic catalysts would increase conversion and yield. This unexpected 

result may be due to the fact that BF3 • Et2O is not a strong enough Lewis acid catalyst to 

significantly activate the boc ester and enable cleavage of the boc group (deprotection of 

carboxylic acid functionality). By being just acidic enough to catalyze the enamine condensation 

without also catalyzing deprotection of the carboxylic acid, BF3 • Et2O may lead to higher yields 

and RFP:GFP ratios by ensuring that the product RFP is not degraded over the course of the 

reaction. To test this hypothesis, reactions with more Lewis acidic catalysts, AlCl3 and TiCl4, were 

also examined. If BF3 • Et2O leads to increased conversion and yield because it is a weaker Lewis 

acid that does not catalyze boc cleavage as effectively as ZnCl2, stronger Lewis acid catalysts like 

Al3+ and Ti4+ should have the opposite effect – enhancing deprotection of the product and reducing 

overall yields and conversion. Regrettably, though reactions with AlCl3 and TiCl4 were run and 

purified, quantitative 1H NMR analysis has not yet been accomplished. However, from visual, 

qualitative observations of the reaction mixtures and TLC plates (Fig. 14), it appears that neither 

AlCl3 or TiCl4 significantly promoted deprotection of the product. After refluxing the reaction with 

AlCl3 overnight, no significant amount of black gel-like residue (deprotected product) was visible 

in the reaction vial. TLC analysis typically reveals the deprotected product as a brownish-red 

baseline spot due to the high polarity of the deprotected carboxylic acid. This brown baseline spot 

is clearly visible in Fig. 14A, the conditions with 0.1 eq. ZnCl2 in anhydrous 1,4-dioxane, but much 
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fainter in Fig. 14B, the conditions with 0.1 eq. AlCl3 in anhydrous solvent. TiCl4 proved to be a 

difficult Lewis acid to handle due to its high reactivity with atmospheric water and the lack of an 

available glass micro-syringe to properly measure out the required volume. Within 20 minutes of 

addition to the reaction, the reaction mixture turned viscous and changed to a dark black-brown 

color. Within 1 hour, the reaction was stopped because TLC analysis revealed that several new 

byproducts were rapidly forming while the color and fluorescence of the main starting 

material/product spot indicated that not much conversion to product had occurred (more orange-

yellow than red, Fig. 14C).   

 

Figure 14. TLC Analysis of ZnCl2, AlCl3, and TiCl4 Conditions 

 From qualitative observations, TiCl4 appeared to be a poor Lewis acid catalyst for this 

reaction, potentially because the extremely high Lewis acidity and reactivity promoted various 

other unwanted side reactions. A definitive decision on AlCl3 cannot be made without quantitation 

of the GFP:RFP ratio and overall yield of RFP fluorophore. Observation of a lower RFP:GFP ratio 

and lower yields would support the proposed hypothesis.  

A) ZnCl2

GFP/RFP

Protected

Deprotected,

   degraded 

     material

B) AlCl3 C) TiCl4
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 Zn(OAc)2 was also screen as a Zn2+ based Lewis acid catalyst with a more basic anion. The 

mechanistic justification for this experiments was that the more basic anion (acetate vs. chloride) 

may more effectively deprotonate the starting material, initiating the enamine condensation more 

efficiently. Unfortunately, when Zn(OAc)2 was used as the catalyst, the reaction was extremely 

inefficient and sluggish. Though the NMR yield has not yet been determined, significant amounts 

of remaining starting material was clearly visible via TLC analysis (Fig. 15), despite holding all 

other reaction conditions constant.  

 

Figure 15. TLC Analysis of Zn(OAc)2 Conditions 

 This result may be explained by the fact that the acetate ligand is slightly more basic than 

Cl– and also bidentate; thus, the acetate ligand might coordinate more strongly to Zn2+ and prevent 

the cation from acting as efficiently as an acid catalyst. Alternatively, the slightly basic nature of 

the acetate anion may negatively affect the acidic conditions required for the desired reaction to 

occur (the piperidine/pyridine conditions showed that the reaction does not occur under basic 

conditions).  

 Curious as to whether zinc in particular yields better results than an alternative 2+ Lewis 

acid catalyst, a reaction was also run with MgCl2 as the Lewis acid catalyst. Though the reaction 
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did proceed, a significant amount of remaining starting material (more so than the comparable 

ZnCl2 results) was clearly visible via TLC analysis (Fig. 16).   

 

Figure 16. TLC Analysis of MgCl2 Conditions 

 As Mg2+ is a smaller, harder Lewis acid, it may be less able to activate the starting materials 

– for example, if Zn2+ coordinates to both the GFP precursor and the carbonyl of the benzaldehyde 

to activate both simultaneously, the smaller Mg2+ cation may be a poorer catalyst because the 

smaller size makes it less able to coordinate the two large starting materials at the same time.   

  Though not enough pure protected RFP fluorophore was obtained to synthesize a series of 

RFP based CLIP-tag probes (similar to the GFP probes detailed in Chapter 2), a single RFP based 

CLIP-tag probe was synthesized without any linker moiety connecting the fluorophore to the 

ligand. The protected RFP fluorophore 31 was deprotected to reveal the carboxylic acid 

functionality using trifluoroacetic acid, then the deprotected fluorophore was coupled to O6-

benzylcytosine under peptide coupling conditions to afford an RFP-benzylcytosine fluorogenic 

probe 32 (Fig. 17, for 1H NMR spectrum see Fig. 31, Appendix B).  
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Figure 17. RFP-Benzylcytosine Probe 

 Though the initial goal of this work was to synthesize a series of RFP fluorophore based 

CLIP-tag probes, large-scale synthesis and purification of the RFP fluorophore proved to be too 

inefficient and difficult for efficient synthesis of the desired probes. Therefore, an optimization 

campaign for the synthesis of the RFP fluorophore was undertaken. Overall, without having 

quantitative NMR yields and ratios to compare all of the experimental conditions, it is difficult to 

definitively choose optimum reaction conditions and rationalize why certain reagents perform 

better than others. At this point, BF3 • Et2O appears to be the best Lewis acid catalyst that affords 

the highest RFP:GFP ratios and product yields. Catalyst loading should be kept low, at 0.1 eq, and 

anhydrous solvent should be used. The acidic reaction conditions appear to be necessary for 

notable reaction progression. Significant progress was made towards optimization of the RFP 

fluorophore synthesis, and future selection of optimized reaction conditions will enable more 

efficient synthesis of this highly desirable fluorophore on larger scales for applications in 

synthesizing new RFP based fluorogenic probes.   
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Chapter 4 

Conclusions & Future Directions 

 This thesis reports progress toward the development of a dual-color system of fluorogenic 

probes to detect protein aggregation in live cells based on GFP and RFP mimic fluorophores and 

a CLIP-tag protein system. Such fluorogenic CLIP-tag probes are desirable because they would 

represent the addition of an orthogonal tag system to the SNAP-tag and Halo-tag platforms, 

enabling more complex biological studies of multiple simultaneously labeled proteins of interest 

in live cells. Developing tools to enable the study of protein aggregation in living cellular 

environments may ultimately help elucidate how such protein aggregation causes biological 

effects, which is of particular interest in the study of neurodegenerative diseases.  

 Five GFP fluorophore based probes were synthesized by conjugating the GFP fluorophore 

to O6-benzylcytosine (CLIP-tag ligand) via a linker moiety. The structure and the rigidity of the 

linker (C2, C4, C6, cyclohexane, or proline) can significantly affect the fluorogenicity of these 

probes, hence a series of molecules was synthesized to enable further quantification of desirable 

fluorogenic properties and selection of the best probe. Though all five probes were successfully 

synthesized and characterized via 1H NMR, purification of the probes proved difficult, even on a 

reverse-phase preparatory HPLC system. Three probes, GFP-Cyclohexane-BC 25, GFP-C2-BC 

26, and GFP-C4-BC 27, were successfully purified. The other two probes, GFP-C6-BC 28 and 

GFP-Pro-BC 29, were mostly purified; however, there was not enough material to successfully 

identify a better HPLC purification gradient. Hence, future work will include scaling up the 

syntheses of these last two probes to allow for further testing of different purification gradients. 

Once the proper purification protocol is identified for each probe, and enough material is purified, 

the fluorogenic properties of each probe will be tested to quantify desirable properties such as 
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“turn-on” intensity. Ultimately, the probe with the best fluorogenic properties (biggest fold 

difference in fluorescence intensity upon protein aggregation) will be selected for use in live cell 

imaging to study protein aggregation.  

 To enable dual-color imaging with the CLIP-tag system, it is necessary to have at least two 

different families of CLIP-tag probes with different colored fluorophores. Though the ultimate 

goal of this project is to develop and synthesize an RFP fluorophore based CLIP-tag probe, the 

original synthesis of the RFP fluorophore proved to be too inefficient and challenging to purify for 

large-scale, preparative synthesis that would be necessary for the synthesis of multiple different 

RFP based probes. Therefore, the synthesis of the desired RFP fluorophore was optimized, 

focusing specifically on optimizing the enamine condensation that converts protected GFP 

fluorophore to protected RFP fluorophore. The original conditions of 0.1 eq. ZnCl2 in 1,4-dioxane 

yielded only 26.3% desired product, and afforded a nearly 1:1 mixture of the GFP and RFP that 

proved challenging to separate on a standard silica gel column. After screening different conditions 

that changed catalyst loading, anhydrous solvents, and different Lewis acids, the best conditions 

found so far are 0.1 eq. BF3 • Et2O in anhydrous 1,4-dioxane, which yields 54.4% desired product 

and a roughly 4:1 ratio of RFP to GFP. The current hypothesis to explain these results is that BF3 

• Et2O acts as a weaker Lewis acid catalyst that can catalyze the enamine condensation without 

also catalyzing the undesirable deprotection of the RFP product to give degraded carboxylic acid 

byproducts. However, quantification of yields from the other screened conditions (particularly the 

AlCl3 experiment) must still be completed, and these results could either support or negate the 

proposed hypothesis. Still, the discovery of the new, optimized reaction conditions marks a 

significant improvement in the RFP fluorophore synthesis, with nearly doubled yields and a 4x 

larger ratio of desired product to remaining starting material, which makes purification more 
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straightforward. Further work includes obtaining 1H NMR data for the purified products of all 

remaining screened conditions to either select an even better synthetic condition, or help 

understand why the BF3 • Et2O shows such a marked improvement in synthetic yield. Ultimately, 

optimization of the RFP fluorophore synthesis will enable more efficient, large-scale synthesis of 

this desirable fluorophore to subsequently enable design and synthesis of RFP based fluorogenic 

CLIP-tag probes.  
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Appendix A 

Experimental 

General Methods 

 All commercially available compounds and solvents were purchased and used without further 

purification unless otherwise noted. Reactions were not run under strictly anhydrous or inert atmospheric 

conditions unless otherwise noted. All HPLC purification was performed on an Agilent 1260 Infinity HPLC 

(Model No. A11) with gradient mixtures of Solvent A (94.5% H2O, 4.5% acetonitrile, 1% trifluoroacetic 

acid) and Solvent B (94.5% acetonitrile, 4.5% water, 1% trifluoroacetic acid) with flow rate 20 mL/min. 

All 1H NMR spectra were run on a 500 MHz Brüker AV-III-HD 500 spectrometer.  

 

4-Hydroxymethyl benzylamine (2). 

LiAlH4 (5.79 g, 0.152 mol) was added slowly to 200 mL of anhydrous THF at 0°C. 4-

Formylbenzonitrile (5.0 g, 38.13 mmol) was dissolved in 40 mL anhydrous tetrahydrofuran to yield a 

yellow solution. The 4-formylbenzonitrile solution was then added dropwise to the solution of LiAlH4 with 

stirring at 0°C. After addition was complete, the reaction mixture was brought to reflux under Ar at 50°C 

for 48 h. The color of the reaction mixture changes from gray to dark green then pea green as the reaction 

progresses, and the formation of chunky dark green precipitate was also observed. After 48 h, the reaction 

was quenched by slowly adding 60 mL of H2O at 0°C until the color changed from green to white. 20 mL 

of 10% NaOH(aq) was added during the work up, the reaction mixture was filtered, the precipitate was 

washed with EtOAc, and the yellow filtrate was collected. This filtrate was concentrated, filtered through 

a pad of Celite, and lyophilized to yield 4.8565 g of crude product as a tacky, sticky, cream-colored solid 

(92.9%). This material was used without further purification or characterization.  
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2,2,2-Trifluoro-N-(4-(hydroxymethyl)benzyl)acetamide (4). 

Crude 2 (5.23 g, 38.13 mmol) was dissolved in 40mL MeOH to afford a yellow solution. 

Triethylamine (5.31 mL, 38.13 mmol) was added to the solution with stirring. Ethyl trifluoroacetate (5.90 

mL, 49.56 mmol) was added dropwise to the stirring reaction mixture. The reaction was allowed to stir at 

room temperature for 24 h, then the solvent was removed under vacuum to yield a honey colored gel. This 

residue was dissolved in DCM, dry-loaded onto 15g of silica, then purified by silica column 

chromatography (gradient hexanes:ethyl acetate from 2:1 to 1:1). The desired product has an Rf  ~ 0.5 in 

1:1 Hex:EA. The pure fractions were collected and the solvent was removed under vacuum to yield 5.55g 

of purified product as a white solid (67% yield). Other than TLC analysis, this product was not further 

characterized.  

 

N-(4-((4-aminopyrimidin-2-yloxy)methyl)benzyl)-2,2,2-trifluoroacetamide (6). 

4 (1.591 g, 6.82 mmol) was dissolved in 25mL anhydrous DMF to generate a light yellow solution. 

60% NaH dispersion in mineral oil (1.09 g, 27.29 mmol) was added slowly at 0°C, and the reaction mixture 

changed from yellow to dark teal, dark forest green, pea green, then light yellow green. The mixture was 

stirred for 30 min at rt. After 30 min, 4-amino-2-chloropyrimidine (1.79 g, 13.81 mmol) was added and the 

reaction turned a dark blackish-green color. The reaction was refluxed under Ar at 90°C for 24 h until the 

mixture became an orange-red color. The reaction was quenched with 100 mL H2O and extracted with ethyl 

acetate (5 x 100 mL). The organic extract was evaporated under vacuum and azeotroped with toluene to 

remove remaining DMF, yielding a sticky orange solid. This solid was purified via flash silica column 

chromatography (1:20 MeOH:DCM), and 970 mg of purified product was obtained as a light yellow, 

crystalline solid (43%). 1H NMR (DMSO-d6, 500 MHz) 𝛿 10.05 (t, 1H), 8.63 (br s, 2H), 7.98 (d, 1H), 7.41 

(m, 4H), 6.33 (d, 1H), 5.43 (s, 2H), 4.40 (d, 2H).  
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2-(4-(Aminomethyl)benzyloxy)4-aminopyrimidine (O6-benzylcytosine, 7). 

6 (970 mg, 2.97 mmol) and K2CO3 (2.46 g, 17.84 mmol) were dissolved in 100mL of 1:24 

H2O:MeOH. The reaction mixture was refluxed under Ar at 65°C for 3 h, then filtered over Celite to remove 

remaining K2CO3. The filtrate was evaporated under vacuum, redissolved in MeOH to precipitate remaining 

salts, and filtered again to remove remaining salt byproducts. This crude product solution was purified by 

preparatory reverse-phase HPLC (2 min at 100% A, gradient to 30% B by 8 min, then gradient to 100% B 

by 12 min) to afford 380 mg purified benzylcytosine as a fluffy white solid (55.6%). 1H NMR (DMSO-d6, 

500 MHz) 𝛿 8.54 (br s, 2H), 8.35 (br s, 2H), 7.99 (d, 1H), 7.52 (m, 4H), 6.35 (d, 1H), 5.43 (s, 2H), 4.06 (s, 

2H). 

 

4-Aminobutanoic acid methyl ester hydrochloride (C4 linker, 9).  

4-Amino-n-butyric acid (412.5 mg, 4 mmol) was dissolved in 10 mL anhydrous MeOH, and the 

solution was cooled to 0°C. Thionyl chloride (1 mL,  12 mmol) was added dropwise to the stirring solution 

at 0°C. The reaction was refluxed at 65°C under Ar for 24 h until the reaction turned into a clear yellow 

solution. The solvent was removed under vacuum, and the solid was further dried under high vacuum to 

obtain 400 mg of creamy white solid (85%). The product was used without further purification. 1H NMR 

(DMSO-d6, 500 MHz) 𝛿 8.16 (br s, 3H), 3.59 (s, 3H), 2.78 (m, 2H), 2.44 (t, 2H), 1.81 (m, 2H). 

 

6-Aminohexanoic acid methyl ester hydrochloride (C6 linker, 11).  

6-Amino-n-hexanoic acid (524.7 mg, 4 mmol) was dissolved in 10 mL anhydrous MeOH, and the 

solution was cooled to 0°C. Thionyl chloride (1 mL,  12 mmol) was added dropwise to the stirring solution 

at 0°C. The reaction was refluxed at 65°C under Ar for 24 h until the reaction turned into a clear yellow 

solution. The solvent was removed under vacuum, and the solid was further dried under high vacuum to 

obtain 570 mg of creamy white solid (98%). The product was used without further purification. 1H NMR 
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(DMSO-d6, 500 MHz) 𝛿 7.95 (br s, 3H), 3.58 (s, 3H), 2.74 (m, 2H), 2.30 (t, 2H), 1.52 (m, 4H), 1.30 (p, 

2H).  

 

Trans-4-aminocyclohexylcarboxylic acid hydrochloride (13) 

Trans-4-(boc-amino)cyclohexane carboxylic acid (973 mg, 4 mmol) was added to 6 mL 4M HCl 

in 1,4-dioxane. An additional 3 mL 1,4-dioxane was added to help mixing efficiency as the product salt 

precipitates. The reaction mixture was stirred at rt for 1 h, then the mixture was dried under vacuum and 

carried forth to the next step without purification or characterization.  

 

Trans-4-aminocyclohexylcarboxylic acid methyl ester HCl (cyclohexane linker, 15) 

X7 (719 mg, 4 mmol) was dissolved in 10 mL anhydrous MeOH and cooled to 0°C. Thionyl 

chloride (1 mL, 12 mmol) was added dropwise to the reaction at 0°C, and the mixture was refluxed under 

Ar overnight at 65°C until it turned into a clear yellow solution. The reaction mixture was dried under 

vacuum to afford 734 mg of a creamy white solid (95%). 1H NMR (DMSO-d6, 500 MHz) 𝛿 8.18 (br s, 3H), 

3.58 (s, 3H), 2.90 (m, 1H), 2.25 (m, 1H), 1.95 (m, 4H), 1.36 (m, 4H). 

 

Schiff base (18). 

4-Dimethylaminobenzaldehyde (2 g, 13.4 mmol), glycine tert-butyl ester hydrochloride (4.49 g, 

26.8 mmol), and NaOH (1.07 g, 26.8 mmol) were dissolved in 20 mL EtOH to yield an opaque, bright 

yellow mixture. The reaction mixture was stirred at rt under Ar for 24 h until the color became a creamier 

yellow. This reaction was not worked-up, and the product was not isolated or characterized.  

 

Imidate (21). 

Glycine methyl ester hydrochloride (10 g, 80 mmol) and K2CO3 (10 g, 80 mmol) were suspended 

in Et2O (100 mL) and H2O (50 mL) to yield a biphasic mixture. Ethyl acetimide hydrochloride (10 g, 80 
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mmol) was added to the mixture, which was stirred extremely vigorously for 6 min. The Et2O was separated 

and collected, fresh Et2O (100 mL) was added to the reaction, and the mixture was stirred for an additional 

6 min before removing the Et2O. Combined Et2O layers were dried over anhydrous Na2SO4 (s), and the 

solution was dried under vacuum without heat to yield a lightly yellow tinted liquid. The product was only 

dried until no ether could be detected by smell, as drying to completion causes decomposition of the 

product. The product was not further characterized or purified. The requisite mass was immediately 

measured and added to the next reaction. 

 

Protected GFP Fluorophore (22). 

The concentrated solution of  imidate 21 in Et2O (2.13 g, 13.4 mmol) was added directly to the 

reaction mixture of Schiff base 18. The reaction mixture immediately becomes bright yellow. The reaction 

was stirred at rt for 24 h until the color turns yellow-orange. H2O (20 mL) was added to the reaction mixture, 

the ethanol was removed under vacuum, and the crude mixture in H2O was extracted with ethyl acetate (5 

x 100 mL) to afford the crude product as a vibrant orange gel. The crude material was dry-loaded onto silica 

and purified via flash silica column chromatography in 2:1 Hex:EA to afford 2.03 g of a bright yellow-

orange solid (45% yield). 1H NMR (CDCl3, 500 MHz) 𝛿 8.06 (d, 2H), 7.10 (s, 1H), 6.70 (d, 2H), 4.28 (s, 

2H), 3.05 (s, 6H), 2.30 (s, 3H), 1.47 (s, 9H).  

 

GFP Fluorophore (23). 

Protected GFP fluorophore (796 mg, 2.32 mmol) was dissolved in DCM (5.5 mL). Trifluoroacetic 

acid (5.5 mL, 69.6 mmol) was added to the stirring solution dropwise, and the color changed from yellow-

orange to dark blackish-yellow. The reaction was stirred at rt for 4 h, then azeotroped with toluene to remove 

excess trifluoroacetic acid. The crude material was dissolved in ethyl acetate (50 mL) and washed with pH 

4.2 acetate buffer (3 x 30 mL) to remove trace trifluoroacetic acid. The crude product was then dried under 
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vacuum and used without further purification.  1H NMR (DMSO-d6, 500 MHz) 𝛿 8.05 (d, 2H), 6.92 (s, 

1H), 6.75 (d, 2H), 4.37 (s, 2H), 3.00 (s, 6H), 2.27 (s, 3H).  

 

General Procedure for GFP-Linker Intermediates. 

GFP-Linker Methyl Esters 

GFP fluorophore (0.50 mmol), the linker molecule (1.00 mmol), EDC • HCl (1.00 mmol), and 1-

hydroxybenzotriazole hydrate (1.00 mmol) were dissolved in 4 mL anhydrous DMF. Triethylamine (3.00 

mmol) was added to the solution, and the reaction mixture was stirred under Ar at rt for 24 h. The reaction 

mixture was quenched with H2O (5 mL), extracted with DCM (5 x 20 mL), and dried under vacuum to 

afford the coupled GFP-linker intermediate. This product was not characterized or purified.  

GFP-Linker Carboxylic Acids 

The coupled GFP-linker methyl ester intermediate (0.5 mmol) and KOH (2.5 mmol) were dissolved 

in 6 mL of 1:1 THF:H2O. The reaction mixture was stirred vigorously for 4 h, then quenched with pH 4.2 

acetate buffer (20 mL), and extracted with DCM (5 x 50 mL). The organic layers were dried over MgSO4 

(s) and the solvent was removed under vacuum to afford the GFP-linker intermediates with deprotected 

carboxylic acid functionality. This product was not characterized or purified.  

 

General Procedure for GFP-Linker-Benzylcytosine coupling.  

The GFP-linker carboxylic acid intermediate (0.088 mmol), O6-benzylcytosine (0.10 mmol), EDC 

• HCl (0.176 mmol), and hydroxybenzotriazole hydrate (0.176 mmol) were dissolved in 1 mL anhydrous 

DMF. Triethylamine (0.528 mmol) was added to the stirring solution. The reaction mixture was then left 

to stir under Ar at rt for 24 h. The final GFP-linker-benzylcytosine products were purified via preparatory 

reverse phase HPLC. 
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GFP-Cyclohexane-Benzylcytosine Probe (25). 

Purified via reverse-phase HPLC (2 min 100% A, gradient to 100% B over 22 min total). 1H NMR 

(DMSO-d6, 500 MHz) 𝛿 8.84 (br s, 2H), 8.30 (t, 1H), 8.16 (d, 1H), 8.06 (d, 2H), 7.99 (d, 1H), 7.45 (d, 2H), 

7.26 (d, 2H), 6.88 (s, 1H), 6.76 (d, 2H), 6.36 (d, 1H), 5.43 (s, 2H), 4.26 (d, 2H), 4.20 (s, 2H), 3.49 (m, 1H), 

3.00 (s, 6H), 2.24 (s, 3H), 2.13 (m, 1H), 1.40 (m, 2H), 1.19 (m, 2H).  

 

GFP-C2-Benzylcytosine Probe (26). 

Purified via reverse-phase HPLC (2 min 100% A, gradient to 19% B by 21 min, hold at 19% B 

until 25 mi, gradient to 100% B by 30 min). 1H NMR (DMSO-d6, 500 MHz) 𝛿 8.73 (br s, 2H), 8.57 (t, 1H), 

8.45 (t, 1H), 8.06 (d, 2H), 7.98 (d, 1H), 7.45 (d, 2H), 7.30 (d, 2H), 6.88 (s, 1H), 6.75 (d, 2H), 6.34 (d, 1H), 

5.42 (s, 2H), 4.30 (s, 3H), 3.78 (m, 2H), 3.05 (s, 2H), 3.01 (s, 6H), 2.25 (d, 2H).  

 

GFP-C4-Benzylcytosine Probe (27). 

Purified via reverse-phase HPLC (2 min 100% A, gradient to 100% B over 22 min total). 1H NMR 

(DMSO-d6, 500 MHz) 𝛿 8.83 (br s, 2H), 8.37 (m, 1H), 8.28 (m, 1H), 8.06 (d, 2H), 7.98 (d, 1H), 7.45 (d, 

2H), 7.28 (d, 2H), 6.84 (m, 2H), 6.76 (m, 1H), 6.36 (d, 1H), 5.42 (s, 2H), 4.40 (m, 1H),  4.26 (d, 2H), 4.23 

(m, 1H), 3.08 (s, 3H), 3.01 (s, 6H), 2.25 (m, 2H), 2.16 (m, 2H), 1.67 (m, 2H).  

 

GFP-C6-Benzylcytosine Probe (28). 

Purified via reverse-phase HPLC (2 min 100% A, gradient to 100% B over 22 min total). Product 

was not completely purified using this gradient program, but further purification using different HPLC 

gradients resulted in product loss. 1H NMR (DMSO-d6, 500 MHz) 𝛿 8.82 (br s, 2H), 8.34 (m, 1H), 8.22 

(m, 1H), 8.06 (d, 2H), 7.97 (d, 1H), 7.45 (m, 2H), 7.29 (m, 2H), 6.89 (s, 1H), 6.75 (m, 2H), 6.36 (d, 1H), 

5.43 (s, 2H), 4.22 (s, 3H), 3.01 (s, 6H), 2.19 (m, 2H), 2.12 (m, 2H), 1.49 (m, 4H), 1.42 (m, 4H), 1.26 (m, 

2H). 
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GFP-Proline-Benzylcytosine Probe (29). 

Purified via reverse-phase HPLC (2 min 100% A, gradient to 22% B by 24 min, hold at 22% B 

until 28 min, gradient to 100% B by 31 min). Product was not completely purified using this gradient 

program. 1H NMR (DMSO-d6, 500 MHz) 𝛿 8.74 (br s, 2H), 8.44 (t, 1H), 8.08 (d, 2H), 7.96 (m, 1H), 7.42 

(m, 2H), 7.26 (m, 2H), 6.94 (s, 1H), 6.75 (d, 2H), 6.33 (d, 1H), 5.40 (s, 2H), 4.55 (m, 2H), 4.30 (m, 3H), 

3.63 (m, 2H), 3.02 (s, 6H), 2.19 (m, 2H), 2.10 (m, 2H), 1.96 (m, 2H), 1.85 (m, 2H).  

 

General Procedure for Boc-protected RFP Fluorophore (31) – Acidic Conditions  

Boc-protected GFP fluorophore (80 mg, 0.233 mmol), 4-dimethylamino benzaldehyde (69.5 mg, 

0.466 mmol), and the Lewis acid catalyst (0.0233 mmol) were added to 1,4-dioxane dried over molecular 

sieves (1 mL). The reaction was heated in a sealed pressure vial at 101°C and stirred for 24 h under Ar. The 

color changed from light orange-yellow to dark ruby-red. The reaction was then quenched with H2O (5 mL) 

and extracted with DCM (5 x 10 mL). The combined organic layers were dried over Na2SO4 (s) and the 

solvent was removed under vacuum to afford the crude product as a sticky red residue. The crude product 

was then purified via flash silica column chromatography in 2:1 Hex:EA to afford the purified product 

which was still a mixture of GFP and RFP fluorophores. The final yield for each condition was calculated 

from the purified mass and NMR ratio of GFP:RFP.  

 

General Procedure for Boc-protected RFP Fluorophore (31) – Basic Conditions  

Boc-protected GFP fluorophore (50 mg, 0.146 mmol), 4-dimethylamino benzaldehyde (108.9 mg, 

0.730 mmol), and piperidine (6 𝜇L) were dissolved in pyridine (1.5 mL) to afford a light yellow-orange 

solution. The reaction mixture was heated in a tightly sealed pressure vial at 115°C, and stirred for 24 h 

under Ar. The reaction turned a red-orange color after 24 h. The reaction mixture was quenched with H2O 

(5 mL) and 10% CuSO4 (aq) (5 mL), and the product was extracted with DCM (5 x 10 mL). The combined 

organic layers were dried over Na2SO4 (s) and the solvent was removed under vacuum to afford 194.7 mg 
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of crude product as a red-orange residue. The crude product was purified via silica gel column 

chromatography in 2:1 hexanes:ethyl acetate to obtain a GFP/RFP mixture (54.4% NMR yield). 

 

Boc-protected RFP fluorophore (31).  

To obtain pure RFP fluorophore (boc-protected), the GFP/RFP mixtures obtained after purification 

on a manual silica gel column were re-purified via reverse-phase HPLC (2 min 100% A, gradient to 100% 

B over 22 min total). 1H NMR (CDCl3, 500 MHz) 𝛿 8.16 (d, 2H), 7.96 (d, 1H), 7.48 (d, 2H), 7.10 (s, 1H), 

6.75 (d, 2H), 6.70 (d, 2H), 6.40 (d, 1H), 4.44 (s, 2H), 3.07 (s, 3H), 3.04 (s, 3H), 1.45 (s, 9H).  

 

RFP fluorophore. 

Boc-protected RFP fluorophore (70 mg, 0.148 mmol) was dissolved in DCM (0.5 mL), and 

trifluoroacetic acid (0.5 mL, 6.48 mmol) was added dropwise to the stirring solution. With the addition of 

acid, the color of the reaction mixture changed from red to dark blackish-yellow. The reaction mixture was 

stirred at rt for 3 h, then azeotroped with toluene and dried under vacuum to afford the final product as a 

dark purple-black residue. This product was not further purified or characterized.  

 

RFP-Benzylcytosine Probe (32). 

Deprotected RFP fluorophore (83.29 mg, 0.199 mmol), O6-benzylcytosine (45.8 mg, 0.199 mmol), 

EDC • HCl (57.23 mg, 0.299 mmol), and hydroxybenzotriazole hydrate (45.72 mg, 0.299 mmol) were 

dissolved in 2 mL anhydrous DMF to afford a dark red-purple solution. Triethylamine (83.2 𝜇L, 0.60 mmol) 

was added to the solution, and the reaction was left to stir under Ar at rt for 24 h. The final product was 

purified via reverse-phase HPLC (2 min 100% A, gradient to 100% B over 22 min total) to afford the final 

product as a dark red solid. The final purified mass was not calculated as only a portion of the reaction 

mixture was purified via HPLC. 1H NMR (DMSO-d6, 500 MHz) 𝛿 8.66 (br s, 2H), 8.31 (m, 2H), 8.16 (d, 
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2H), 7.95 (d, 1H), 7.82 (d, 1H), 7.57 (d, 2H), 7.37 (m, 2H), 7.31 (m, 2H), 6.87 (s, 1H), 6.81 (m, 2H), 6.76 

(m, 2H), 6.73 (d, 1H), 6.33 (d, 1H), 5.38 (s, 2H), 4.5 (s, 2H), 4.33 (d, 2H), 3.05 (s, 12H).  
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Appendix B 

Supplemental Information 
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1H NMR Data 

 

Figure 18. Annotated 1H NMR of Protected O6-Benzylcytosine (6). 
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Figure 19. Annotated 1H NMR of O6-Benzylcytosine (7). 
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Figure 20. Annotated 1H NMR of C4 Linker (9). 
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Figure 21. Annotated 1H NMR of C6 Linker (11). 
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Figure 22. Annotated 1H NMR of Cyclohexane Linker (15). 
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Figure 23. Annotated 1H NMR of Protected GFP Fluorophore (22). 
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Figure 24. Annotated 1H NMR of Deprotected GFP Fluorophore (23). 
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Figure 25. Annotated 1H NMR of GFP-Cyclohexane-Benzylcytosine (25). 
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Figure 26. Annotated 1H NMR of GFP-C2-Benzylcytosine (26). 
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Figure 27. Annotated 1H NMR of GFP-C4-Benzylcytosine (27). 
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Figure 28. Annotated 1H NMR of GFP-C6-Benzylcytosine (28). 
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Figure 29. Annotated 1H NMR of GFP-Pro-Benzylcytosine (29). 
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Figure 30. Annotated 1H NMR of Protected RFP Fluorophore (31). 
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Figure 31. Annotated 1H NMR of RFP-Benzylcytosine (32). 
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Figure 32. 1H NMR RFP Screen: Piperidine in Pyridine. 
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Figure 33. 1H NMR RFP Screen: 0.5 eq. ZnCl2 with wet solvent.  
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Figure 34. 1H NMR RFP Screen: 0.1 eq. BF3 • Et2O. 
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HPLC Traces 

 

Figure 35. Reverse Phase HPLC Trace for O6-Benzylcytosine Purification (7). 

2 min 100% A, gradient to 30% B by 8 min, gradient to 100% B by 12 min total 
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Figure 36. Reverse Phase HPLC Traces for Protected GFP/RFP Purification (22/31). 

2 min 100% A, gradient to 100% B over 22 min total 

Boc-protected GFP elutes at 14.2 min, boc-protected RFP elutes at 16.7 min 
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Figure 37. Reverse Phase HPLC Trace for GFP-Cyclohexane-Benzylcytosine Purification 

(25). 

2 min 100% A, gradient to 100% B over 22 min total 
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Figure 38. Reverse Phase HPLC Traces for GFP-C2-Benzylcytosine Purification (26). 

2 min 100% A, gradient to 19% B by 21 min, hold at 19% B until 25 mi, gradient to 100% B by 30 min 
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Figure 39. Reverse Phase HPLC Traces for GFP-C4-Benzylcytosine Purification (27). 

2 min 100% A, gradient to 100% B over 22 min total 
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Figure 40. Reverse Phase HPLC Traces for GFP-C6-Benzylcytosine Purification (28). 

2 min 100% A, gradient to 22% B by 24 min, hold at 22% B until 28 min, gradient to 100% B by 31 min 
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Figure 41. Reverse Phase HPLC Traces for GFP-Pro-Benzylcytosine Purification (29). 

2 min 100% A, gradient to 22% B by 24 min, hold at 22% B until 28 min, gradient to 100% B by 31 min 
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