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Abstract

Protein disorder plays a crucial role in signal transduction and is key for many cellular processes 

including transcription, translation, and cell cycle. Within the intrinsically disordered protein 

interactome, the α-helix is commonly used for binding, which is induced via a disorder-to-order 

transition. Because the targeting of protein—protein interactions (PPIs) remains an important 

challenge in medicinal chemistry, efforts have been made to mimic this secondary structure for 

rational inhibitor design through the use of stapled peptides. Cap-dependent mRNA translation is 

regulated by two disordered proteins, 4E-BP1 and eIF4G, that inhibit or stimulate the activity of 

the m7G cap-binding translation initiation factor, eIF4E, respectively. Both use an α-helical motif 

for eIF4E binding, warranting the investigation of stapled peptide mimics for manipulating eIF4E 

PPIs. Herein, we describe our efforts toward this goal, resulting in the synthesis of a cell-active 

stapled peptide for further development in manipulating aberrant cap-dependent translation in 

human diseases.
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Graphcal Abstract

INTRODUCTION

Intrinsically disordered proteins (IDPs) and proteins containing intrinsically disordered 

regions (IDRs) are a growing family of key regulatory and signaling proteins that either 

entirely or partially lack tertiary structure;1–3 however, upon binding to a protein partner, 

many undergo a disorder-to-order transition.4,5 A common secondary structure used by IDPs 

and IDRs is the α-helix,6,7 which in the field of peptide inhibitor design has been mimicked 

through hydrocarbon peptide stapling.8,9 While many successful examples of stapled 

peptides have been reported, including those against IDRs (e.g. p53, NOTCH and FIP),8–18 

the approach is not universal. In these cases, the peptides, although more helical, display 

similar to weaker binding affinities for their target proteins.19–21 Recent kinetic studies have 

indicated that this may be because of slower association rates (ka) in comparison to the 

linear peptides,22 as most IDPs and IDRs often exhibit fast ka’s.23 Even with full-length 

proteins, the impact of helix stabilization on enhancing IDP/IDR binding affinity has been 

shown to be system-dependent.24–29 Because potent lead molecules are often preorganized 

into a bioactive conformation, particularly inhibitors of protein—protein interactions (PPIs),
30 further analysis is warranted to investigate the structural and kinetic properties of a 

peptide that may predict successful stapled peptide development.

One crucial cellular process that is regulated by IDPs and IDRs is the initiation of cap-

dependent mRNA translation.31 This type of protein translation is aberrantly activated in 

many human diseases, including cancer32,33 and neurodegeneration,34,35 providing rationale 

for the development of peptidomimetics to inhibit the PPIs involved in its initiation. 

Eukaryotic translation initiation factor 4E (eIF4E), the m7GpppX-cap-binding protein, is the 

rate-limiting translation initiation factor whose activity is regulated by two IDPs, 4E-BP1 

and eIF4G (Figure 1A).31 4E-BP1 functions as a gatekeeper of cap-dependent mRNA 

translation via its ability to bind and inhibit eIF4E.36 Unlike most IDPs, 4E-BP1 has been 

shown to be almost entirely disordered in the free state;37 however, its eIF4E-binding 

domain (Asp55—Arg63) folds into a short, yet high affinity α-helical structure upon 

association.31,38 The PPI is mediated by a conserved binding motif, YXXXXLϕ (X: 

variable; ϕ: hydrophobic), that is found in all eIF4E binding proteins including eIF4G 

(Figure 1B).39 Upon phosphorylation,40 the canonical helix of 4E-BP1 becomes 
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destabilized41 allowing eIF4G, a scaffolding translation initiation factor,42 to compete for 

binding to eIF4E.43 Similar to 4E-BP1, eIF4G uses an IDR within the protein (Asp613–

Gln62l) for binding, which undergoes a disorder-to-order transition to form a short α-helix 

nearly identical to that of 4E-BP1 (Figure 1B).31,44 eIF4G binding to eIF4E stimulates 

formation of the eIF4F translation initiation factor complex that drives cap-dependent 

translation.45 Both 4E-BP1 and eIF4G also contain second binding sites outside of the 

canonical helical domain; however, these sites are of low affinity.38,44,46 As eIF4E 

overexpression and 4E-BP1 hyper-phosphorylation are common mechanisms by which cap-

dependent translation becomes dysregulated in disease,32,33 we became interested in 

developing stapled peptide mimics of these disordered proteins as inhibitors of eIF4E PPIs. 

However, because 4E-BP1 and eIF4G form similar bound structures, we were uncertain 

which would provide an optimal scaffold for stapled peptide development. Herein, we detail 

our efforts toward this goal and describe our use of linear peptide-binding kinetics in 

assessing the 4E-BP1 and eIF4G sequences for stapled peptide design.

RESULTS AND DISCUSSION

Spectroscopic Analysis of Linear 4E-BP1 and eIF4G Peptides.

To begin our investigations, we first measured the helical propensities of the linear 4E-BP1 

and eIF4G peptides. For each, we used the sequences resolved by X-ray crystallography: 

GTRIIYDRKFLMECRN for 4E-BP1 and KKRYDREFLLGFQF for eIF4GI.31,38,44 

Although the peptides are of differing lengths (16 amino acids for 4E-BP1 and 14 amino 

acids for eIF4G), we wanted to ensure that both were similarly charged (+2). The peptides 

were synthesized chemically and contained a N-terminal acetyl cap and C-peptide was 

found to be 6-fold more helical than the eIF4G peptide (16 and 2.5%, respectively). Both 

peptides became more helical in the presence of helix-inducing solvent 2,2,2-

trifluoroethanol (TFE) (Figure 2); however, its effect on eIF4G was much more pronounced 

and a 10-fold enhancement was observed (only 2.3-fold for 4E-BP1). These results 

demonstrate that the 4E-BP1 peptide contains some helical preorganization, even in the 

absence of eIF4E, while eIF4G does not. This has also been observed via NMR studies, 

which showed that residues Arg56—Arg63 of 4E-BP1 adopt a ~20% helical structure in the 

free state.47 Additionally, based on the TFE experiments, the overall helical propensity of 

4E-BP1 appears to be greater than that of eIF4G, which is likely attributed to the disorder-

promoting N-terminus of eIF4G (KKR).48 This was confirmed experimentally, and a linear 

4E-BP1 peptide containing KKR in place of RII was found to be only 8 and 28% helical in 

the absence and presence of TFE, respectively (Figure 2).

Kinetic Analysis of Linear 4E-BP1 and eIF4G Peptides.

To determine if any kinetic differences exist between the 4E-BP1 and eIF4G peptides, we 

next assessed binding to eIF4E via a surface plasmon resonance (SPR) assay. Of note, 

measurement of binding via fluorescence anisotropy with fluorescein isothiocyanate (FITC)-

labeled peptides was also attempted; however, a dose-dependent increase in fluorescence 

intensity was observed upon eIF4E titration. We attributed this to structural reorganization of 

the peptide (i.e. helix formation) upon binding, which may relieve some fluorescence 

quenching of the fluorophore.49,50 For SPR, m7GDP-bound eIF4E was immobilized on a 

Gallagher et al. Page 3

J Med Chem. Author manuscript; available in PMC 2020 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HisCap sensor chip (ForteBio) via its N-terminal His10 tag. 4E-BP1 or eIF4G peptide (12.5–

200 nM) was then flowed over the immobilized protein. The association (ka) and 

dissociation (kd) rates and binding constant (Kd) were obtained by fitting to a 1:1 interaction 

model based on at least two independent data sets (sensorgrams can be found in Figures S4 

and S5; tabulated results are shown in Table S1). Because IDP/IDR kinetics and structure 

have been shown to be affected by temperature,26,48,51–53 we performed these experiments 

from 10 to 30 °C. Higher temperature SPR analyses were also attempted; however, eIF4E 

instability was observed prohibiting testing.

As shown in Figure 3A, while the ka’s of the eIF4G peptide were temperature insensitive 

(1.7–2.0 × 106 M−1 s−1), the 4E-BP1 peptide showed a 3-fold increase in association rate 

(0.4–1.3 × 106 M−1 s−1). This was not due to temperature-induced structural differences, as 

determined via CD studies, although a small increase in 4E-BP1 helicity was observed (15–

19% helical) (Figure S6A). To determine if these differences were due to peptide length, we 

performed a similar analysis on a shorter 4E-BP1 peptide (51RIIYDRKFLMECRN64). As 

can be seen in Figure 3A, this peptide exhibited consistent ka’s across the temperatures 

tested like eIF4G, but with a maximum association rate similar to that of the longer 4E-BP1 

sequence (Tables S1 and S2). Accordingly, no differences in secondary structure were found 

between the two 4E-BP1 peptides at 25 °C (Figure S7). At most temperatures examined, 

particularly the higher temperatures tested, the eIF4G peptide exhibited a kinetic advantage 

over both 4E-BP1 peptides (~2-fold; Tables S2 and S3). We speculated that this may be 

because of its lack of secondary structure as disorder has been hypothesized to be a kinetic 

advantage of IDPs/IDRs.23,54 Indeed, this was corroborated with the KKR-4E-BP1 peptide, 

and similar ka’s of 2.0 × 106 M−1 s−1 (KKR-4E-BP1) and 1.7 × 106 M−1 s−1 (eIF4G) (p = 

0.1169) were observed at 25 °C (0.8 × 106 M−1 s−1 for 4E-BP1; p = 0.0004). Thus, these 

results indicate that the 4E-BP1 and eIF4G peptides may utilize distinct mechanisms of 

association for binding to eIF4E, potentially reflective of their differences in the secondary 

structure.

With respect to the dissociation kinetics, all peptides exhibited increases in kd over the 

temperatures tested (3.9–5.5-fold) (Figure 3B and Table S1). Because gross structural 

changes in the peptides were not observed over this temperature range (Figure S6A,B), we 

attribute these differences to weaker stability of the peptide—protein complexes at higher 

temperatures,55 perhaps because of eIF4E surface restructuring based on its known 

plasticity.56 Overall, kd’s for the 4E-BP1 peptide were slower than that of eIF4G (Tables S1 

and S3). This was irrespective of the 4E-BP1 sequence and 4E-BP1 (R51–N64) exhibited 

identical dissociation kinetics to that of the 4E-BP1 peptide (Figure 3; Tables S1 and S2). 

We hypothesize that these differences may be due to an enhanced complementarity of the 

eIF4E-4E-BP1 peptide interaction, particularly at the C-terminus of the peptide. Based on 

the X-ray crystal structures of 4E-BP1 and eIF4G peptides bound to eIF4E31 and MD 

simulations of eIF4G peptide binding,56 the C-terminus of the eIF4G peptide helix is 

distorted because of steric effects and subsequent reorganization of residues Phe616 and 

Phe620. Thus, our findings indicate that with increased temperature, the eIF4G peptide may 

sample more non-productive binding conformations.
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Finally, we analyzed the binding constants. For 4E-BP1, little change in Kd was observed 

over the temperatures tested (17–24 nM); however, for eIF4G, a larger increase in Kd was 

measured (9.8–54 nM; 5.5-fold). Interestingly, a similar increase in affinity was also found 

with 4E-BP1 (R51–N64) (4.7–27 nM; 5.8-fold; p = 0.0005); however, like its association 

kinetics, the highest Kd measured was similar to that of 4E-BP1 (Figure 3; Tables S1 and 

S2). Because the ka’s of eIF4G were unaffected by temperature, this change in affinity 

appears to be due to kd. While binding affinities of IDPs/IDRs have been typically shown to 

correlate with ka,57 a recent report found that this is not always the case.58 Using stopped-

flow fluorescence spectroscopy, the binding affinities of disordered peptide mutants for PDZ 

domains were found to correlate with changes in kd rather than ka because of side-chain 

interactions that occurred late and cooperatively after the rate-limiting barrier.58 Deviations 

between the 4E-BP1 and eIF4G peptides were observed primarily at 30 °C (Tables S2 and 

S3). Thus, at higher and more physiologically relevant temperatures, 4E-BP1 binding seems 

to be preferred possibly because of its greater complementarity to eIF4E and its increased 

population of bioactive conformation (vide supra). These findings are of potential relevance 

to the mechanism of eIF4E activity, as 4E-BP1-mediated inhibition of eIF4E is disrupted 

only upon phosphorylation of 4E-BP1, which disrupts the helix dipole favoring 4E-BP1 

release.41

To further investigate the binding mechanisms of the 4E-BP1 and eIF4G peptides, we also 

probed the influence of long-range electrostatic interactions by performing our kinetics 

experiments over a range of salt concentrations (sensorgrams can be found in Figure S8; 

tabulated results are shown in Table S4).52 As shown in Figure 4A, the association of both 

peptides was enhanced with increasing salt concentration, indicating that the net interactions 

are attractive even in the absence of charge-charge interactions (2.2-fold, 0.9–2.0 × 106 M−1 

s−1 for 4E-BP1; and 3.1-fold, 1.7–5.3 × 106 M−1 s−1 for eIF4G).59 This was not due to a 

change in structure, as no differences were observed via CD (Figure S6C,D). Although 4E-

BP1 (R51–N64) showed no increase in association, at all salt concentrations tested, the ka’s 

were statistically insignificant from those of 4E-BP1, yet statistically different from those of 

eIF4G (Tables S4 and S6). With respect to dissociation, while the kd of the 4E-BP1 peptide 

did not change (0.023–0.016 s−1), that of eIF4G showed a 5-fold increase (0.046–0.27 s−1) 

(Figure 4B). These changes in association and dissociation resulted in a 2-fold increase in 

Kd for the eIF4G peptide (27–56 nM), yet a 3-fold decrease in Kd for 4E-BP1 (25–7.9 nM) 

(Figure 4C), demonstrating that electrostatic interactions have differential effects on eIF4G 

and 4E-BP1 binding to eIF4E (Tables S4 and S5). Interestingly, although 4E-BP1 (R51–

N64) exhibited similar ka and kd measurements to the 4E-BP1 peptide, a 3-fold increase in 

Kd was observed at 1.0 M salt concentration similar to eIF4G (Figure 4; Tables S4 and S6). 

These results are surprising considering the loss of only two amino acids predicted to be 

unstructured, and point to a potential importance of these residues in stabilizing a salt bridge 

between Arg51 of 4E-BP1 and Glu140/Asp147 of eIF4E to anchor the N-terminus of the 

peptide to eIF4E.31 In eIF4G, the corresponding Lys609 has been shown to be disordered 

and not able to engage in a similar interaction with these acidic residues.31 Thus, the 

negative impact of salt on these two peptides is likely because of different effects. Together 

with the temperature analyses, these studies indicate that although 4E-BP1 and eIF4G form 
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similar bound structures, differences exist in the stability of the complexes and their binding 

mechanisms and kinetics.

Design, Synthesis, and Spectroscopic Analysis of 4E-BP1 and eIF4G Stapled Peptides.

Based on our spectroscopic and kinetic data, we predicted that 4E-BP1 would provide an 

optimal sequence for stapled peptide development. Thus, to determine how the observed 

differences between the linear 4E-BP1 and eIF4G peptides may affect the capacity to be 

constrained, we designed 4E-BP1 and eIF4G hydrocarbon-stapled (HCS) peptides. Based on 

knowledge of the key residues of 4E-BP1 and eIF4G for binding to eIF4E,31 solvent-

exposed Lys57/Glu61 of 4E-BP1 and Glu615/Gly619 of eIF4G were chosen as staple sites. 

Computational analyses were then performed to examine the effects of staple length and 

stereochemistry. From these analyses, 8-atom linkers containing L-configuration alkenyl 

amino acids were predicted to be optimal for stabilization of the i, i + 4 helices (Figures S1–

S3). Importantly, these results were in-line with those previously identified in the field for 

stabilizing similar helices.10 4E-BP1 and eIF4G stapled peptides (HCS-4E-BP1 and HCS-
eIF4G; Table 1) were synthesized via Fmoc solid-phase peptide synthesis. Fmoc-(S)-2-(4′-

pentenyl)alanine was incorporated at the stapling sites and macrocyclization was 

subsequently performed using Grubbs I-catalyzed ring-closing metathesis. Similar to the 

linear peptides, each contained a N-terminal acetyl cap and a C-terminal amide.

We first measured the CD spectra of the HCS peptides. As shown in Figure 5A,B, while 

HCS-4E-BP1 was found to exhibit enhanced helicity in comparison to the linear peptide 

(16–44%), the helicity of HCS-eIF4G was nearly the same as that of the linear sequence 

(2.5–5%; Figure 5D). In the presence of TFE, the helicity of HCS-4E-BP1 was improved to 

83%, a marked increase over that of the linear peptide in the same solvent (37%). Because 

peptide stock concentration was determined via amino acid analysis, this observation is not 

because of differences in concentration and may indicate the formation of a unique helical 

structure in this solvent that cannot be obtained in the absence of the chemical constraint. On 

the other hand, for HCS-eIF4G, based on the CD spectrum, no enhancement in structural 

ordering was obtained in TFE, indicating that stapling resulted in the formation of a 

nonhelical macrocyclic peptide. This may be because of steric clash between the amino acid 

side chains of Phe616 and Phe620 and the alkenyl staple which prevents formation of the 

bioactive helical conformation.31 Thus, the effect of stapling was IDR-dependent and 

secondary structure content was enhanced only for the already preorganized 4E-BP1 

peptide.

Prior to our studies, an eIF4E-binding peptide based on the eIF4G sequence and optimized 

via phage display was reported.56 This peptide contained key mutations predicted to 

strengthen the intramolecular hydrogen-bonding within the N-terminus of the helix (Asp613 

→ Ser and Phe616 → Gln) and side-chain packing against eIF4E within the C-terminus 

(Phe620 → Leu) (linear sTIP-04 in Table 1).56 Subsequently, a stapled peptide analogue 

was designed, which exhibited enhanced helicity and binding affinity (sTIP-04 in Table 1).
60 To compare our results with eIF4G/HCS-eIF4G to this mutant peptide, the linear and 

stapled sTIP-04 peptides were chemically synthesized and analyzed for helicity. In contrast 

to our results with HCS-eIF4G, sTIP-04 was confirmed to be as helical as the HCS-4E-
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BP1 peptide (38 and 44%, respectively; Figure 5C,D). This is in spite of the fact that linear 

sTIP-04 exhibited spectra and helical propensity similar to that of eIF4G (2.2 and 2.5%, 

respectively). Thus, the mutations do not promote structural ordering of the linear peptide in 

solution, but do enable the sequence to achieve a helical structure upon chemical constraint. 

Based on MD simulation and crystallography studies, this effect was found to be primarily 

due to the Gln616 and Leu620 residues, as a corresponding peptide containing only a Ser613 

mutation-retained helical deviation at the C-terminus like eIF4G.60 From these examples, it 

is evident that secondary structure content of a linear IDR peptide does not predict a priori 

helical stabilization through stapling.

Kinetic Analysis of 4E-BP1, eIF4G, and sTIP-04 Stapled Peptides.

We then assayed kinetics of the stapled peptides using SPR, and the results at 25 °C are 

summarized in Table 1 (sensorgrams can be found in Figure S9). For the HCS-4E-BP1 

peptide, improvements in both ka and kd were observed over the linear peptide, yielding a 6-

fold decrease in Kd from 25 to 4.1 nM. Thus, stapling of 4E-BP1 yielded a peptidomimetic 

with overall greater complementarity to eIF4E because of stabilization of its bioactive 

conformation. With HCS-eIF4G, however, the peptide was found to exhibit a reduced 

binding affinity of 90 nM compared to the linear sequence (29 nM) primarily due to a 5-fold 

reduction in ka, as has been observed with other IDR stapled peptides.22 This finding was 

not surprising considering our helicity studies, which indicated the formation of a nonhelical 

macrocyclic peptide which likely has to undergo significant reorganization for binding to 

eIF4E. For sTIP-04, a decrease in ka was also observed (2.4-fold); but in this case, it was 

accompanied by a >20-fold enhancement in kd showcasing the ability of its mutations to 

enhance complementarity and stabilize an eIF4E-bioactive structure. Like its helicity, the 

binding affinity of sTIP-04 was similar to that of HCS-4E-BP1 (6.3 nM).

To probe this in more detail and further investigate the impact of linear peptide sequence on 

stapled peptide design, temperature, and salt studies were performed on linear sTIP-04. As 

shown in Figure S10, this peptide exhibited similar trends with respect to ka, kd, and Kd to 

the eIF4G sequence; however, linear sTIP-04 exhibited faster dissociation kinetics leading 

to less favorable binding affinities (results at 25 °C can be found in Table 1; tabulated data at 

other temperatures in Table S1; p values in Table S7). As residues Tyr612, Phe616, and 

Phe620 are known to participate in π—π stacking interactions to promote optimal 

anchoring to the eIF4E surface,60 loss of this intramolecular networking is clearly 

detrimental to binding. On the other hand, the conformational restriction of sTIP-04, as 

evidenced by its enhanced helicity, overcame this loss to drive tight binding to eIF4E by 

providing an ordered helical scaffold for displaying the residues key for the interaction 

(Tyr612, Arg614, and Leu617).31

With increasing salt concentration, unexpected results were obtained. As shown in Figure 

S11, a 4-fold decrease in Kd was observed with linear sTIP-04 at 1.0 M salt concentration 

(62–14 nM; p = 0.0197), which is similar to what was observed with the 4E-BP1 peptide 

(Figure 4C; p values in Table S8). Interestingly, this was the only correlative feature 

identified between these linear peptides that yielded stapled peptides with enhanced activity. 

This was not due to an increase in ka, as found with 4E-BP1, but resultant of a 48-fold 
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decrease in kd (tabulated data in Table S4). In addition to shielding long-range electrostatic 

interactions, increased ionic strength can also alter the solvation of a peptide or protein. In 

the case of 4E-BP1 and linear sTIP-04, this effect stabilizes the interaction with eIF4E, 

albeit through different kinetic mechanisms. Recently, the incorporation of hydrocarbon 

staples has been shown to provide an analogous influence, altering the architecture of water 

molecules surrounding a peptide—protein interface.61 Although more examples would be 

required, our results with eIF4E-binding peptides indicate that this type of kinetic analysis 

may play an important predictive role in assessing peptide sequences for solvent-exposed 

hydrocarbon stapling.

In Vitro Inhibitory Activity of 4E-BP1 and eIF4G-Stapled Peptides.

As a follow-up to our kinetics experiments, we probed the ability of the peptides to inhibit 

eIF4E PPIs. To do so, we utilized our recently reported catalytic enzyme-linked click 

chemistry assay (cat-ELCCA) for the eIF4E—4E-BP1 PPI, which is a chemiluminescence-

based assay that detects the interaction of full-length proteins and is applicable for 

compound screening.62 As shown in Figure 6, 4E-BP1 peptides were more potent 

antagonists of the interaction in comparison to the eIF4G peptides with HCS-4E-BP1 
showing the greatest inhibitory activity (IC50 value of 3.1–6.7 nM). Importantly, this 

measurement was similar to that of full-length 4E-BP1, which was previously found to 

exhibit an IC50 value of 11 nM in PPI cat-ELCCA.62 Binding affinities measured via SPR 

were found to correlate with biochemical potencies, and the linear 4E-BP1 peptide showed 

only a slightly weakened IC50 value of 20–48 nM. For the eIF4G series, sTIP-04 was most 

potent as expected (IC50 value of 17–31 nM), followed by the linear eIF4G (137–195 nM), 

linear sTIP-04 (384–633 nM), and HCS-eIF4G (4500–7300 nM). We hypothesize that the 

significantly weaker activity of HCS-eIF4G may be due to its likely structure as a 

macrocycle rather than a helix, which would not be able to readily compete with the tight 

binding 4E-BP1 protein. To demonstrate that the activity of these peptides is on-mechanism, 

we also prepared a HCS-4E-BP1 analogue containing alanine mutations at Leu59 and M60 

(HCS-4E-BP1 (LMAA)), which have been shown to be critical for binding to eIF4E.62,63 

Although almost as helical as HCS-4E-BP1 (35%, Figure S12), this peptide was found to 

exhibit significantly diminished inhibition in cat-ELCCA (IC50 value of 3500–18 000 nM).

Cellular Activity of HCS-4E-BP1 and sTIP-04.

Encouraged by our in vitro results, we next examined the cellular activity of HCS-4E-BP1 
and sTIP-04 in comparison to the inactive HCS-4E-BP1 (LMAA) peptide. As a model, we 

utilized MDA-MB-231 triple-negative breast cancer cells which exhibit activated eIF4F 

complex driving cap-dependent translation.64 Prior to testing, we determined each peptide’s 

cellular permeability via confocal microscopy using FITC-labeled analogues. As shown in 

Figures S13 and S14 and Movies S1–S3, even in the presence of 10% fetal bovine serum 

(FBS), all peptides were found to be taken up into cells after 5 h incubation.

To test the inhibitory effect on eIF4E PPIs, we utilized a m7GDP cap pull-down assay, which 

is an affinity purification method for eIF4E and its protein-binding partners (Figure 7A).65 

MDA-MB-231 cells cultured with 10% FBS were treated with varying concentrations of 

peptide (0–5 μM) and lysates were analyzed via m7GDP affinity chromatography. As can be 
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seen in Figure 7B–D, HCS-4E-BP1 and sTIP-04 exhibited dose-responsive inhibitory 

activity of eIF4E binding to both eIF4G and 4E-BP1 as visualized by western blot, whereas 

HCS-4E-BP1 (LMAA) was inactive as expected. In line with our SPR and cat-ELCCA 

results, the activities of HCS-4E-BP1 and sTIP-04 were nearly identical in this cell-based 

assay. Of note, no changes in total eIF4E, eIF4G, or 4E-BP1 protein levels were observed 

following peptide treatment (Figure S15).

We then measured the effect of the peptides on cellular growth. Surprisingly, despite 

exhibiting comparable activities in the cell-based m7GDP cap pull-down assay, sTIP-04 
exhibited a much more dramatic antiproliferative effect in comparison to HCS-4E-BP1 
(Figure 8A,B). Importantly, HCS-4E-BP1 (LMAA) showed no activity (Figure 8C). As the 

weaker activity of HCS-4E-BP1 more closely resembles what has been observed in MDA-

MB-231 cells overexpressing a non-phosphorylatable 4E-BP1 protein64 or those treated with 

rapamycin to inhibit 4E-BP1 phosphorylation,64,66 which have been shown to be cytostatic, 

this sTIP-04 activity was unexpected. Because stapled peptides have been demonstrated to 

disrupt the plasma membrane, particularly those with a high isoelectric point (pI) like 

sTIP-04 (pI ≈ 11),67 we tested whether this activity was due to nonspecific cellular lysis 

using the lactate dehydrogenase (LDH) cytotoxicity assay, which measures the release of 

LDH following loss of membrane integrity.68 As shown in Figure 8D, no LDH leakage was 

observed. Thus, sTIP-04 may exhibit off-target effects in cells, perhaps because of the fact 

that it is based on a mutant sequence. Future proteomics studies will be performed to address 

this question.

CONCLUSIONS

In conclusion, we have performed spectroscopic and kinetic studies to evaluate the IDR 

sequences of 4E-BP1, eIF4G, and an eIF4G mutant, linear sTIP-04, for the development of 

stapled peptides targeting eIF4E, the m7GpppX-cap-binding translation initiation factor. 

Through these efforts, we have demonstrated that while intrinsic helicity cannot be used to 

predict peptide sequences that will benefit from this type of conformational constraint, 

analysis of binding kinetics can play an important role in selecting an IDR peptide for 

stapled peptide design. By challenging the peptide—protein interactions with thermal and 

electrostatic perturbations, we revealed the significance of assessing peptide 

complementarity for its protein-binding partner and desolvation effects. This was evidenced 

through correlation of the linear 4E-BP1 and eIF4G kinetics and corresponding stapled 

peptide properties, where the more complementary 4E-BP1 sequence led to HCS-4E-BP1 
with improved affinity and bioactivity, whereas eIF4G stapling resulted in the synthesis of a 

nonhelical macrocycle because of structural deviations at its C-terminus. While the linear 

sTIP-04 peptide did not exhibit high complementarity for eIF4E like 4E-BP1, its binding 

affinity was similarly improved in high salt concentrations, which may mimic the local 

environmental changes induced by the hydrocarbon staple. As this was the only correlative 

feature between these sequences, future efforts will be devoted toward addressing this 

hypothesis using additional PPI models. As IDR-mediated PPIs are widespread in biology 

and involved in many important biological processes, we are excited by the possibility that a 

similar type of analysis could be performed on other systems to enable the development of 
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new stapled peptide tools for use in biological interrogation and target validation for drug 

discovery.

The development of HCS-4E-BP1, which exhibited promising in vitro and cellular activity, 

is particularly important, as the existing small-molecule inhibitors of the eIF4E—eIF4G PPI, 

4EGI-1,69 and 4E1RCat,70 contain structural features that classify them as pan-assay 

interference compounds or PAINS.71–74 Moreover, these molecules have been shown to 

induce several phenotypes not observed upon eIF4E knockdown or knockout, indicative of 

off-target effects.69,75–85 Thus, there remains a great need for fully profiled chemical probes 

targeting eIF4E and its PPIs so that rigorous validation of this target can be performed in 

disease models. It is our hope that further optimization of HCS-4E-BP1 and related 

constrained peptides will enable the development of such a probe. Future work will be 

focused on improving the cellular activity of HCS-4E-BP1 peptides, as there remains a 

large gap between in vitro and cellular potencies, and assessing in vivo pharmacokinetic 

properties and efficacy. Additional efforts will be made toward solving the structure of 

HCS-4E-BP1 bound to eIF4E to elucidate its binding interactions with the protein and how 

they compare with the linear peptide, as has recently been done with sTIP-04 analogues.86

EXPERIMENTAL SECTION

Materials.

Linear 4E-BP1, 4E-BP1 (R51—N64), eIF4G, KKR-4E-BP1, and sTIP-04 peptides were 

purchased from New England Peptides and dissolved in H2O. Fmoc-protected amino acids 

and Rink amide MBHA resin were purchased from P3 Biosystems and used as received. 

Fmoc-(S)-2-(4-pentenyl)alanine-OH was purchased from Aldrich and used as received. 

eIF4E (9742), 4E-BP1 (9644), and eIF4G (2858) antibodies were purchased from Cell 

Signaling Technology.

Data and Statistical Analysis.

All data were analyzed using GraphPad Prism version 6.0c for Mac OS X (GraphPad 

Software, www.graphpad.com). Two-sided t-tests were performed using Prism; equal 

variance between samples being compared was established. Graphs show mean ± standard 

deviation as described in the figure legends.

CD Spectroscopy.

Peptides were dissolved in buffer (5 mM sodium phosphate buffer, pH 7.4) at concentrations 

between 25 and 100 μM. CD spectra were recorded on a Jasco I-1500 CD-

Spectropolarimeter. Data was collected between 180 and 260 nm with a step resolution of 

0.1 nm and a speed of 50 nm/s. Five accumulations were taken with the response time set to 

1 s, bandwidth to 5 nm, and pathlength of 0.1 cm. The α-helical content of each peptide was 

calculated using previously reported equations.87 For determination of temperature 

dependence, 100 μM samples were equilibrated to 10, 15, 20, 25, and 30 °C, and 

measurements were taken as mentioned above at each temperature. For each peptide, 

triplicate analyses were performed.
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Protein Expression and Purification.

Plasmid pET19bpp-eIF4E-contained human eIF4E subcloned into a pET19b vector 

modified to include a 10× His tag and a PreScission protease cut-site between the tag and 

the beginning of the eIF4E gene (a kind gift from Dr. George Garcia). eIF4E DNA was 

amplified from the PFN29K vector and subcloned into the modified pET19b vector using 

NdeI and BamH1 restriction sites introduced with primers eIF4E-FOR-Nde1 (5′-

GGTACATATGGCGACTGTCGAACCGGA-3′) and eIF4E-REV-BamH 1 (5′ -
CATCGGATCCTTAAACAACAAACC-TAT-3′). The pET19bpp-eIF4E plasmid was 

transformed into BL21(DE3) cells. Cells were grown at 37 °C to an OD600 of 0.6, induced 

with 1 mM IPTG, and grown for 16 h at 16 °C. The cells were pelleted and lysed through 

sonication in lysis buffer [50 mM sodium phosphate, pH 7.4, 100 mM NaCl, 0.5 mM 

phenyl-methylsulfonyl fluoride, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 5 mM β-

mercaptoethanol, 0.5% Tween-20, and 1 mM dithiothreitol (DTT)]. The cell lysate was 

centrifuged at 38 000g for 2 h and then incubated with m7GDP cap-affinity resin for 45 min. 

The resin was washed with lysis buffer and phosphate buffered saline (PBS; pH 7.4). Pure 

eIF4E was eluted with 100 μM m7GTP in 50 mM sodium phosphate, pH 7.4, 100 mM NaCl, 

and 5% glycerol. The protein was aliquoted and stored without concentrating (~0.3 mg/ mL) 

at −20 °C. The yield was 1.5 mg from 2 L of cell culture.

SPR Spectroscopy.

SPR was performed using a SensiQ Pioneer instrument and a HisCap chip (three-

dimensional hydrogel surface) with 3 channels in series. Channel 1 was activated with NiCl2 

and 10× His-eIF4E was immobilized by injection into the running buffer (10 mM HEPES—

NaOH, pH 7.5, 225 mM NaCl, 10 mM imidazole, 0.1% Tween-20, and 5% glycerol). The 

concentration was adjusted to about 600 RU. Peptide (50 μL) was injected at 50 μL/min over 

a range of 10 concentrations in duplicate and random order (188 nM to 4.0 μM) at 25 °C. 

The chip was regenerated in between each cycle with an injection 500 mM EDTA followed 

by reactivation with NiCl2 and reimmobilization of 10× His-eIF4E. For temperature studies, 

the chip was equilibrated to 10, 15, 20, 25, or 30 °C. Salt studies were conducted at 25 °C 

with running buffer adjusted to 225, 500, or 1000 mM. The association rate (ka), dissociation 

rate (kd), and binding constant (Kd) were obtained by fitting to a 1:1 interaction model using 

global data analysis with the Qdat software, which employs the Levenberg—Marquardt 

nonlinear regression algorithm. Triplicate experiments were performed for each analysis.

Peptide Synthesis and Purification.

HCS-4E-BP1, HCS-eIF4G, sTIP-04, and HCS-4E-BP1 (LMAA) were synthesized on a 

0.2 mmol scale in a 20 mL fritted syringe using MBHA Rink amide resin (0.2–0.4 mmol/g 

loading). In brief, the resin was swelled for 20 min at 25 °C in 1:1 solution of 

dimethylformamide (DMF) and dichloromethane. Fmoc groups were removed following the 

addition of a 20% piperidine/DMF solution (10 mL) and gentle agitation for a total of 20 

min at 25 °C. After each Fmoc deprotection and amino acid couplings, the resin was 

thoroughly washed with N-methyl-2-pyrrolidone (NMP), CH2Cl2, and DMF. Amino acid 

couplings were performed by addition of amino acid (1 mmol) pre-activated with 2-(1H-

benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (0.9 mmol), N,N-
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diisopropylethylamine (2 mmol) in NMP (5 mL), and agitated for 2–3 h at 25 °C. The 

peptide was stapled on resin by bubbling nitrogen gas in a dichloroethylene solution of 

Grubbs I catalyst at 6 mM for at least 2 h.88 The reaction was monitored through 10–20 mg 

resin test cleavages via liquid chromatography—mass spectrometry (LC—MS). The 

procedure was repeated until the reaction went to complete conversion, usually after three 

replicates. After stapling, the N-terminus was acetylated or modified with FITC (separated 

by 2 β-alanine residues),88 and the peptide was cleaved from the resin using Trifluoroacetic 

acid/ thioanisole/water/triisopropylsilane (90:4:4:2) for 4 h at 25 °C. The resulting solution 

was added to glacial ether (~200 mL) for peptide precipitation. The precipitates were then 

collected, dissolved, and purified via reversed-phase-high performance liquid 

chromatography (RP-HPLC). RP-HPLC was performed using binary gradients of solvents A 

and B, where A is 0.1% HCO2H in water and B is 0.1% HCO2H in acetonitrile or 0.1% 

HCO2H in methanol. Analytical RP-HPLC was performed using an Agilent 1260 Infinity 

HPLC equipped with a ZORBAX Eclipse SB-C18 column (4.6 × 150 mm; 5 μm) at a flow 

rate of 1 mL/min, with detection at 214 and 254 nm. Preparative RP-HPLC was performed 

using an Agilent 1260 Infinity HPLC equipped with a PrepHT SB-C18 column (21.2 × 150 

mm; 5 μm) at a flow rate of 18.6 mL/min, with detection at 214 and 254 nm. Fractions 

containing the desired peptide were confirmed by LC—MS using an Agilent Q-TOF HPLC

—MS. Only fractions containing peptide at ≥95% analytical purity were lyophilized, 

redissolved in 1:1 acetic acid/water, and lyophilized again for use. Stock solutions of 

HCS-4E-BP1, sTIP-04, and HCS-4E-BP1 (LMAA) were dissolved in H2O. Stock 

solutions of HCS-eIF4G, FITC-HCS-4E-BP1, FITC-HCS-sTIP-04, and FITC-HCS-4E-
BP1 (LMAA) were dissolved in DMSO. Peptide stock concentrations were determined via 

amino acid analysis.

PPI cat-ELCCA.

IC50 values were determined using PPI cat-ELCCA as reported.62 In brief, biotinylated 

HaloTag-eIF4E62 [10 μL of 50 nM in buffer A (50 mM phosphate buffer (pH 7.4), 100 mM 

NaCl, 0.01% Tween-20, 2 mM DTT)] was immobilized in the wells of a white, high-binding 

capacity streptavidin-coated 384-well plate (cat #15505). Following overnight incubation at 

4 °C, the wells were washed 3× with buffer A with a 5 min incubation in between each 

wash. Varying concentrations of peptide were then added (5 μL total volume) followed by 

methyltetrazine-labeled 4E-BP162 (5 μL of 8 nM in buffer A). The plate was then incubated 

for 1 h at 25 °C. The wells were again washed 3× with buffer A as described above. trans-
Cyclooctene-labeled horseradish peroxidase62 (10 μL of 1 μM in buffer A) was then added 

and the plate was agitated for 1 h at 25 °C. After final washing with buffer A (3 × 50 μL) 

and buffer B (50 mM phosphate buffer (pH 7.4); (3 × 50 μL)), 30 μL of the SuperSignal 

West Pico Chemiluminescent Substrate (prepared following the kit instructions; Pierce) was 

added and chemiluminescence data was collected on a BioTek Cytation3. At least triplicate 

analyses of technical quadruplicates were measured for each peptide.

General Cell Culture.

MDA-MB-231 cells, a kind gift from Dr. Nouri Neamati and authenticated by STR 

profiling, were grown in RPMI-1640 media supplemented with 10% FBS (Atlanta 

Biologicals), 2 mM glutamine and 1% penicillin—streptomycin.
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Confocal Microscopy.

MDA-MB-231 cells were grown in 12-well plates on poly-L-lysine-coated coverslips. Cells 

were treated with FITC peptides at 1 μM for 5 h. Cells were washed twice with ice-cold 

1×PBS, and then fixed with 4% paraformaldehyde for 15 min at room temperature. Fixed 

cells were washed twice with 1 × PBS and then treated with 5 μg/μL of Hoechst 33342 to 

stain the nucleus. Cells were again washed thrice with 1×PBS and mounted on a glass slide 

with Prolong Antifade Media. Images at 20× were taken in BioTek Cytation 3 Cell Imaging 

Multi-Mode reader. Images at 60× (with oil) were taken using a Nikon A1 Spectral confocal 

microscope. Z stack images were processed in ImageJ and Adobe Photoshop. Figures were 

formatted in Adobe Illustrator. 3D movies were prepared in Imaris Image Analysis software. 

Triplicate analyses were performed.

m7GDP Cap Affinity Assay and Western Blot.

The cap pull-down assay was carried out as previously described.89,90 Briefly, MDA-

MB-231 were grown in 6 cm dishes and treated with peptides for 6 h. Cells were then lysed 

in cap pull-down buffer [50 mM HEPES–KOH (pH 7.5), 150 mM KCl, 1 mM EDTA, 2 mM 

DTT and 0.1% Tween 20] containing protease inhibitors. Cell lysate was centrifuged at 15 

000 rpm for 25 min. The supernatant was subsequently incubated for 2 h at 4 °C with 

m7GDP-agarose resin.90 Beads were washed 3X with the cap pull-down buffer, 1× with TBS 

and 1× with water. Proteins were eluted by boiling in 2×LDS sample buffer for 10 min at 

70 °C, resolved on a 4–12% bis–Tris gel, and transferred to polyvinylidene fluoride 

membrane in Towbin’s buffer. The membrane was blocked in 5% milk for 1 h at 25 °C, and 

then incubated with a primary antibody (overnight at 4 °C) and secondary antibody (1 h at 

25 °C). Proteins were visualized by autoradiography. In all cases, the eIF4E level was used 

for normalization. For total cell lysate assays, cells were lysed using RIPA buffer (10 mM 

Tris-HCl, 150 mM NaCl, 1% Triton, 1% sodium deoxycholate, 0.1% sodium dodecyl 

sulfate, pH 7.2) supplemented with 10 μg/mL aprotinin, 5 μg/mL leupeptin, 7 μg/ mL 

pepstatin, 10 mM NaF, 2 mM sodium orthovanadate, 10 mM β-glycerophosphate, and 2 mM 

sodium pyrophosphate. Lysates were then sonicated thoroughly on ice. Protein 

concentrations were normalized by the BCA assay (Pierce). Figures were formatted in 

Adobe Illustrator. Triplicate biological replicates were performed.

Densitometry.

Scanned western blot images were processed using ImageJ software. The pixels in each 

band gave a raw reading. The baseline was selected as a background and was subtracted 

from each raw reading. Ratios of 4E-BP1/eIF4G to eIF4E were calculated and normalized to 

control. Graphs were plotted in GraphPad Prism.

Cell Viability Assay.

The CellTiter-Glo assay kit was purchased from Promega and was performed according to 

the manufacturer’s instructions. Briefly, 2000 cells were plated in a white, 96-well tissue 

culture-treated plate. Cells were treated with the peptides at different concentrations in 

triplicate and incubated for 6 days. On the sixth day, the cell culture media was replaced 

with 100 μL of OptiMEM and then lysed with 100 μL of CellTiter-Glo reagent. Total 
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luminescence was read within 1 h using a BioTek Cytation 3 reader. Data was normalized 

and processed in a GraphPad Prism. Triplicate biological replicates were performed.

LDH Assay.

The LDH Cytotoxicity Assay kit was purchased from Cayman Chemical and was performed 

according to the manufacturer’s instructions. Briefly, 5000 MDA-MB-231 cells were plated 

in a clear-bottomed, 96-well plate. After 16 h, the media was changed to OptiMEM and cells 

were treated with the respective amount of peptide. 1% Triton was used as a positive control 

for maximum release of LDH. After 24 h, 100 μL of supernatant was removed and 

centrifuged at 2000 rpm for 5 min. This supernatant was then mixed with 100 μL of LDH 

reaction solution and incubated at 37 °C. Absorbance at 490 nm was read within 2 h. 

Triplicate biological replicates were performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CD circular dichroism

eIF4E eukaryotic translation initiation factor 4E

eIF4G eukaryotic translation initiation factor 4G

HCS hydrocarbon staple

IDP intrinsically disordered protein

PPI protein—protein interaction

SPR surface plasmon resonance

TFE 2,2,2-trifluoroethanol

4E-BP1 eIF4E binding protein
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Figure 1. 
Regulation of cap-dependent translation initiation by 4E-BP1 and eIF4G. (A) Biological 

scheme. (B) Overlay and amino acid sequences of the eIF4E-binding regions for 4E-BP1 

(blue; PDB: 4UED) and eIF4GI (green; PDB: 5T46) bound to eIF4E (gray).

Gallagher et al. Page 20

J Med Chem. Author manuscript; available in PMC 2020 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Linear peptide helicities as determined via CD spectroscopy in 5 mM sodium phosphate 

buffer, pH 7.4, 25 °C. (A) Spectra. (B) Table of average helicity values measured at 25–100 

μM ± standard deviation across the concentrations tested. For the TFE experiments, only 100 

μM peptide was used.
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Figure 3. 
Kinetic analyses of 4E-BP1, 4E-BP1 (R51–N64), and eIF4G peptides via SPR. The effect of 

temperature on (A) ka (B) kd and (C) kd. Statistical significance was determined using 

unpaired, two-tailed Student’s t tests. ns = not significant (p > 0.05). (A) ***: p = 0.0004. 

(B) ****: p = <0.0001; **: p = 0.0015. (C) *: p = 0.0162; ***: p = 0.0005; ****: p = 

<0.0001. Please see Tables S1–S3 for tabulated results, p values and statistical analyses.
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Figure 4. 
Kinetic analyses of 4E-BP1, 4E-BP1 (R51–N64), and eIF4G peptides via SPR. The effect of 

ionic strength at 25 °C on (A) ka, (B) kd, and (C) Kd. Statistical significance was determined 

using unpaired, two-tailed Student’s t tests. ns = not significant (p > 0.05). (A) **: p = 

0.0025; ***: p = 0.0002. (B) **: p = 0.0023. (C) *: p = 0.0161; **: p = 0.0024 and 0.0041, 

respectively. Please see Tables S4–S6 for tabulated results, p values, and statistical analyses. 

In (A), the error bar for eIF4G is too small to see (Table S4).
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Figure 5. 
Stapled peptide helicities as determined via CD spectroscopy in 5 mM sodium phosphate 

buffer, pH 7.4, 25 °C. (A) 4E-BP1 and HCS-4E-BP1 spectra. (B) eIF4G and HCS-eIF4G 
spectra. (C) Linear and sTIP-04 spectra. (D) Table of average helicity values measured at 

25–100 μM ± standard deviation across the concentrations tested. For the TFE experiments, 

only 100 μM peptide was used.

Gallagher et al. Page 24

J Med Chem. Author manuscript; available in PMC 2020 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
In vitro inhibitory activities of HCS-4E-BP1 and -eIF4G peptides as determined via PPI 

cat-ELCCA. (A) Inhibition of the eIF4E—4E-BP1 PPI by 4E-BP1, HCS-4E-BP1, and 

HCS-4E-BP1 (LMAA) peptides; and (B) eIF4G, HCS-eIF4G, linear sTIP-04, and sTIP-04 
peptides. (C) Table of IC50 values presented as 95% confidence intervals.
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Figure 7. 
Cellular inhibitory activities of the sTIP-04, HCS-4E-BP1, and HCS-4E-BP1 (LMAA) 

peptides as determined via m7GDP cap affinity chromatography. (A) Assay scheme. (B) 

Inhibition of the eIF4E–4E-BP1 and eIF4E–eIF4G PPIs in MDA-MB-231 cells. In all cases, 

cells were treated with peptides dissolved in water for 6 h and eIF4E was used as a 

normalization control. (C) Quantitation of the HCS-4E-BP1 data in (B) from triplicate 

biological replicates. (D) Quantitation of the sTIP-04 data in (B) from triplicate biological 

replicates. Please see Tables S9 and S10 for p values.
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Figure 8. 
Antiproliferative effects of (A) HCS-4E-BP1, (B) sTIP-04, and (C) HCS-4E-BP1 (LMAA) 

as determined via the CellTiter-Glo assay. Statistical significance was determined using 

unpaired, two-tailed Student’s t tests. ns = not significant (p > 0.05). (A) *: p = 0.0259; **: p 
= 0.0066; (B) ****: p = <0.0001. (D) Measurement of cell membrane damage by sTIP-04 
(15 μM) using the LDH cytotoxicity assay using water and 1% Triton as negative and 

positive controls, respectively.
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