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TITLE RUNNING HEAD: endocyclic fluorescent peptidomimetic 

ABSTRACT 

Combination of cysteine-containing peptides with electrophiles provides efficient access to 

cyclo-organopeptides.  However, there are no routes to intrinsically fluorescent cyclo-

organopeptides containing robust, brilliant fluorophores emitting at wavelengths longer than 

cellular autofluorescence.  We show such fluorescent cyclo-organopeptides can be made via 

SNAr reactions of cysteine-containing peptides with a BODIPY system.  Seven compounds of 

this type were prepared to test as probes; six contained peptide sequences corresponding to 

loop regions in brain-derived neurotrophic factor and neurotrophic factor 4 (BDNF and NT-4) 

which bind tropomyocin receptor kinase B (TrkB).  Cellular assays in serum-free media indicated 

two of the six key compounds induced survival of HEK293 cells stably transfected with TrkB 
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whereas a control did not.  The two compounds inducing cell survival bound TrkB on those cells 

(Kd ~40 and 47 nM), illustrating how intrinsically fluorescent cyclo-organopeptides can be 

assayed for quantifiable binding to surface receptors in cell membrane environments. 

INTRODUCTION 

“cyclo-Organopeptides” are comprised of a peptide fragment and an endocyclic organic one,1, 2 

and are used as secondary structure mimics (eg stapled helices3-5 and caps,6 β-turn analogs7) 

in probes for cell biology and as pharmaceutical leads.8-12  Incorporation of an organic part 

confers several advantages over natural cyclic peptides.  First, endocyclic organic fragments 

may impart rigidity, potentially leading to diminished loss of entropy on binding to bio-receptors 

with complementary conformations, increased affinities and greater selectivities.  Second, they 

can be used to introduce characteristics useful to overcome downstream issues.  For instance, 

endocyclic organics can reduce overall hydrophilicities of peptidic systems, giving favorably 

longer residence times in blood, and improve cell permeabilities with respect to intracellular 

targets.  However, cyclo-organopeptides are most suitable for extracellular targets where cell 

permeability is not an issue. 

Chemical LInkage of Peptides onto Scaffolds (CLIPS) reactions13-15 are arguably the most 

convenient way to construct cyclo-organopeptides (Fig 1a).  CLIPS reactions are the click 

reactions of peptidomimetic chemistry because of their chemoselectivities, efficiencies, and 

tolerance to substrate diversity.   
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Fig. 1.  a Typical CLIPS or CLIPS-like construction of cyclic peptides where S-containing residues 
selectively displace a benzylic or aromatic halide.  b Non-sulfonated BODIPY A undergoes SNAr slower 
and requires harsher conditions less suitable to peptide chemistry than the disulfonated BODIPY B.  c 
The intrinsically fluorescent cyclo-organopeptides synthesized and explored in this paper.   

 

We saw unrealized potential in cyclo-organopeptides where the organic part is a fluorescent 

dye.  Intrinsically labeled compounds of this type would be ideal for early-stage assays involving 

fluorescence detection and could evolve to optimized diagnostic probes without excessive 

modification.  We hypothesized intrinsically labeled cyclo-organopeptides might be especially 

useful as probes for cell surface receptors.  The problem is there has been surprisingly little 

research on generation of small molecule libraries containing intrinsic fluorescent probes.27 

Fluorescent Isoindole Crosslinking (FlICk) chemistry16-22 simultaneously involves fluor 

construction and cyclization to cyclo-organopeptides.  This innovation was a milestone, but it 

has downstream limitations insofar as isoindoles are so delicate that shelf half-lives and aberrant 
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reactions in cell media are concerns.  Further, UV and fluorescence properties of isoindoles are 

unsuitable for some detection methods.  Consequently, the FlICk pioneers added extra steps to 

modify the fluorophore components for enhanced stabilities and photophysical properties, but 

this means the systems are larger and less accessible in a library format.   

In other, less cited, work, a bimane-based linker was used to cyclize linear peptides to cyclo-

organo forms.23-25  This innovation was the first CLIPs reaction to give an intrinsic label.  

Unfortunately, the bimane excitation (maximal at ~380nm) overlaps with cellular 

autofluorescence.  There are other intrinsically fluorescent cyclo-organopeptides,26, 27 but not for 

libraries.   

We saw an opportunity to develop SNAr reactions of the dichloro-BODIPY framework A (Fig 1b), 

as originally reported from our labs,28 which are compatible with formation of cyclo-

organopeptides.  Parent BODIPY A is not ideal for formation of cyclo-organopeptides because 

the elevated temperatures and organic solvents required29-31 are not conducive to selective 

reactions with unprotected and/or temperature sensitive peptides.  Our hypothesis was BODIPY 

B28 (Fig 1b) would have enhanced reactivities towards nucleophiles because of the electron-

withdrawing effects of the sulfonate functionalities, hence selective SNAr reactions could be used 

to form intrinsically fluorescent cyclo-organopeptides under mild conditions (Fig 1c).  Other, 

more hydrophobic electron withdrawing groups on the 2- and 6-positions of the BODIPY could 

potentially be used to enhance cell permeability, though for this study we strove to validate our 

system on the cell surface receptor tropomyocin receptor kinase B (TrkB)32-34 as a proof-of-

concept.  Another goal was quantifiable direct binding assays for these compounds associating 

with TrkB receptors folded in natural cell surface environments. 
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RESULTS AND DISCUSSION 

Model Studies  Amino acid-derived O, N, and S-nucleophiles were reacted with BODIPY 1 (B 

where Ar = 4-MeO-C6H4-) in DMF (diisopropylethylamine {DIPEA}, 25 °C, up to 24 h; Figure 

S1).29  N-Acetyl cysteine produced the highest conversion (44%) to a mono-substituted product, 

2a (Table S1), while the other five nucleophiles gave less (15 - 27%, 2b - f).  That data formed 

the basis for comparison of similar reactions in aqueous media compatible with unprotected 

amino acids.  Encouragingly, the di-substituted product 3a formed rapidly with excellent 

conversion in NaHCO3 (aq) (0.1 M, pH 8, 25 °C).   

Other amino acid-derived nucleophiles were reacted under the same conditions to explore 

selectivity.  Substitution using N--acetyl lysine proceeded rapidly, but only the mono-

substituted product 2b was formed, even after 25 h at 75 °C in an unfruitful attempt to force 

formation of the disubstituted BODIPY 3b.  Other nitrogen nucleophiles also gave only mono-

substitution at 25°C (N--acetyl lysine, proline, and piperidine; 2c, 2d, and 2g respectively).  

These observations indicated there could be significant and useful chemoselectivity in favor of 

di-substitution with S-nucleophiles over N- and O-ones in SNAr reactions of 1 (Fig 2 and Table 

S1). 

Reactions under dilute conditions were monitored via UV-Vis spectroscopy to compare reaction 

rates between cysteine and lysine nucleophiles (Fig 2b).  Formation of the di-substituted product 

3a from Cys occurred ~60 x faster than those to give the mono-substituted Lys derivative 2b 

(t1/2 6.2 and 390 min, respectively; Fig 2c).  Direct competition between the two nucleophiles in 

one pot gave near 100% 3a while 2b was undetectable (Fig 2d).  
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Fig 2.  a Reaction of BODIPY 1 with all nucleophiles and product naming scheme.  b Reaction scheme 
of 1 with two nucleophiles of interest and their respective products.  c Independent comparison of the 
rates of product formation between the cysteine and lysine nucleophiles.  d Reaction mixture rate 
analysis (evaluated via HPLC). 

 

Syntheses Of Loop Mimics.  Chemoselectivities in the reaction of Fig 1c were examined for 

unprotected, multifunctional peptides.  Peptides of the type Cys-AA1-4-Cys were prepared via 

manual solid phase syntheses on TentaGel S-Ram (standard loading, Rink amide linker).  These 

were simultaneously cleaved from resin and globally deprotected (95% TFA, 2.5% H2O, and 

2.5% iPr3SiCl).  Some oxidation to disulfide linked products was not conveniently avoidable in 

this process; the cleavage products shown in Table 1 are represented as disulfides 4 for clarity, 

but they were mixtures with the reduced form.  These crude products were reduced in situ (using 

TCEP, tricarboxyethyl phosphine) then reacted with BODIPY 1 at 25°C in NaHCO3 (aq).  
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Analytical HPLC analyses of the crude products indicated formation of one predominant product 

under these conditions.  cyclo-Organopeptides 5a - g were isolated in 2 -10 mg amounts after 

preparative HPLC and were >95% pure (anal HPLC 280 nm UV detection, HR-ESI, 1 and 2D 

NMR; Table 1 and SI). 

Table 1.  Cyclization of peptides 4 with dye 1 to form the indicated cyclo-organopeptides 5. 

 

 
sequence 

C-(AA1-4)-C 
R1 R2 R3 R4 neurotrophin1 loop 

5a -DMSG- 

  
 

 

 

BDNF 

 

1 

5b -VSKG- 
  

 

 BDNF 2 

5c -DSKK- 

  
  

BDNF 3 

5d -DLRG- 

  

 

 NT-4 1 

5e -AGGS-    
 

NT-4 2 

5f -DAQG- 

 
 

 

 
NT-4 3 
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5g 

(control)2 
-DIKG- 

  
 

 NGF 1 

 
1All these sequences correspond to neurotrophins found in humans, eg hBDNF.  2This sequence is 

based on loop 1 of hNGF, a neurotrophin that binds TrkA, thus is a partial control. 

 

Neurotrophins are highly homologous cytokines which bind the tropomyosin kinase receptors, 

Trk.35, 36  Crystallographic data for these interactions is limited due to the usual difficulties 

crystallizing complete cell surface receptors, especially complexed with their neurotrophin 

ligands.37, 38  Loops highlighted in Fig 3 are hot-spots for Trk binding, based on evidence from 

site-directed mutagenesis, chimeric proteins, and some crystallographic data.37, 39-45  

Consequently, we46-49 and others50-52 have made “dark” (non-fluorescent) loop mimics that effect 

on Trk-expressing cells.41, 53-55 

Peptide sequences in the fluorescent loop mimics in Table 1 correspond to the loop regions of 

brain-derived neurotrophic factor and neurotrophic factor-4 (hBDNF and hNT-4, Fig 3).  These 

are extracellular neurotrophins which preferentially bind TrkB over A and C.56  Compound 5g in 

Table 1 contains a sequence corresponding to a loop in nerve growth factor (NGF, a TrkA ligand) 

to be used as a negative control as it does not correspond to the loops in BDNF and NT-4.  We 

refer to 5g as a partial negative control because the neurotrophins can cross bind Trk receptors 

with diminished affinities.35, 36   
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Fig 3.  Hot-loop regions in: a BDNF; and b NT-4. 

 

Fluorescence and UV absorption spectra collected for loop mimics in Table 1 were similar to 

that of compound 3a prepared in the model study to assess displacement of chloride by N-

AcCys (Fig S1).  There is a close correspondence of spectroscopic parameters among the loop 

mimics due to the conservation of the di-substituted BODIPY fluorophore structure, where the 

average UV absorbance maxima were centered on 545 nm (in the range 543 - 547 nm) and 

their average fluorescence maxima in water occurred at 574 nm (in the range 572 - 577 nm; see 

Fig S1). 

Cell Survival Assays.  The next phase was to test the loop mimics in biological assays to detect 

TrkB-related activities.  Cells grown in serum-free media typically starve and undergo apoptosis.  

Those expressing TrkB can be rescued from cell death by adding BDNF, NT-4, or a small-

molecule agonist.  Cell survival assays of this kind can be used to probe the cellular effects of 

synthetic loop mimics.   

All compounds shown in Table 1 were tested using HEK293 cells stably transfected with TrkB.  

Loop mimics 5a - g were incubated with these cells in serum free media (SFM), and degree of 
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survival was quantified via flow cytometry, normalized to the maximum survival imparted by 1.0 

nM BDNF.  Partial agonists are anticipated to enhance cell survival in the presence of suboptimal 

levels of BDNF (0.6 nM) and true agonists to increase survival without supplemental 

neurotrophin.   

High levels of cell survival imparted by 5a and 5b (Fig 4a, blue bars) indicate these are true 

agonists of TrkB.  A decreased response under partial agonism conditions  (Fig 4a, red) relative 

to true agonism indicates competition between BDNF and the loop mimics, reducing their 

efficacy.  These compounds also show increased survival relative to our previously reported 

pan41, 54 (a “pan-Trk” agonist) and D341, 54 (a TrkA partial agonist, used as a partial negative 

control here) under true agonism conditions (Fig 4b), though pan outperforms both under partial 

agonism conditions (Fig 4c).  Dose-dependent cell survival experiments for 5a and 5b (Fig 4d - 

e, respectively) were consistent with the initial screen showing slightly higher efficacy for 5a over 

5b (EC50 = 0.4 and 0.9 μM).  The EC50 is higher under partial agonism conditions (1.8 and 2.8 

μM), illustrating that BDNF and the compounds are competing for binding to TrkB, ultimately 

leading to reduction in activity.  These observations were seen for all points in the dose response 

curves.  
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Fig 4.  a Screen of all synthesized compounds (50 μM) for TrkB-induced cell survival in HEK293-TrkB 
cells, normalized to survival imparted by BDNF. b and c Comparison between the two best compounds 
and other reported compounds in true (b) and partial (c) agonism experiments. d and e Comparison of 
cell survival dose response between 5a (d) and 5b (e) in true agonism (blue) and partial agonism (red) 
assays. 
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Trk B Binding Affinities.  Intrinsic fluorescence of 5a and 5b facilitates determination of Kd values 

for relative binding to the cell surface57 on TrkB-expressing cells via observation of cell surface 

fluorescence after washing and correction for non-specific binding (Fig 5).  It is worth nothing 

that these Kd values are dependent on the level of expression of the TrkB receptor.  Controls in 

these experiments are: (i) competition with the native neurotrophin BDNF (red line); and (ii) 

repetition of the experiment using the parental cell line which does not express Trk receptors 

(HEK293 in this case; black line).  Expected outcomes for these control experiments, diminished 

and negligible fluorescence, respectively, were observed.  Both 5a and 5b showed significant 

binding.  The more potent compound in cell survival assays, 5a, also bound TrkB-expressing 

cells with slightly higher affinity (5a, Kd ~40; and 5b, ~47 nM).  Consistent with cell survival, 

incubation with 0.6 nM BDNF in addition to the compound inhibited most of the binding.  

Incubation of the compounds with the parent cell line demonstrated low levels of non-specific 

binding to the cell surface.  
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Fig 5. Observed fluorescence of 5a (a) and 5b (b) binding to HEK293-TrkB cells by themselves (blue) 
and in competition with BDNF (red), or to non-TrkB expressing HEK293 control cell line (black). 

 

CONCLUSIONS 

Methodologies presented here enable syntheses of intrinsically fluorescent cyclo-

organopeptides where the dye fluoresces at around 550 nm, ie at a longer wavelength than 

most autofluorescence in cells.  Those methodologies leverage the synthetic advantages of 

CLIPS chemistry applied to a unique BODIPY-based dielectrophile. 

Compounds 5a and b are the first intrinsically fluorescent probes for TrkB.  Evidence for TrkB 

binding was derived from experiments to measure Kd, which also showed the competing effect 

of the parent neurotrophin BDNF.  These fluorescent probes do not merely bind TrkB, but they 
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elicit cell survival responses without sub-optimal BDNF, ie true agonism.  These observations 

open opportunities for using them to simultaneously detect TrkB and the effects of activating 

that receptor. 
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