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Evaluation 
of carboxyfluorescein‑labeled 
7‑methylguanine nucleotides 
as probes for studying cap‑binding 
proteins by fluorescence anisotropy
Anna Wojtczak1, Renata Kasprzyk 2,3, Marcin Warmiński 1, Krystian Ubych 1,3, 
Dorota Kubacka 1, Pawel J. Sikorski 2, Jacek Jemielity 1* & Joanna Kowalska 1* 

Fluorescence anisotropy (FA) is a powerful technique for the discovery of protein inhibitors in a 
high‑throughput manner. In this study, we sought to develop new universal FA‑based assays for the 
evaluation of compounds targeting mRNA 5′ cap‑binding proteins of therapeutic interest, including 
eukaryotic translation initiation factor 4E and scavenger decapping enzyme. For this purpose, a library 
of 19 carboxyfluorescein probes based on 7‑methylguanine nucleotides was evaluated as FA probes 
for these proteins. Optimal probe:protein systems were further investigated in competitive binding 
experiments and adapted for high‑throughput screening. Using a small in‑house library of compounds, 
we verified and confirmed the accuracy of the developed FA assay to study cap‑binding protein 
binders. The applications of the most promising probes were then extended to include evaluation of 
allosteric inhibitors as well as RNA ligands. From this analysis, we confirmed the utility of the method 
to study small molecule ligands and evaluate differently 5′ capped RNAs.

A 7-methylguanosine cap structure is present at the 5′ end of eukaryotic mRNA and influences numerous cel-
lular functions related to mRNA  metabolism1. 7-Methylguanosine  (m7G) is a positively charged nucleoside that, 
together with the negatively charged 5′,5′-triphosphate chain linking it to the first transcribed nucleotide of RNA, 
creates a unique molecular recognition pattern targeted by specific proteins involved in mRNA  turnover2,3. Cap-
protein interplay is crucial for gene expression processes, such as pre-mRNA splicing, transport, translation, 
and  degradation4–6.

One of the main cap-binding proteins is eukaryotic initiation translation factor 4E (eIF4E). Recognition of the 
cap structure by eIF4E is the rate-limiting step during translation  initiation7. The active pool of eIF4E is highly 
regulated in healthy  cells8. In contrast, eIF4E is often overexpressed in cancer cells, thereby promoting cell growth 
and  survival9. Overexpression of eIF4E results in increased translation of mRNAs encoding oncoproteins and 
growth  factors10. Reduction of eIF4E levels is not detrimental for normal mammalian physiology, therefore, it 
creates an opportunity for therapeutic targeting of eIF4E to selectively inhibit oncogenic  translation11. Hence, 
identifying new high-affinity ligands to limit active pools of eIF4E is the first step towards the development of 
therapeutic strategies in anticancer  treatment12,13.

Another cap-binding protein is decapping scavenger enzyme (DcpS), which prevents the accumulation of 
free cap structures released as a result of 3′-to-5′ mRNA decay, thereby blocking inhibition of proteins crucial 
for mRNA splicing and translation and avoiding potentially toxic  effects14. DcpS plays also a more general role 
in the control of gene expression and has been independently linked to spinal muscular  atrophy15, intellectual 
 disability16,  cancer17, and microRNA  processing18. DcpS is a therapeutic target in spinal muscular atrophy (SMA), 
an autosomal recessive disease caused by deletion or mutational inactivation of the survival motor neuron (SMN) 
1  gene19. Inhibition of DcpS by C5-substituted quinazolines has been shown to activate SMN2 gene expression 
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in vitro, although the mechanism of this activation has not yet been fully  elucidated15. Furthermore, studies 
performed in SMA model mice have shown therapeutic effects, such as prolonged survival and improved motor 
 function20. In 2015, the loss of DcpS enzyme activity was connected with a novel clinical entity referred as Al-
Raqad syndrome (ARS)16. ARS is caused by homozygous or heterozygous mutations resulting in loss-of-function 
alleles in the DcpS  gene21 and is associated with severe growth delay, neurological defects, and skeletal and cardiac 
anomalies. DcpS has also been shown to be essential for the survival of acute myeloid leukemia (AML)  cells17. 
Accordingly, DcpS has become a drug discovery  target15,22.

Molecules targeting eIF4E or DcpS can act as modulators (activators or inhibitors) of various processes 
involving these cap-binding proteins; therefore, these modulators are potential therapeutics and useful research 
tools. A commonly used technique to study interactions between cap-binding proteins and ligands is fluores-
cence quenching titration (tsFQT)3. However, this approach is time-consuming, requires relatively high protein 
concentrations, is low throughput, and has other methodological limitations, which make it unsuitable for drug 
discovery applications. Therefore, it is necessary to develop higher throughput yet accurate methods for the dis-
covery of ligands targeting cap-binding proteins. Fluorescence polarization (FP) and fluorescence anisotropy (FA) 
have been previously employed to study eIF4E-ligand interactions, yielding different  outcomes23–25. Although 
several  m7G analogs were developed as probes for FP, a systematic study of structure–activity relationships has 
never been performed. In recent years, fluorescent methods based on  m7G analogs have been optimized to 
measure DcpS  activity26–29. These methods are based on fluorescently labeled or fluorogenic substrates to meas-
ure reaction progress and have been successfully adopted for inhibitor  evaluation30–32. DcpS-binding ligands 
have also been studied using other methods, including high-performance liquid  chromatography33, microscale 
 thermophoresis34,  tsFQT35, and radioactive  assays15.

In this work, we synthesized and evaluated a library of different fluorescently labeled cap analogs as probes 
for the development of an FA approach for the discovery of molecules targeting DcpS or eIF4E. In order to find 
an optimal probe, the probe set included compounds differing in size, modification sites, and the presence of 
additional modifications within the triphosphate bridge (imidophosphate, methylenobisphosphonate, phos-
phorothioate, or phosphorothiolate). The binding affinities of the probes to DcpS and eIF4E were characterized 
using FA, and the most suitable probes were then used for the development of an FA method that was adaptable 
to high-throughput screening conditions. The developed methods were verified using a small in-house library of 
nucleotide derivatives. For selected ligands, the half-maximal effective concentration  (EC50) was determined and 
compared with binding affinities obtained by alternative methods. Overall, our findings showed that the estab-
lished method could be used to study nucleotide-derived ligands (including oligo-RNA) and other compounds 
targeting cap-binding proteins with high accuracy. Furthermore, we demonstrated that the method could also 
be used to study allosteric binding of eIF4E.

Results and discussion
Optimization of the probe and binding studies. As the initial step in the development of an FA 
method, different structures of fluorescent probes were explored. As a starting point for the design of the probes, 
we used several known cap-derived eIF4E and DcpS binders differing in structural complexity (Fig. 1). As a 
label, we chose carboxyfluorescein (FAM) because of its many advantages in the context of FA assays, includ-
ing high quantum yield and short half-life of the excited state (~ 4 ns)36, which is beneficial for small molecular 
 probes37. As a result, we synthesized and tested a set of carboxyfluorescein-labeled cap analogs differing in size 
(from mono- to trinucleotides) and the site of fluorophore attachment (Fig. 1, Fig. S1). The fluorophore was 
attached using different chemical strategies to either the terminal phosphate, the 2′ or 3′ hydroxyls of  m7G or 
G ribose moiety, or the N6-position of adenine. Fluorescent probes for studies with DcpS were additionally 
modified within the triphosphate bridge to make them resistant to enzymatic hydrolysis. To this end, differ-
ent phosphate modifications were explored, including a bridging modification (β-γ-O to  CH2)38, nonbridging 
modification (γ-O-to-S)39, and a recently reported phosphorothiolate modification (5′-PSL)30. As a reference, 
we included a 30-nt long capped-RNA probe that was previously used for binding studies with Drosophila mela-
nogaster  eIF4E40. This probe could be considered a mimic of the natural ligand of eIF4E (mRNA), wherein the 
probe was placed 16 nt away from the 5′ end, thereby minimizing its impact on protein binding.

All the fluorescently labeled compounds were evaluated as FA probes for eIF4E and/or DcpS proteins. The 
optimal probe fulfilling the requirement for unbiased KD estimation and development of competition binding 
assays should have high affinity for the target protein and a stable intrinsic fluorescence intensity that remains 
unchanged over time and upon binding to the target  protein41,42. To select optimal probes, we performed direct 
binding experiments, in which each probe (at a constant concentration) was mixed with increasing concentra-
tions of eIF4E or DcpS. We also performed negative control experiments for select probes using Bovine Serum 
Albumin (BSA) to confirm lack of unspecific interactions at concentrations up to 2.5 µM (Fig. S2). To check 
whether the emission of the ligand changed upon binding to the specific protein, values of total intensities were 
calculated as the sum of the parallel and double perpendicular intensities for each binding  experiment43,44. 
Probes were compared based on the brightness enhancement factor g, demonstrating enhancement of total 
intensity between the free and bound forms of the probe. We observed that the changes in emission intensity 
during protein-probe complex formation strongly depended on the site of cap analog labeling and the linker 
length (Table 1). For both tested proteins, the greatest changes in fluorescence intensity were observed when 
the label was located at the ribose moiety. Compounds with the label at the 2′ position were more sensitive 
to environmental changes than those labeled at the 3′ position (a 1.2-fold difference for probes 3b and 3c). 
In contrast, cap analogs labeled at the N6 position of adenine had the most stable fluorescence signal. These 
dependencies changed with modifications within the phosphate bridge (e.g., the additional phosphate group in 
probe 1c decreased the fluorescence intensity stability in comparison with probes 1a and 1b). The unfavorable 
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Figure 1.  Structures of FA probes for cap-binding proteins evaluated in this work.
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effects of binding-sensitive fluorescence intensity could be successfully eliminated by changing the length of 
the linker (Table 1). For DcpS protein, longer linkers were associated with more stable fluorescence intensity 
(probe 2i was 1.4 times less sensitive than probe 2h). In the case of eIF4E, the smallest changes in fluorescence 
intensity were observed for the medium-length linker (the intensity change for probe 2b was 4%, whereas those 
for probes 2a and 2c were 10% and 9%, respectively). The stability of fluorescence intensity was also affected 
by FAM regioisomerism; in binding studies with DcpS, isomer 5 of FAM led to significantly greater changes in 
fluorescence intensity than isomer 6. To determine the dissociation constant (KD) values, a 1:1 binding model 
was fitted to the obtained binding curves (Table 1, Fig. 2A). For probes characterized by Δg values greater than 
0.1, the FA values were appropriately corrected before KD  determination44. Among fluorescent probes tested 
against eIF4E, mononucleotide cap analogs (1a, 1b, 1c, 1e, 1f) bound the protein with significantly higher affinity 
than other probes. The affinity for eIF4E was the highest for mononucleotide analogs carrying a tetraphosphate 
chain (compound 1b with a KD that was 5.7-fold lower than that of the triphosphate probe 1a). Despite the high 
affinity for eIF4E, probe 1b showed the lowest FA response upon transition from the free to bound state, which 
affected method quality. Interestingly, further elongation of the tetraphosphate bridge to pentaphosphate did 
not improve the binding. The affinity of the probes containing phosphorothioate modification (1e, 1f) to eIF4E 
was dependent on the absolute configuration of the stereogenic P center (probe 1e bound to eIF4E 1.5 times 
stronger than probe 1f), consistent with previous data reported for unlabeled  compounds39. Phosphorothioate 
substitution improved the binding compared with unmodified probe (1e showed a KD 1.4 times lower than 1a); 
however, the impact was less favorable than phosphate bridge elongation. Dinucleotide probes had generally 
weaker binding affinities than mononucleotide probes; the most potent dinucleotide probe 2d had a KD that was 
1.3-fold higher than that of probe 1a. In contrast, trinucleotide probes had a binding affinity in the range cor-
responding to mononucleotide probes. This result suggested that the third nucleotide eliminated the unfavorable 
influence of the second nucleotide by forming new contacts between eIF4E and the additional nucleotide or by 
rearrangement of the cap structure inside the eIF4E binding pocket. However, the KD of oligonucleotide probe 4a 
was sevenfold higher than that of 3a, suggesting that further addition of nucleotides emulating the mRNA body 
may counteract this effect, resulting in negligible contribution of the mRNA body to the eIF4E:cap interaction.

For DcpS, we evaluated the hydrolysis-resistant probes 1d, 1e, 1f, 2e, 2f, 2g, 2h, and 2i (Table 2). Owing to the 
presence of a stereogenic P-center, the phosphorothioate probes existed in the form of two P-diastereoisomers, 
designated as D1 and D2 according to their order of elution during reverse-phase high-performance liquid 
chromatography. The diastereoisomers varied in binding affinity towards DcpS enzyme (e.g., probe 1f had a KD 
that was 1.8-fold lower than that of probe 1e). Moreover, both phosphorothioate probes bound to DcpS with 
affinity higher than the corresponding probe with methylenobisphosphonate modification (1.3- and 2.4-times 
higher binding affinity compared with 1d). Unexpectedly, probe 2d carrying the 5′-phosphorothiolate moiety 
was found to be susceptible to DcpS-catalyzed hydrolysis under assay conditions and thus was not suitable 
for this assay, despite the fact that other compounds carrying this moiety have been shown to be resistant and 
potent inhibitors of  DcpS30. The most promising probes for DcpS were found among dinucleotide cap analogs. 
The lowest KD value was obtained for cap analog 2i carrying a methylenebisphosphonate moiety and labeled at 
the 3′ position of ribose with a long linker.

Development and validation of an FA competitive binding assay for eIF4E. After preliminary 
evaluation of the probes, we aimed to develop an FA-based binding assay for eIF4E. To this end, we selected 
three mononucleotide probes characterized by medium to high binding affinity (1a, 1b, and 1e; Fig. 2A). Using 
these probes, we performed probe-displacement experiments (competitive FA assays), in which an unlabeled 

Table 1.  Binding affinities of mono-, di-, tri-, and oligonucleotide probes for eIF4E together with fluorescence 
enhancement factors (g). FA experiments were performed in black 96-well plates using a Biotek Synergy H1 
plate reader. Each well (200 µL) contained a fluorophore-tagged probe (0.5, 1, 2, or 10 nM) and increasing 
concentrations of the desired protein (from 0 to 2.5 µM).

L.p KD / nM g =  FLbound /  FLfree

1a 59.7 ± 0.9 0.90 ± 0.02

1b 10.5 ± 1.0 0.98 ± 0.01

1c 20.7 ± 5.9 0.77 ± 0.02

1e 41.3 ± 4.4 1.10 ± 0.03

1f 63.7 ± 15.3 1.17 ± 0.07

2a 128.1 ± 11.0 1.10 ± 0.06

2b 108.6 ± 6.2 0.96 ± 0.04

2c 106.4 ± 7.2 0.91 ± 0.02

2d 79.8 ± 3.5 0.99 ± 0.05

3a 68.3 ± 14.4 0.56 ± 0.01

3b 33.9 ± 6.3 1.44 ± 0.04

3c 45.7 ± 7.4 1.15 ± 0.02

4a 477.4 ± 29.8 0.93 ± 0.02
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ligand competed with the fluorescent probe for protein binding (Fig. 2C–E). Thus, we selected eight known 
eIF4E binders, i.e.,  m7GMP,  m7GDP,  m7GTP,  m7GpppG,  m7GppSpG D1,  m7GppSpG D2,  m7,2′-OGpSpppG D1, 
and  m7,2′-OGpSpppG D2, which showed a wide range of binding potencies. The binding curves obtained from FA 
competition assays were analyzed using four-parameter dose–response curves with a variable slope Hill equa-
tion (Fig. 2C–E)45. The determined  EC50 and Hill slope values are shown in Table 3.

The results indicated that for low- and moderate-affinity ligands (half maximal inhibitory concentration 
 [IC50] ≥ 200 nM), the Hill slope was close to 1, which was expected for a 1:1 binding model. However, the Hill 
slope was higher than 1 for high-affinity ligands, indicating that the probe affinity was too low to properly evalu-
ate these ligands. As expected, the steepness of the curves was lowest for probe 1b, which had the highest affinity 
for eIF4E. Hence, the results indicated that the high-affinity probe 1b could be used to accurately measure the 
binding affinity of highly potent compounds, as also confirmed by the best correlation with the experimental 
data obtained from direct binding experiments using tsFQT (Fig. 2B).

Table 2.  Binding affinities of mono- and dinucleotide probes for DcpS together with fluorescence 
enhancement factors (g). FA experiments were performed in black 96-well plates using a Biotek Synergy 
H1 plate reader. Each well (200 µL) contained a carboxyfluorescein-tagged probe (0.5, 1, 2, or 10 nM) and 
increasing concentrations of the desired protein (from 0 to 2.5 µM).

L.p Protein KD / nM g =  FLbound /  FLfree

1d DcpS 137 ± 5 0.91 ± 0.01

1e DcpS 105 ± 12 0.88 ± 0.01

1f DcpS 58 ± 2 0.80 ± 0.01

2e DcpS 152 ± 32 0.93 ± 0.10

2f DcpS 44 ± 5 0.71 ± 0.03

2g DcpS 53 ± 13 1.88 ± 0.12

2h DcpS 18 ± 6 1.54 ± 0.04

2i DcpS 12.6 ± 0.9 1.12 ± 0.01

Figure 2.  Development of an FA binding assay for eIF4E. (A) Binding curves for probes 1a, 1b, and 1e with 
eIF4E protein. (B) Correlation between logKD values for seven ligands obtained by the FA method with the 
use of probes 1a, 1b, and 1e and logKD values determined by tsFQT. (C–E) Dose–response curves obtained 
from FA competition assays for the four selected ligands using probes 1a (C), 1b (D), and 1e (E). The protein 
concentration in the competition experiment was set above the KD value to achieve 70–85% of the maximum 
response. Dose–response binding experiments were carried out with a serial half-log dilution of unlabeled 
ligands. Data shown are mean values ± standard deviations of three independent experiments, each performed 
in duplicate.
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Next, we evaluated whether FA assays based on probes 1a, 1b, or 1e could be adopted for high-throughput 
screening. We first determined the assay quality based on Z’ factor estimation for all three systems, i.e., 1a:eIF4E, 
1b:eIF4E, and 1e:eIF4E (Fig. 3A). Probe-protein complex was used as a negative control sample (high FA), 
and a mixture of probe, eIF4E, and  m7GTP (excess) was used as a positive control (low FA). The determined 
Z’ factors were 0.74 for the 1a:eIF4E system and 0.78 for the 1e:eIF4E system. After 60 min, the Z’ factors were 

Table 3.  Characterization of eight eIF4E ligands using three different probes in FA competition binding 
experiments. The assay conditions were as follows: a 50 mM HEPES (pH 7.2) containing 100 mM KCl, 0.5 mM 
EDTA, and 1 mM DTT plus 10 nM probe 1a and 100 nM eIF4E; b 50 mM HEPES (pH 7.2) containing 
100 mM KCl, 0.5 mM EDTA, and 1 mM DTT plus 1 nM probe 1b and 15 nM eIF4E; c 50 mM HEPES (pH 7.2) 
containing 100 mM KCl, 0.5 mM EDTA, and 1 mM DTT plus 1 nM probe 1c and 100 nM eIF4E.

Ligand

Probe 1aa Probe 1bb Probe 1ec

EC50 ± SD / nM Hill slope EC50 ± SD / nM Hill slope EC50 ± SD / nM Hill slope

m7GMP 3608 ± 68 1.10 ± 0.10 5700 ± 1600 1.15 ± 0.29 4830 ± 450 0.96 ± 0.07

m7GDP 203.6 ± 5.5 1.36 ± 0.03 212 ± 30 1.16 ± 0.04 216 ± 11 1.08 ± 0.07

m7GTP 82.3 ± 8.5 1.89 ± 0.30 46 ± 10 1.16 ± 0.14 70.1 ± 8.5 1.51 ± 0.16

m7GpppG 413 ± 13 1.12 ± 0.03 599 ± 64 1.12 ± 0.06 551 ± 75 1.08 ± 0.11

m7GppSpG D1 184 ± 13 1.37 ± 0.02 210 ± 32 1.16 ± 0.18 226 ± 43 1.10 ± 0.06

m7GppSpG D2 382 ± 21 1.19 ± 0.06 511 ± 109 1.15 ± 0.06 477 ± 89 1.04 ± 0.17

m7′-OGpSpppG D1 68 ± 3 2.07 ± 0.02 22.2 ± 3.7 1.64 ± 0.10 51.4 ± 6.1 1.46 ± 0.60

m7′-OGpSpppG D2 74 ± 10 1.94 ± 0.26 34.9 ± 7.0 1.37 ± 0.08 64.3 ± 3.4 1.40 ± 0.06

Figure 3.  (A) Z’ factor measurements for eIF4E using three different probes (1a, 1b, and 1e). Assay conditions: 
10 nM 1a, 100 nM eIF4E, 1 µM  m7GTP; 1 nM 1b, 25 nM eIF4E, 1.5 µM  m7GTP; 1 nM 1e, 100 nM eIF4E, 
1.5 µM  m7GTP. (B) Screening experiment for eIF4E (1 nM 1e, 100 nM eIF4E, 750 nM inhibitor).



7

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7687  | https://doi.org/10.1038/s41598-021-87306-8

www.nature.com/scientificreports/

still higher than 0.5. Thus, systems 1a:eIF4E and 1e:eIF4E could be successfully applied in a high-throughput 
screening format. Unfortunately, in a similar test for 1b:eIF4E, we obtained a Z’ factor less than 0.5, with poor 
signal separation between positive and negative controls. Therefore, this system was considered inappropriate for 
high-throughput screening owing to the low signal-to-noise ratio. The reduced response window in comparison 
to other probes could be a result of increased rotational mobility caused by the additional phosphate group.

Using the 1e:eIF4E system, a small in-house library of ligands was screened against eIF4E (Fig. 3B). The 
library contained mainly dinucleotide cap analogs modified within a triphosphate bridge, some standard mono-
nucleotides, and non-nucleotide ligands. The binding affinities of these ligands were evaluated in previous studies. 
The screening was performed under optimized conditions in the presence of each tested inhibitor (750 nM). 
All tested dinucleotide cap analogs effectively competed for eIF4E, regardless of modification. However, the 
combination of an imidophosphate group with phosphate chain elongation appeared to have the most stabi-
lizing effect on the protein–ligand complex. This observation was consistent with the literature data, showing 
that  m7GpNHpppG had the highest association constant (KAS = 112.3 ± 1.8 μM−1) among the tested  ligands46. 
The screening also revealed the unfavorable impact of reducing the number phosphate groups on the binding 
 (m7GSpppG to  m7GSppG or  m7GDP to  m7GMP), consistent with literature  data30,47. As expected, compounds 
without the  m7G moiety did not bind to eIF4E. The allosteric inhibitor 4EGI-1, which binds to eIF4E at a differ-
ent site than the cap, did not influence the fluorescence of the probe-protein complex under these conditions. 
All of the above results validated the FA method developed with probe 1e.

Testing of allosteric binding with eIF4E. eIF4E protein is a component of eukaryotic initiation transla-
tion complex 4F (eIF4F) and together with eIF4A and eIF4G proteins is required for initiation of the translation 
 process48. 4EGI-1 is an inhibitor of eIF4E and eIF4G association and consequently leads to inhibition of cap-
dependent  translation49. Therefore, disruption of the eIF4E-eIF4G interaction is another important target for 
cancer therapy. For identification of small-molecule inhibitors of the eIF4E-eIF4G interaction, an FA assay has 
been developed  previously49. The binding event was monitored by evaluating changes in FA resulting from the 
interaction of fluorescein-labeled 4G peptide with eIF4E with a KD of 25 μM. Because only the 4G-binding site 
was observed, the potential connection between 4G- and cap-binding was not elucidated.

Next, we tested whether probe 1a could be used to study the binding of inhibitors outside the cap-binding site, 
such as 4EGI-1. Although 4EGI-1 targets eIF4E at a binding site different from that of the fluorescent probes, we 
hypothesized that if 4EGI-1 binding evoked conformational changes in the proteins, FA readouts may be affected. 
Therefore, we conducted an experiment similar to the competitive test, but using increasing concentrations 
of 4EGI-1. Interestingly, we observed changes in the fluorescence anisotropy signal at 4EGI-1 concentrations 
exceeding 10 μM; the magnitude of these changes suggested that the fluorescent probe was released from the 
cap-binding site. The  EC50 value for this interaction was 35.3 ± 4.4 μM (Fig. 4A). One possible explanation for 
this observation was that 4EGI-1 binding to eIF4E may trigger structural rearrangements, leading to allosteric 
inhibition of both interactions, i.e., cap-eIF4E and eIF4G-eIF4E50. To verify this, we performed direct binding 
assays for probe 1a in the presence or absence of a high concentration of 4EGI-1 (100 μM; Fig. 4B). The results 
showed that the binding of probe 1a to eIF4E was at least sevenfold weaker in the presence of 4EGI-1. This sug-
gested the interdependence of the 4G- and cap-binding sites and revealed that our method could also be used for 
the identification and analysis of allosteric inhibitors of cap-dependent translation. For the first time, we showed 
that 4EGI-1 destabilized the cap-eIF4E complex.

Capped oligonucleotide evaluation using FA. The biophysical aspects of cap-protein interactions 
are most often investigated using synthetically modified mono- and dinucleotide cap analogs. Despite many 
attempts to use fluorescently labeled and capped oligonucleotide probes to evaluate eIF4E  binding40, their use 
is limited by synthetic complexity and consequently low availability. Therefore, we tested whether an FA-based 
competitive approach was suitable for evaluation of label-free capped oligonucleotides.

Figure 4.  Testing of allosteric inhibition with probe 1a. (A) Dose–response curves with the allosteric inhibitor 
4EGI-1. Assay conditions: 10 nM 1a, 100 nM eIF4E, and 50 mM HEPES buffer containing 100 mM KCl, 
0.5 mM EDTA, and 1 mM DTT (pH 7.2). (B) Binding experiment in the absence/presence of 100 μM 4EGI-1. 
Assay conditions: 10 nM 1a and 50 mM HEPES buffer containing 100 mM KCl, 0.5 mM EDTA, and 1 mM DTT 
(pH 7.2).
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We tested whether our FA method could be applied to study short capped oligonucleotides. To this end, 
short 26-nt RNAs were prepared using in vitro transcription catalyzed by SP6 polymerase. Five different RNAs 
varying in the 5′ termini were prepared, i.e.,  m7,2′-OGpppG-RNA,  m7,2′-OGppCH2pG-RNA, ApppG-RNA, and 
uncapped RNA (pppG-RNA). These RNAs were used as ligands in a competition experiment with probe 1c to 
determine their  EC50 values for eIF4E. As expected, we did not observe any binding event for pppG-RNA or 
ApppG-RNA (Fig. 5). In contract,  m7G-capped oligonucleotides efficiently competed for interactions with eIF4E 
 (EC50 values: 56.7 and 111.7 nM for  m7,2′-OGpppG-RNA and  m7,2′-OGppCH2pG-RNA, respectively). The obtained 
dose–response curves for the two capped RNAs and the determined  EC50 values demonstrated the clear desta-
bilizing effect of  pCH2p modification on binding affinity to eIF4E (twofold lower  EC50 for  m7,2′-OGpppG-RNA 
compared with  m7,2′-OGppCH2pG-RNA; Fig. 5). This observation was consistent with data obtained for 3′-ARCA 
dinucleotide cap analogs, in which the α/β-bisphosphonate modification weakens the affinity to eIF4E by approxi-
mately 2.3-times38. Thus, we showed that the FA method could be successfully used to study the affinity of 
oligonucleotides to eIF4E protein.

Establishment and validation of an FA competitive assay for DcpS. Using similar assumptions as 
the for eIF4E competition assay, we established conditions to study ligands of DcpS. For initial evaluation, we 
chose four high-affinity fluorescent probes, i.e., three dinucleotide probes (2g, 2 h, and 2i) and one mononucleo-
tide probe (1f). Probes were tested with four DcpS inhibitors, i.e.,  m7GMP,  m7GDP,  m7GpNHppG, and RG3039, 
which differed in affinity to  DcpS33,46. For each tested compound, we performed competition experiments to 
determine the  EC50s of the selected probe:DcpS system (Fig. 6, Table 4). The affinities of the selected probes for 
DcpS increased in the following manner: 1f  < 2g < 2h < 2i. For the two lower affinity systems, i.e., 1f:DcpS and 
2g:DcpS, we did not observe any separation of dose–response curves for three of the four inhibitors. In those 
systems, only the weak  m7GMP inhibitor was accurately characterized. Characterization of the potent inhibi-
tors was limited by insufficient probe affinity (Hill slope: 1.5–3.5). Using the high-affinity systems 2 h:DcpS 
and 2i:DcpS, all curves were sufficiently separated, even for the two most potent DcpS inhibitors (RG3039 and 
 m7GpNHppG). The obtained dose–response curves for the highest affinity compound, i.e., RG3039, were char-
acterized by high Hill slope values (> 3.6 for both systems). The binding curves obtained for RG3039 did not per-
mit determination of affinity owing to the poor representation of binding curves because the total protein con-
centration significantly exceeded the KD of the inhibitor. This result indicated that probes 2 h and 2i were still not 
optimal for quantitative studies of such potent inhibitors. Overall, we observed strong dependence of the ability 
to characterize potent inhibitors on the affinity of the probe (Fig. 6). Besides the limitations mentioned above, 
systems 2 h:DcpS and 2i:DcpS correctly assessed the inhibitory potencies of the selected inhibitors. The order of 
the tested compounds in terms of their binding affinities towards DcpS was consistent with data obtained using 
the fluoride-release (FR) fluorescent  method28. FR assays use an artificial DcpS substrate, 7-methylguanosine 
5′-fluoromonophosphate  (m7GMPF), which is hydrolyzed by the enzyme to release fluoride. Fluoride activates 
the fluorogenic probe bis-(tert-butyldimethylsilylfluorescein) in a concentration-dependent manner; hence, the 
fluorescence signal is proportional to the enzymatic reaction progress. Using this activity-based assay, over 70 
cap analogs were characterized as DcpS inhibitors, including compounds selected for FA method validation, 
i.e.,  m7GMP  (IC50 = 97 ± 21 μM),  m7GDP  (IC50 = 5.2 ± 1.2 μM),  m7GpNHppG  (IC50 = 3.2 ± 0.9 μM), and RG3039 
 (IC50 = 0.048 ± 0.010 μM)28.

Because probe 2i showed the lowest KD value toward DcpS and was the most effective for characterization of 
potent inhibitors, such as RG3039, the 2i:DcpS system was chosen for high-throughput method optimization. 
The Z’ factor was determined under conditions optimized for the competition assay. The Z’ value exceeded 0.8 for 
incubation times up to 1 h, making the assay suitable for screening experiments (Table 5). A screening experiment 
was then performed using the same compound library as that used for eIF4E screening. The results highlighted 
the impact of the triphosphate bridge modification on the affinity for the protein. Cap analogs modified with 
phosphorothioate and phosphorothiolate moieties  (m7GSppSpG D1,  m7GSppSpG D2,  m7GSppSpSG D1, and 
 m7GSppSpSG D2) were the most potent inhibitors. The combination of these two modifications afforded com-
pounds with properties similar to RG3039, which was previously identified as a potent DcpS inhibitor using FR 
 assays30. Cap analogs containing imidophosphate and methylenebisphosphonate moieties (e.g.,  m7GpCH2ppG, 
 m7GpCH2pppG,  m7GpNHppG, and  m7GpNHpppG) were also strong DcpS inhibitors (showing an inhibitory 

Figure 5.  Dose–response curves for short (26 nt) RNAs with eIF4E. Assay conditions: systems 0.5 nM 1c and 
25 nM eIF4E were incubated with a serial half-log dilution of short RNAs at 25 °C. Fluorescence anisotropy was 
averaged over five measurements.
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Figure 6.  (A–D) Dose–response curves showing the inhibitory potencies of four inhibitors towards the DcpS 
enzyme using four different fluorescent probes. Systems: 1f and 100 nM DcpS, 2 nM 2g and 25 nM DcpS, 2 nM 
2 h and 25 nM DcpS, and 1 nM 2i and 25 nM DcpS, each incubated with half-log serial dilutions of unlabeled 
ligand. Data shown are mean values ± standard deviations of at least two separated experiments, each performed 
in duplicate.

Table 4.  EC50 and Hill slope parameters determined for selected inhibitors using 1f:DcpS, 2g:DcpS, 2h:DcpS, 
and 2i:DcpS systems.

Ligand

1f :DcpS 2g:DcpS 2h:DcpS 2i:DcpS

EC50 ± SD 
(nM) Hill slope

EC50 ± SD 
(nM) Hill slope

EC50 ± SD 
(nM) Hill slope

EC50 ± SD 
(nM) Hill slope

m7GMP 104 ± 11 1.19 ± 0.15 112 ± 11 1.04 ± 0.02 357 ± 44 0.93 ± 0.07 255 ± 14 1.00 ± 0.02

m7GDP 36.5 ± 3.6 1.98 ± 0.18 16.4 ± 0.2 1.55 ± 0.09 31.2 ± 10.7 1.06 ± 0.37 36.2 ± 4.7 1.42 ± 0.06

m7GpNHppG 27.8 ± 2.7 2.26 ± 0.16 11.6 ± 0.4 1.95 ± 0.07 18.1 ± 5.0 1.23 ± 0.44 17.9 ± 1.3 1.66 ± 0.10

RG3039 48.5 ± 3.7 3.03 ± 1.51 15.4 ± 2.7 3.52 ± 1.06 6.1 ± 0.6 7.66 ± 2.19 10.0 ± 2.0 3.67 ± 0.51

Table 5.  Estimated Z’ factors for the 2i:DcpS system. Assay conditions: 1 nM 2i, 25 nM DcpS, 1.5 µM  m7GDP.

Probe Protein Z’ factor (0 min) mean ± SD, n = 3 Z’ factor (60 min) mean ± SD, n = 3

2i DcpS 0.83 ± 0.04 0.84 ± 0.01
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potency similar to that of  m7GDP) but were significantly weaker than RG3039. The FA method also enabled 
the identification of unstable compounds, e.g., hydrozylable ligands for which determination of affinity is prob-
lematic (as observed by FA signal changes during the experiment; Fig. 7). Among the tested ligands,  m7GpSppG 
D1,  m7GppBH3pG D1, and  m7GppBH3pG D2 were recognized as slowly hydrolyzed DcpS substrates, which are 
difficult to identify using other screening methods. Despite the limitations of the FA method to characterize 
strong DcpS inhibitors, the screening assay was found to be suitable for the discovery and preliminary evalua-
tion of DcpS inhibitors.

Conclusions
FA is a powerful technique that is widely used to study protein–ligand interactions. In this study, we used FA to 
develop new methods for searching small-molecule inhibitors of cap-binding proteins. In the first step, we char-
acterized a set of fluorescent probes. As probes, we used fluorescently labeled  m7G nucleotide analogs resembling 
natural substrates or ligands interacting with test proteins. We verified the influence of the bridging modification 
and cap-fluorophore linker length on affinity towards eIF4E and DcpS and the tested fluorescence sensitivity to 
binding. Based on these studies, we selected the most promising probe candidates for competitive studies and 
ligand characterization. Selected probe:protein systems were used to determine  EC50 and Hill slope parameters 
for known ligands of eIF4E and DcpS. The obtained values correlated well with literature data. Probes charac-
terized by high affinity to the target and good FA responses were adapted to high-throughput screening assays.

As a result of this analysis, we developed FA methods for both eIF4E and DcpS. The methods could be suc-
cessfully used for ligand screening purposes and  EC50 parameter determination. eIF4E ligands have been exten-
sively studied owing to the involvement of eIF4E in tumorigenesis and its role as a therapeutic target in many 
cancers. New ligands of eIF4E could facilitate the identification of novel anticancer agents. Notably, we found 
that the FA method could be used to study allosteric eIF4E ligands, such as 4EGI-1. Furthermore, high affinity of 
the 5′ cap for eIF4E is also crucial for the design of efficiently translated therapeutic  mRNAs51. We showed that 
the FA method developed in this study was suitable for evaluation of small molecules as well as capped RNAs. 
This approach is a novel method that could be applied for the implementation of high-throughput approaches 
in therapeutic mRNA optimization and quality control. Screening of potential DcpS inhibitors is a new field of 
research, and few inhibitor families have been identified. DcpS plays general roles in the control of gene expres-
sion and has been independently linked to SMA, intellectual disability, and AML. Thus, identification of novel 
DcpS inhibitors could facilitate further studies of the connections between inhibitory and therapeutic effects 
because the mechanisms of action are still unknown.

Methods
Synthesis of fluorescent probes. Fluorescent probes 1a–1f, 2a–2i and 3a–3c were synthesized chemi-
cally using methods based on phosphorimidazolide chemistry. The fluorescent labelling with fluorescein was 
carried out either by copper-catalyzed azide-alkyne cycloaddition or amide bond formation by N-hydroxysuc-
cinimide chemistry. Further details on the chemical synthesis are included in the Supporting Information S1. 
Probe 4a was purchased from TriLink Biotechnology.

eIF4E and DcpS expression and purification. Murine eIF4E (residues 28–217) was expressed in E. coli 
and purified as described  previously26. Briefly, high level expression of eIF4E obtained at conditions of 0.5 mM 
isopropyl-β-D-thiogalactoside (IPTG) at 37 °C induced the formation of inclusion bodies. Inclusion bodies con-
taining eIF4E were solubilized in 50 mM HEPES/KOH (pH 7.2) buffer containing 10% glycerol, 6 M guanidine 
hydrochloride and 2 mM DTT. Protein was then refolded during a two-step dialysis against buffer with decreas-

Figure 7.  (A) Screening experiment for DcpS (1 nM 2i, 25 nM DcpS, 1.5 µM inhibitor) using a small in-house 
library. (B) FA signal monitoring during the screening experiment for four selected compounds.
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ing concentration of guanidine hydrochloride in the presence of 100 mM KCl. Subsequently eIF4E was loaded 
on ion exchange HiTrap SP HP column (GE Healthcare), eluted with linear gradient of 0.1–1 M KCl and finally 
desalted and polished during a gel filtration purification step on HiLoad 16/600 Superdex 75 pg (GE Healthcare) 
using 50 mM HEPES pH 7.2, 100 mM KCl, 0.5 mM EDTA, 2 mM DTT buffer. eIF4E was aliquoted and stored 
in the presence of 10% glycerol at −80 °C. Before each experiment the protein was centrifuged on Ultrafree-MC 
Centrifugal PVDF filter with 0.45 mm pore size (Millipore), at 4 °C and 3000×g for 2 min to remove any possible 
aggregates.

Expression of recombinant His-tagged human DcpS was performed in BL21(DE3) RIL strain and induced 
overnight at 18 °C using 0.5 mM IPTG as described  previously26. Cells were harvested, resuspended in buffer 
(50 mM Tris pH 7.6, 500 mM NaCl, 20 mM imidazole) with lysozyme (0.1 mg/ml) and protease inhibitors (1 mM 
PMSF, 1 µM pepstatin A, 0.3 µM aprotinin) and then lysed using sonication. Lysate was clarified by centrifuga-
tion at 35 000 × g for 40 min at 4 °C. The cell supernatant was passed over a 5 mL HisTrap HP (GE Healthcare) 
affinity column and Ni–NTA-bound proteins were eluted using 50 mM Tris buffer pH 7.6 containing 500 mM 
NaCl and 400 mM imidazole. The enzyme hDcpS was purified to homogeneity on HiLoad 16/600 Superdex 
200 pg (GE Healthcare) gel filtration column using 50 mM Tris·HCl pH 7.6, 200 mM NaCl, 2 mM DTT buffer. 
Protein was aliquoted and stored in the presence of 10% glycerol at -80 °C.

Preparation of differently capped oligonucleotide ligands. Short RNAs were prepared as described 
 previously30. RNAs were generated on template of annealed oligonucleotides (CAG TAA TAC GAC TCA CTA TAG 
GGG AAG CGG GCA TGC GGC CAG CCA TAG CCG ATC A and TGA TCG GCT ATG GCT GGC CGC ATG CCC 
GCT TCC CCT ATA GTG AGT CGT ATT ACT G), which contains T7 promoter sequence (TAA TAC GAC TCA 
CTATA) and encodes 35-nt long sequence (GGG GAA GCG GGC ATG CGG CCA GCC ATA GCC GATCA). Typi-
cal in vitro transcription reaction (100 µl) was incubated at 37 °C for 2 h and contained: RNA Pol buffer (40 mM 
Tris–HCl pH 7.9, 6 mM  MgCl2, 1 mM DTT, 2 mM spermidine), 10 U/µl T7 RNA polymerase (ThermoFisher 
Scientific), 1 U/µl RiboLock RNase Inhibitor (ThermoFisher Scientific), 0.5  mM ATP/CTP/UTP, 0.125  mM 
GTP, 1.25 mM cap analog of interests and 0.1 µM annealed oligonucleotides as a template. Following 2 h incuba-
tion, 0.1 U/µl DNase I (ThermoFisher Scientific) was added and incubation was continued for 30 min at 37 °C. 
To generate uncapped RNA in reaction mixture cap analog was omitted whereas concentration of GTP was 
increased to 0.5 mM. The crude RNAs were purified using RNA Clean & Concentrator-25 (Zymo Research). 
Quality of transcripts was checked on 15% acrylamide/7 M urea gels, whereas concentration was determined 
spectrophotometrically. To remove in vitro transcription by-products of unintended size RNA samples were gel-
purified using PAA elution buffer (0.3 M sodium acetate, 1 mM EDTA, 0.05% Triton X-100), precipitated with 
isopropanol and dissolved in water.

FA binding assay. FA measurements were performed on a microplate reader Biotek Synergy H1 equipped 
with excitation (485 ± 20 nm) and emission (528 ± 20 nm) polarization filters. Experiments were carried out at 
25 °C in 96-well non-binding microplates with sample volume of 200 µl per well. Two different buffers were used 
depending on protein used in the assay:

eIF4E assay buffer—50 mM HEPES (pH 7.2), 100 mM KCl, 0.5 mM EDTA, 1 mM DTT.
DcpS assay buffer—50 mM Tris–HCl (pH 7.6), 200 mM KCl, 0.5 mM EDTA, 1 mM DTT.
In the direct binding experiments aimed at determining Kd values for protein-probe complexes, the fluores-

cent probe at a constant concentration was mixed with an increasing concentration of the protein (0–2.5 μM). 
Concentration of fluorescent probes in binding experiment are provided in Table 6. Before FA measurements, the 
plates containing analyzed samples were incubated for 10 min at 25 °C with simultaneous shaking at 300 rpm, 
then the protein was added to each well, samples were incubated for additional 3 min. The FA readouts were 
performed in a microplate reader at 25 °C. FA signals were recorded for 20 min with 60 s interval.

The FA values for each timepoint were calculated according to the following equation:

where I‖ is the parallel emission intensity, P is the perpendicular emission intensity, and G is the grating factor. 
The value of the G factor was equal 0.994.

For each sample, the final FA value taken to KD determination was the mean FA value from all datapoints 
determined for timepoints between 10 and 20 min.

To determine the dissociation constants, FA values were plotted as a function of protein concentration and 
the binding curves were fitted using the following equation:

where FA is the determined fluorescence anisotropy, AF is the fluorescence anisotropy of free probe, AB is the 
fluorescence anisotropy of probe-protein complex, LT is the total ligand concentration.

The following equation was used to calculate total fluorescence intensity of the probe:

where IT—total fluorescence intensity, I‖—the parallel emission intensity, I⊥—the perpendicular emission 
intensity.

(1)FA(mA) =
I� − G • I⊥

I� + 2 • G • I⊥
• 1000

(2)FA = AF + (AB − AF)
(c + LT + KD)−

√

(c + LT + KD)
2 − 4 • c • LT

2LT

(3)IT = I� + 2I⊥
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The calculated values of the total fluorescence intensity were plotted against the protein concentration and 
the curve described by the Eq. 2 was fitted. Enhancement factor g was determined from the following equation:

If the change in total fluorescence intensity due to binding was greater than 10%, the correction for the cal-
culation of the bound fraction of probe was  applied44:

where A—measured fluorescence anisotropy, Afree—the fluorescence anisotropy of free probe, Abound—the fluo-
rescence anisotropy of probe-protein complex, g—enhancement factor.

FA competition assay. For competitive binding assay, a mixture containing the probe and the protein was 
incubated with the tested ligand. The exact concentrations of eIF4E or DcpS used for evaluation of particular 
probes are summarized in Table 7.

In competitive measurements, a constant concentration of the protein and fluorescent probe and increasing 
concentration of the test ligand were used. At least 12 point dilutions of the tested compound were used. The 
experiments were carried out in 96-well plates. Each sample contained a mixture consisting of the probe, tested 
ligand and buffer (same as for the direct binding assay). The samples were incubated for 10 min at 25 °C with 
simultaneous shaking, then the protein was added to each well, incubated for additional 3 min, followed by the 
measurement of fluorescence anisotropy. FA signals were recorded for 20 min with 2 min intervals. For each 
sample, the final FA value taken to EC50 determination was the mean FA value from all datapoints determined 
for timepoints between 10 and 20 min.

The EC50 value, i.e., the ligand concentration required for 50% displacement of the probe from the complex 
with protein were calculated according to the equation:

where FA is the measured fluorescence anisotropy, Top and Bottom are asymptotes, L is the ligand concentration, 
HillSlope is the steepness of the curve.

(4)g =
Abound

Afree
• 100%

(5)fb =
A− Afree

Abound − Afree + (g − 1)(Abound − A)

(6)FA = Bottom+

(

Top− Bottom
)

1+
EC

HillSlope
50

LHillSlope

Table 6.  Protein and probe concentrations used in the FA binding assay.

Protein Probe Probe concentration (nM)

1 eIF4E 1a 10

2 eIF4E 1b 1

3 eIF4E 1c 0.5

4 eIF4E 1e 1

5 eIF4E 1f 1

6 eIF4E 2a 10

7 eIF4E 2b 10

8 eIF4E 2c 10

9 eIF4E 2d 10

10 eIF4E 2e 10

11 eIF4E 3a 10

12 eIF4E 3b 1

13 eIF4E 3c 1

14 eIF4E 4a 10

15 DcpS 1d 10

16 DcpS 1e 10

17 DcpS 1f 10

18 DcpS 2e 10

19 DcpS 2f. 10

20 DcpS 2g 2

21 DcpS 2h 2

22 DcpS 2i 1
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Quality assessment and screening of an in‑house compound library. To evaluate the quality of the 
assay, the Z’ factor was determined for several protein-probe combinations. The assay was performed on 96-well 
microplates, where half of the samples were negative controls and the other half were positive controls. Nega-
tive control samples contained fluorescent probe and the tested protein, while the positive control contained 
additionally saturating concentration of high affinity ligand  (m7GTP for eIF4E and  m7GDP for DcpS). The con-
centration used in each experiment were as follows: 10 nM 1a, 100 nM eIF4E, (1 µM  m7GTP); 1 nM 1b, 25 nM 
eIF4E, (1.5 µM  m7GTP); 1 nM 1e, 100 nM eIF4E, (1.5 µM  m7GTP); 1 nM 2i, 25 nM DcpS, (1.5 µM  m7GDP).

The Z’ factor values were calculated according to the following equation:

where SDn and SDp are the standard deviations, and μn and μp represent the means of the FA values obtained 
from the negative and positive controls, respectively.

For the screening experiments a small in-house library containing 21 ligands was used. Experiments were 
conducted in the same manner as Z’ factor determination, with exception that the ligand concentration was 
modified (eIF4E screening conditions: 1 nM 1e, 100 nM eIF4E, 750 nM ligand, DcpS screening conditions: 
1 nM 2i, 25 nM DcpS, 1.5 µM ligand). For eIF4E screening experiment, the 1e:eIF4E system was used, for DcpS 
screening 2i:DcpS system was used.
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