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Abstract

The control of RNA metabolism is an important aspect of molecular biology with wide-ranging 

impacts on cells. Central to processing of coding RNAs is the addition of the methyl-7 guanosine 

(m7G) “cap” on their 5’ end. The eukaryotic translation initiation factor eIF4E directly binds the 

m7G cap and through this interaction plays key roles in many steps of RNA metabolism including 

nuclear RNA export and translation. eIF4E also stimulates capping of many transcripts through 

its ability to drive the production of the enzyme RNMT which methylates the G-cap to form the 

mature m7G cap. Here, we found that eIF4E also physically associated with RNMT in human 

cells. Moreover, eIF4E directly interacted with RNMT in vitro. eIF4E is only the second protein 

reported to directly bind the methyltransferase domain of RNMT, the first being its co-factor 

RAM. We combined high-resolution NMR methods with biochemical studies to define the binding 

interfaces for the RNMT-eIF4E complex. Further, we found that eIF4E competes for RAM 

binding to RNMT and conversely, RNMT competes for binding of well-established eIF4E-binding 

partners such as the 4E-BPs. RNMT uses novel structural means to engage eIF4E. Finally, we 

observed that m7G cap-eIF4E-RNMT trimeric complexes form, and thus RNMT-eIF4E complexes 
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may be employed so that eIF4E captures newly capped RNA. In all, we show for the first time that 

the cap-binding protein eIF4E directly binds to the cap-maturation enzyme RNMT.
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Introduction

RNA maturation and processing are key determinants of ultimate protein function since 

they impact the composition and biochemical activity of coding RNAs. Methyl-7 guanosine 

(m7G) “cap” addition to the 5’ end of coding RNAs and many non-coding transcripts 

is considered the first step in RNA maturation and its efficiency is considered to impact 

virtually all subsequent levels of their processing[1–3]. Conventional wisdom holds that 

capping is a constitutive housekeeping activity with the expectation that 100% of coding 

RNAs would be capped after the first 20–30 nucleotides have been transcribed. In this 

model, removal of caps by “decapping” inextricably leads to RNA decay. However, 

new methodologies [4, 5] based on measuring capping on a per transcript basis have 

demonstrated that m7G capping is dynamic. Interestingly, RNAs without an m7G cap 

are more abundant than previously thought [2, 3, 5–11] and the extent of capping for 

a given RNA population varies and this is influenced by development, differentiation or 

oncogene expression[5, 9, 12–14]. Moreover, once capped, RNAs can be decapped and then 

recapped[6, 8, 15]. In this way, cap removal does not inevitably drive decay. This has led 

to the notion of cap homeostasis, whereby the cap status of transcripts can be regulated to 

impact RNA export, translation, stability etc [6]. Consistent with this model, genome-wide 

studies suggest that uncapped RNAs are more stable than anticipated and in this way [4], cap 

status can be a means to titrate transcript activity as well as their capacity to undergo other 

processing steps.

The addition of the m7G cap is a three-step process involving RNGTT (RNA 

guanylyltransferase and 5’ phosphatase) and RNMT (RNA guanine-7-methyltransferase) 

in mammals [16]. These enzymes are required for capping and cell survival[2, 17–23]. The 

final step is methylation of the cap guanlylate by RNMT and utilizes S-adenosyl methionine 

(SAM) as the methyl donor [24, 25]. RNMT also binds a small co-factor protein, RAM 

which increases its methylation activity by up to four-fold and additionally can recruit 

RNAs to the complex [24, 26]. At steady state, RNMT and RNGTT are predominantly 

nuclear but are also found at lower levels in the cytoplasm. Indeed, capping activity was 

directly observed in both the nucleus and cytoplasm [8, 19, 27]. These studies indicate that 

capping can occur at multiple places in the cell i.e. de novo capping which generally occurs 

co-transcriptionally where RNGTT, RNMT and RAM localize to sites of transcription, as 

well as re-capping which has been shown in the cytosol and would be predicted to also occur 

in the nucleus given the presence of these enzymes diffusely throughout the nucleoplasm 

(not restricted to sites of transcription)[4]. Thus, like splicing and polyadenylation [28–30], 

capping can occur both co- and post-transcriptionally.
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Recent studies with the eukaryotic translation initiation factor eIF4E revealed novel facets 

for the regulation of capping [5]. eIF4E overexpression is associated with poor prognosis 

in many cancers [31]. eIF4E directly binds the m7G cap on specific RNAs to recruit them 

to the RNA export complex in the nucleus as well as to the ribosome for translation in the 

cytoplasm [32, 33]. We found that eIF4E increased both the nuclear export and translation 

efficiency of RNGTT and RNMT transcripts as well as the nuclear export of RAM [5]. 

Consistently, eIF4E overexpression led to increased levels of RNGTT, RNMT and RAM 

proteins. In this way, eIF4E could increase production of its m7G cap substrate. eIF4E 

increased the percentage of capping for specific RNAs; and indeed, these studies suggested 

that for many of these RNAs the steady-state levels of capping (30–50%) were much less 

than anticipated. This mode of regulation is a potentially powerful means to modulate 

pre-mRNA’s protein-coding capacity. Indeed, capping of specific eIF4E-senstive RNAs 

was observed in high-eIF4E cancer specimens [5]. Clearly the elevation of the capping 

machinery promoted capping for selected RNAs by eIF4E. Significantly, we also noted that 

some RNA targets were in both RNMT and eIF4E nuclear RNA immunoprecipitations [5]. 

This raised the possibility that eIF4E and RNMT could physically interact in cells and 

perhaps directly associate. In this way, eIF4E could directly modulate capping through a 

physical interaction with RNMT in addition to its ability to elevate RNMT levels.

In mammalian cells, studies have reported RNMT can bind a number of proteins, namely: 

the capping machinery (RAM and RNGTT [34]); Importin-alpha, presumably for the 

nuclear import of RNMT[14, 35]; CDK1-cyclin B, which are involved in phosphorylation 

of RNMT on its N-terminus[14] and, the PAF transcriptional complex[26]. Of these, only 

RAM directly bound to, and was stably associated with, RNMT. Here, we demonstrated 

that eIF4E physically associated with RNMT in mammalian cells and that eIF4E interacted 

directly with the methyltransferase domain of RNMT by using NMR and biochemical 

methods. In all, these studies revealed that there is a functional interplay between the 

enzyme that generates methylated caps, RNMT, and one of the major m7G cap binding 

proteins in mammalian cells, eIF4E.

Results.

eIF4E interacts with RNMT but not RAM in human cells

We investigated whether eIF4E physically associated with the capping machinery in human 

U2OS osteosarcoma cells, which were used extensively to characterize eIF4E’s RNA export, 

translation and more recently capping activity [5, 36–41]. Capping can occur in the nucleus 

co-transcriptionally and/or post-transcriptionally including in the cytoplasm [4, 6, 8, 15, 

27]. As a first step to assess the ability of eIF4E and RNMT to interact in U2OS cells, 

we assessed the spatial localization of endogenous RNMT and eIF4E using confocal laser 

microscopy in conjunction with immunofluorescence to detect endogenous proteins (Figure 

1A). Micrographs represent single sections through the plane of the cells. eIF4E, in green, 

was found in both nuclear and cytoplasmic compartments. Within the nucleus, eIF4E was 

localized in nuclear bodies and in a diffuse localization, as reported previously[38, 40–42]. 

RNMT, in red, was enriched in the nuclei where it adopted a mainly diffuse localization; 

and was also present at lower levels in the cytoplasm consistent with previous reports [27]. 
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Given the diffuse nuclear localization, it was not possible to ensure that co-localization 

(observed in yellow) could be interpreted as interaction, but these experiments did indicate 

that within intact cells, RNMT and eIF4E were positioned to interact. To assess if these 

endogenous proteins did indeed interact in cells, we carried out immunoprecipitations using 

anti-eIF4E antibodies from nuclear lysates employing formaldehyde crosslinking to preserve 

native interactions (Figure 1B). We observed that eIF4E immunoprecipitated with RNMT as 

well as the eIF4E binding protein, 4E-BP1 which served as a positive control [43]. eIF4E 

did not associate with the negative IgG control indicating these associations were specific 

(Figure 1B). We also observed the RNMT-eIF4E immunoprecipitation in non-crosslinked 

cells (data not shown). Interestingly, eIF4E did not immunoprecipitate with RAM (Figure 

1B). In all, endogenous RNMT and eIF4E are found in overlapping sites in intact cell nuclei 

and physically interacted in nuclear lysates.

eIF4E directly binds to RNMT

Given the physical association of RNMT and eIF4E in cells, we explored whether 

these proteins directly interacted using GST-pulldown and NMR methods. We expressed 

full-length human eIF4E and multiple constructs of human RNMT in E. coli (shown 

schematically in Figure 1C: see Supplementary Fig. S1 for full sequence details). All 

proteins were purified to homogeneity (Figure 1D). The following RNMT constructs 

were expressed: the full-length protein (RNMT-FL, 476 residues); the methyltransferase 

domain consisting of residues 164–476, (referred to RNMT-C hereafter, the structure 

of which is shown in Figure 1E) and RNMT-C Δlobe in which residues 416–456 of 

RNMT-C were removed (dark green, Fig 1E)[34]. The RNMT-C construct is comprised 

of the methyltransferase domain, whereas the “lobe” region within the RNMT-C (residues 

416–456) was important for binding of RAM (orange, Figure 1E); and in the absence 

of RAM this lobe is unstructured[34]. The deletion of the RNMT lobe impairs RNMT 

methyltransferase activity as well as RAM binding to RNMT[34]. The unstructured N-

terminal domain (1–120), which is not shown, is responsible for RNMT recruitment 

to transcription initiation sites and can impact on RNMT activity by an ill-defined 

mechanism[14, 44]. The SAM methyl donor binding site of RNMT, defined via crystal 

structures using the SAH analogue (shown as yellow spheres Figure 1E), is distal to the 

RAM binding site[34].

GST-pulldown experiments revealed both RNMT-FL and RNMT-C bound to GST-eIF4E 

beads (Figure 1G). The extent of RNMT binding was highly similar between these RNMT 

constructs indicating that the N-terminus was dispensable for binding to eIF4E. Similarly, 

studies with the RNMT-C Δlobe revealed that the lobe was not necessary for eIF4E 

binding as seen by the similar level of binding to wildtype RNMT-C. Importantly, none 

of the RNMT constructs bound to GST-beads alone, indicating that the binding of RNMT 

to eIF4E was specific. 1H-15N HSQC NMR experiments using 15N-labelled eIF4E (50 

μM) with the various unlabelled RNMT constructs confirmed these interactions (Figure 

1H, Supplementary Fig. S2A,B). Addition of 4-fold excess of RNMT-FL, RNMT-C and 

RNMT-C Δlobe induced a reduction of the 1H-15N HSQC signals corresponding to the 

folded regions of eIF4E (quantified in the bar graphs as a reduction in intensity, Figure 

1H, Supplementary Fig. S2A,B), consistent with an increase in overall tumbling associated 
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with the formation of the eIF4E-RNMT complex. We note that changes were similar for 

all constructs, consistent with GST-pulldown results that the N-terminus and lobe of RNMT 

were not important for eIF4E recognition. Due to more favourable solution properties of the 

RNMT-C construct relative to the other constructs, all RNMT experiments hereafter were 

performed on RNMT-C, unless otherwise stated. We note we did not observe significant 

changes to the flexible N-terminus of eIF4E (residues 1–36) indicating that this unstructured 

region remains mobile after association with RNMT i.e. this region did not bind RNMT and 

remains flexible. In all, our data show eIF4E directly associated with the methyltransferase 

domain of RNMT.

RNMT binds the dorsal surface of eIF4E and not its cap-binding site

To investigate the binding surface used by RNMT on eIF4E, we first explored whether the 

m7GDP cap analogue and RNMT could compete for eIF4E binding; similar experiments 

have shown the importance of the cap-binding site for eIF4E association with VPg and 

Importin 8 [45, 46]. Cap recognition for eIF4E is mediated via pi-pi interactions of the 

m7G moiety with aromatic rings of W56 and W102 of eIF4E and are further enhanced 

by favorable electrostatic interactions of the m7GDP’s phosphate groups with the basic 

residues in eIF4E (K157, K159 and R162) (Figure 1F). Competition experiments were 

carried out with GST-eIF4E pulldowns (Figure 2A) and 1H-15N HSQC NMR (Figure 

2B) experiments in the presence of 20-fold excess of m7GDP. In both cases the presence 

of m7GDP cap did not diminish binding of RNMT to eIF4E. To further investigate the 

importance of the cap-binding site in RNMT-C recognition of eIF4E, we monitored binding 

of RNMT-C to a cap-binding mutant of eIF4E (K157E/K159E/R162E). This triple mutant 

(eIF4E TrMut) abrogated cap-analogue binding as well as binding of proteins (Importin 

8 and VPg) that utilize the cap surface to associate with eIF4E ([45, 46]). Indeed, this 

mutant bound RNMT similarly to wildtype eIF4E as observed by 1H-15N HSQC spectra 

using the 15N-labelled eIF4E triple mutant and unlabelled RNMT-C (Supplementary Fig. 

S2C). Thus, our observations show that eIF4E does not utilize its cap-binding surface for 

RNMT-C association. We note that these experiments do not prove the existence of ternary 

eIF4E-RNMT-m7GDP cap complexes, this is addressed in a later section.

The extreme broadening of eIF4E cross-peaks induced by RNMT, as observed in the 1H-15N 

HSQCs, precluded the use of chemical shift perturbation techniques or the use of distance-

based nuclear Overhauser effect (NOE) approaches since the peaks involved in complex 

formation disappeared. We therefore used transferred cross saturation (TCS) NMR methods 

[47], which can accurately define residues in contact at a protein-protein surface. In this 

experiment, deuterated 15N-labelled eIF4E and low ratios of the unlabelled RNMT-C partner 

protein coupled with TROSY-based NMR detection techniques are used to minimize the 

deleterious effects of line broadening. In this experiment 15N-2H labeled eIF4E (150 μM) 

was in excess relative to unlabeled RNMT (110 μM). Experiments were done in the presence 

m7GDP ligand (16-fold excess over eIF4E) to reduce aggregation which can be observed 

more readily in apo-eIF4E samples over time[48]. We note that m7GDP does not interact 

with RNMT-C under these conditions as observed by ITC (data not shown) and by cap 

chromatography (Figure 3A). Unfortunately, high residual proton content in the 2H-15N 

eIF4E samples resulted in intensity changes in the control experiments on eIF4E alone. We 
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therefore evaluated residues at the interaction surface by comparison of the intensity ratio 

(saturated and unsaturated spectra) for eIF4E in the presence and absence of RNMT, similar 

to methods used in previous reports [49]. Several points, corresponding to eIF4E residues 

70, 73, 75 and 81, deviate more than 0.66* 1 standard deviation from the mean (bold middle 

line) and are known from the structure to be at the surface. All these residues have a lower 

saturation (Ion/Ioff) ratio (see methods for details) corresponding to stronger cross saturation 

in the complex compared to eIF4E alone. We note that these residues are located on the first 

helix of eIF4E, which constitutes part of the dorsal surface (Figure 2 D,E). In contrast, no 

significant changes are observed for residues in the cap-binding pocket of eIF4E e.g. W56 or 

W102 (Figure 2 C,D,E), indicating this site was not close in space to RNMT, consistent with 

our above studies.

To further investigate the eIF4E binding surface, we utilized specific 13C-labelling methods 

to map the binding site on eIF4E since 1H-13C resonances are less sensitive to global 

broadening due to tumbling than 1H-15N signals [50]. We prepared an eIF4E sample 

whereby the δ methyl side chains of Ile (δ1) and Leu (δ1, δ2) and the γ methyls of 

Val were selectively protonated and 13C-labelled, the remaining protons and carbons were 

deuterated and 12C-labelled respectively. Assignments for the side-chains of eIF4E were 

incomplete for apo-eIF4E and not reported for m7GDP- eIF4E, we therefore assigned all 

ILV methyls that were 13C-labelled (with the exception of Cγ2 of V194) (Supplementary 

Table S1), and additionally extended the number of assignments for the backbone residues 

of apo- and cap-bound eIF4E (BMRB 27427 and 27428). With this information in hand, 

we monitored these methyl groups in the 1H-13C HSQC as a function of RNMT-C addition. 

Here, unlabelled RNMT-C was added at a 0.5:1 molar ratio (25 μM RNMT-C: 50 μM 

ILV eIF4E) or, using a separate preparation of proteins, at a 3.8:1 molar ratio of RNMT-C 

(190 μM) to eIF4E (50 μM) (Figure 2F). The same resonances were broadened in both 

cases with effects more pronounced at the higher molar ratio of RNMT-C to eIF4E. The 

apo-eIF4E spectra is shown in red and with RNMT-C, in green. The extent of broadening 

of these methyl groups are highlighted in yellow on the apo-eIF4E structure, where the size 

of the methyl sphere reflects the extent of broadening. Methyl groups on the dorsal surface 

of eIF4E exhibited substantial broadening (V69, I98, V182, L187) as well as to a lesser 

extent in the hydrophobic core near to these surface residues (L45, L75, L85, L93, L137, 

V149, V176). Consistent with the above data, there was no significant broadening of ILV 

residues in the cap-binding site. Overall, our NMR data define the dorsal surface of eIF4E 

as the RNMT-binding site and indicate the cap-binding site of eIF4E is dispensable for the 

interaction.

Given RNMT binds at the dorsal surface of eIF4E, and does not compete for binding with 

cap, we next sought to understand if trimeric complexes of cap-eIF4E-RNMT could form 

using m7G cap chromatography experiments (Figure 3A). Here, eIF4E or RNMT-C alone 

or in combination were incubated with m7G cap beads. RNMT-C did not bind to m7G cap 

beads while eIF4E readily did. This is consistent with previous studies that demonstrated 

that RNMT had very low affinity for its enzymatic product the methylated cap [25, 35]. 

The addition of RNMT-C in the presence of eIF4E led to capturing of RNMT-C onto 

the m7G cap beads. This indicated that trimeric complexes of cap-eIF4E-RNMT form. 

Taken together, our studies demonstrated that eIF4E-m7G cap can complex with RNMT 
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through the dorsal surface of eIF4E. Further, they showed that RNMT-C association does not 

substantially affect the ability of eIF4E to bind to m7GDP.

eIF4E and RAM compete for RNMT

Next, we investigated whether eIF4E competed for the RAM-binding site on RNMT. RAM 

is not stable alone and thus was co-purified with RNMT-C. The complex was purified to 

homogeneity as described in [24]. GST pulldown competition experiments showed that the 

presence of RAM abrogated binding of RNMT-C to GST-eIF4E beads relative to RNMT-C 

alone (Figure 3B). This strongly suggested that eIF4E and RAM recognized an overlapping 

surface on RNMT-C (Figure 1C). Notably, the RAM-binding site does not overlap the SAM 

or Gppp binding sites on RNMT-C, suggesting that the catalytic site is not implicated in 

the interaction with eIF4E. Given that RAM and eIF4E competed for RNMT-C, we used 

the RNMT-C/RAM co-structure to guide our mutation strategy. In this structure, RAM 

adopts an elongated, helical conformation binding a long, narrow surface of RNMT-C 

including its flexible lobe (Figure 1C)[34]. Our pulldowns and NMR data (Figure 1G,H; 

Supplementary Fig. S2B) showed that the RNMT lobe was dispensable for eIF4E binding 

and therefore we designed a series of mutations for RNMT based on the interface with 

the first two helices of RAM and connecting loop (Figure 3C). We started by introducing 

multiple mutations to interrogate this surface on RNMT-C more efficiently. Mutants of 

RNMT-C residues that interact with both helices: F322A/E323A/R326A/Y374A, showed a 

decrease in binding to eIF4E (Supplementary Fig. S3A). We then examined the impact of 

multiple mutations at the RNMT-C binding site for the first RAM helix (L353A/Y374A 

and N379A/E380K/K383E) which substantially reduced binding; by contrast, RNMT-C 

residues at the site of the second RAM helix F322A/E323A/R326A/K392E (Supplementary 

Fig. S3A) and F322A/E323A (Figure 3D) did not substantially impact the interaction 

with eIF4E. Further mapping highlighted that single point mutations (Y294A, Y374A or 

E380K, coloured red in Figure 3C) were sufficient to abrogate the RNMT-C interaction 

with eIF4E (Figure 3D). Importantly, mutants did not lead to unfolding of RNMT-C as 

observed by circular dichroism studies (Supplementary Fig. S3B). This data revealed that 

the eIF4E-binding site on RNMT-C involves the beginning of helix D (Y294) and helix F 

(Y374, 380) with contributions possibly from the loop connecting β-strands 7 and 8 (Y353) 

(Figure 3C). Consistent with the RAM competition studies (Figure 3B), the eIF4E-binding 

site on RNMT-C partially overlaps the RAM-binding site. To further define the RNMT 

surface, we generated 1H-15N labelled RNMT-C samples. However, we were unable to 

obtain solution conditions that produced the necessary protein stability for assignment of 

RNMT-C resonances and thus, could not perform similar experiments with labelled RNMT 

and unlabelled eIF4E. In all, eIF4E binds to RNMT in a site that partially overlaps with the 

RAM-binding site.

Given previous studies demonstrated that RAM stimulated the methyltransferase activity of 

RNMT by about 4-fold [24, 34], we examined if eIF4E had a similar activity. Using eIF4E 

concentrations ranging from 0–80 μM and 20 μM RNMT-C, we monitored the capping 

of an in vitro transcribed 32P- Gppp 55-base oligoribonucleotide in the presence of the 

methyl donor SAM as described in[34]. The RNMT-C construct displayed methyltransferase 

activity. However, we noted that eIF4E addition did not impact levels of methylated cap 
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produced (data not shown). This may be because eIF4E does not bind to the lobe which is 

critical for RAM-mediated enhancement of RNMT activity [24, 26], or that eIF4E requires a 

co-factor to modulate the methyltransferase activity of RNMT, likely one that binds the lobe, 

that is present in cells but not in our assays. Alternatively, eIF4E may simply not modulate 

RNMT’s enzymatic activity.

Structural model of the eIF4E-RNMT complex

To generate a structural model for the complex of RNMT-C with eIF4E, we used the 

above experimentally determined restraints as input into the molecular docking software 

Haddock[51]. Restraints included TCS and 13C-methyl broadening data for eIF4E residues 

as well as mutational data for RNMT-C. Out of the 200 water-refined models, 8 clusters 

were obtained. The largest cluster (containing 84 structures) was the only one exhibiting 

a Z-score below the −1 threshold (−1.7), and a Haddock score below −100 threshold 

(−110). This cluster was characterized by highly convergent poses (Supplementary Fig. 

S4). The pose with the lowest energy is shown in Figure 3E–G. Consistent with the input 

restraints, eIF4E employs its dorsal surface, most notably helices 1 and 2 to interact with 

the portion of the RAM-binding site on RNMT-C that does not involve the lobe (helices D 

and F) (Figure 3E). The complex interface is also far removed from the RNMT catalytic 

site. This model is consistent with several biochemical observations that were not used as 

restraints for the model. For instance, mutation of the cap-binding site of eIF4E has no 

effect on association with RNMT-C (Supplementary Fig. S2C), m7G cap analogues do not 

compete for the interaction of RNMT with eIF4E (Figure 2A, B) and RNMT-C/eIF4E-cap 

complexes can be observed (Figure 3A); and consistently in this model, RNMT does not 

bind to the cap-binding site of eIF4E. Indeed, binding of eIF4E dorsal surface partners 

(eIF4E-BP1 and BP2) compete for RNMT-C binding to eIF4E (see below; Figure 4A) 

consistent with our model when overlaid with coordinates for the eIF4E-BP1 complex 

(Figure 3G). Similarly, the deletion of the lobe in RNMT-C has no impact on eIF4E 

binding (Figure 1G, Supplementary Fig. S2B) and is not used by eIF4E to bind RNMT-C 

in this model. Furthermore, the RAM-binding site overlaps with the one predicted for eIF4E 

binding on to RNMT-C (Figure 3F) consistent with eIF4E competition for RAM binding to 

RNMT-C ( Figure 3B). While RAM and eIF4E compete for overlapping sites on RNMT-C, 

specifically helix 1, there is no similarity between the orientation of the RAM helix with 

helices 1 or 2 of eIF4E at the RNMT-C surface in our model; however, high-resolution 

structural studies would be needed to be definitive about these orientations. Finally, the 

binding regions of RNMT-C and eIF4E both consist of hydrophobic patches suggesting 

that electrostatics do not play a major role in this interaction (Supplementary Fig. S5). 

In parallel, we conducted cross-link mass spectrometry (XLMS) on recombinant, purified 

heterodimers to further study the complex. As predicted by the Haddock models, the eIF4E 

interface used by RNMT-C is lysine poor, explaining the paucity of high confidence cross-

links at the interface between eIF4E and RNMT. In all, the eIF4E/RNMT-C complex model 

is consistent with our biochemical and NMR studies.

eIF4E-RNMT complexes are distinct from eIF4E RNA export or translation complexes

eIF4E is known to exist in several complexes within cells. The best characterized are its 

translation and RNA export complexes[33, 52]. The dorsal surface of eIF4E is recognised 
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by key components of these translation and RNA export complexes, including LRPPRC, 

eIF4G and the eIF4E binding proteins (4E-BPs). Given the above data, one would predict 

that the RNMT-eIF4E complex is biochemically distinct from these previously identified 

complexes, since all of these complexes compete for overlapping portions of the dorsal 

surface of eIF4E. To examine this possibility, we generated purified proteins and used GST 

pulldowns (Figure 4A,B). In all cases, the eIF4E-partner protein was preincubated with GST 

or GST-eIF4E beads followed by addition of RNMT-C. Starting with factors relevant to 

eIF4E’s role in translation, we used a purified peptide corresponding to the binding site 

of eIF4E’s translation co-factor the 220 kDa eIF4G1 to eIF4E and refer to this peptide 

as 4Gp. We also examined two negative regulators of eIF4E-dependent translation which 

coopt the eIF4G-binding site on eIF4E: full-length 4EBP1 and 4EBP2 proteins [33]. In 

all cases, preincubation of 4EBP1/4EBP2 proteins or 4Gp with GST-eIF4E, impaired the 

binding of RNMT-C to GST-4E beads relative to GST-eIF4E beads alone. We note that 

RNMT-C, 4EBP1 and 4EBP2 did not bind to the GST negative control (Figure 4A,B, 

Supplementary Fig. S6). We note that, the 4EBPs were produced in bacteria and thus are 

not phosphorylated; however, given phosphorylation of 4EBPs reduces their affinity for 

eIF4E [53], their phosphorylation would make RNMT an even more effective competitor. 

In parallel, we similarly examined the RNA export co-factor LRPPRC which directly binds 

eIF4E and CRM1[39, 52]. Here, we show that LRPPRC cannot bind to eIF4E in the 

presence of RNMT-C (Figure 4B), suggesting that at least in these in vitro conditions, 

RNMT-C has a stronger affinity for eIF4E than does LRPPRC. In all, RNMT-C binds to 

the dorsal surface at a site overlapping the 4Gp, 4EBP1, 4EBP2 and LRPPRC-binding sites 

on eIF4E consistent with our above NMR data. These findings indicate that RNMT-eIF4E 

complexes are biochemically distinct from eIF4E’s translation and RNA export complexes.

Discussion

Our previous studies showed that eIF4E overexpression drove the production of the capping 

machinery including RNMT and RAM[5]. This was achieved through eIF4E’s ability to 

promote the nuclear export of RNMT, RNGTT and RAM transcripts and translation of 

RNMT and RNGTT transcripts. This elevation was associated with increased m7G capping 

efficiency for a subset of RNAs. Indeed, RNA immunoprecipitations showed that eIF4E and 

RNMT bound to overlapping RNA populations in cells [5]; however, whether these bind to 

the same RNA molecule at the same time is not yet known, but in such cases, this may rely 

on the recently reported ability of RNMT to also bind the body of RNAs [26].

These observations revealed, for the first time, a possible functional interplay between 

RNMT and eIF4E. Here, we demonstrated that eIF4E physically associated with RNMT in 

cells, and directly bound to RNMT in vitro. The interactions between eIF4E and RNMT 

highlight novel ways to engage both proteins. Our data support models whereby eIF4E binds 

to helices D and F on RNMT, distal to its catalytic site. The eIF4E-binding site overlaps with 

that used by RAM, and indeed, our studies show eIF4E competes for RAM-binding onto 

RNMT. The dorsal surface of eIF4E is recognized by RNMT. Interestingly, RNMT does 

not contain the YXXXXLΦ eIF4E-consensus binding motif which is employed by eIF4G or 

4E-BPs to bind the dorsal surface[4]. Furthermore, this region of RNMT does not contain 

any similarity to other motifs known to bind the dorsal surface of eIF4E such as RING 
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domains [4, 33]. Our studies present the first evidence that eIF4E can bind to any component 

of the capping machinery, in this case RNMT, which is of particular interest given eIF4E is 

itself a cap-binding protein.

There are several functional implications related to the identification of eIF4E-RNMT 

complexes. For instance, the competition between eIF4E and RAM for RNMT may 

influence which RNA targets have increased capping given RAM also plays a role in RNA 

recruitment to RNMT. It is interesting that while on the one hand eIF4E competes for RAM 

binding to RNMT (Figure 3B,F); on the other, eIF4E elevates both RAM and RNMT protein 

levels[5]. In this way, eIF4E may drive the production of two distinct pools of RNMT in 

the cell, bound to either RAM or eIF4E. In terms of methyltransferase activity, we did not 

observe any impacts of eIF4E addition on RNMT capping activity of a model RNA in vitro. 

This could be because eIF4E does not bind the lobe of RNMT and thus does not induce 

the same conformational changes as those induced by RAM. In cells, eIF4E could recruit 

factors to the lobe which then promote capping. Future studies are required to dissect these 

possibilities.

It is tempting to speculate that eIF4E associates with RNMT in order for eIF4E to rapidly 

bind newly produced m7G capped RNA (Figure 4C). In this way, once RNMT is remodelled 

out of the complex, eIF4E could use these RNAs as substrates in the nucleus for RNA 

export, and in the cytoplasm, for translation (Figure 4C). The relative orientation of the 

cap-binding site of eIF4E and the catalytic site of RNMT make this at first glance appear 

less likely to occur, at least in cis. However, the close proximity of RNMT, eIF4E and the 

newly capped RNAs make this a feasible model and such a hand-off could also occur in 

trans. RNMT may also titrate eIF4E’s other activities by preventing formation of RNA 

export or translation complexes in vitro by competing with the export and translation 

machinery (Figure 4C). Given we observe cap-eIF4E-RNMT trimeric complexes, RNMT 

could sequester eIF4E-RNA complexes in a manner similar to that observed for RNA-

eIF4E-BP1 complexes[54, 55]. In this scenario, it seems likely that eIF4E activity would 

be determined by the relative levels of its binding partners (e.g. eIF4G, LRPPRC, RNMT) 

which then could recruit eIF4E to corresponding complexes. Additionally, it is also possible 

that the direct RNMT-eIF4E interaction may be relevant to activities independent of capping, 

particularly with regard to transcriptional roles for RNMT [26, 44]. Indeed, RNMT has been 

found to physically associate with RNAs along their entire length [26]. These possibilities 

require further examination.

In all, we discovered that eIF4E binds to RNMT in cells and directly in vitro. We 

characterized the binding surfaces and unearthed novel structural strategies to engage these 

proteins. These are the first studies to demonstrate that eIF4E can physically associate 

with any component of the capping machinery, which is particularly interesting given the 

chief activity of eIF4E is to bind the RNA cap. These results point to a new biochemical 

functionality for eIF4E in the nucleus. Indeed, biochemical and cell biological studies 

demonstrated that eIF4E bound to RNA export complexes constituted of 4ESE-RNA, 

LRPPRC and CRM1 [52]. Our studies indicate that the eIF4E-RNMT complexes are 

distinct from the RNA export complex. There are many possible functions for eIF4E-RNMT 
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complexes as outlined above. In all, our results suggest an unanticipated functional interplay 

between these cap-generating and cap-binding proteins.

Methods

Cell Culture

U2OS cells (obtained from ATCC) were maintained at 37°C and 5% CO2 in Dulbecco’s 

modified Eagle’s medium (DMEM) (ThermoFisher Scientific) supplemented with 10% 

fetal bovine serum (FBS) (ThermoFisher Scientific) and 1% penicillin-streptomycin 

(ThermoFisher Scientific). The U2OS cell line was authenticated using STR profiling 

(Wyndham Forensic Group). Cultured cells were routinely checked to ensure that there 

was no mycoplasma contamination by PCR[56].

Immunofluorescence and Laser-Scanning Confocal Microscopy

U2OS cells were grown on 4 well glass slides (Millicell EZ SLIDE 4 well glass, Millipore 

Sigma PEZGS0416). After washing three times in 1× PBS (pH 7.4), cells were fixed in 

3% paraformaldehyde for 10 min at room temperature (RT), quenched 5 min with 0.15 

M glycine, washed three times with PBS, and permeabilized with 0.5% (vol/vol) Triton 

X-100 for 10 min at RT. After washing three times in PBS, cells were blocked for 1 h 

in Blocking solution (10% FBS and 0.1% Tween 20 in PBS), and incubated with primary 

antibodies diluted in Blocking solution overnight at 4 °C (1:100 mouse anti-eIF4E and 1:500 

rabbit anti-RNMT or 1:100 mouse anti-RNMT and 1:500 rabbit anti-eIF4E, or rabbit-anti-

RAM 1:500). After washing three times in PBS, cells were incubated with fluorescent-dye 

conjugated antibodies diluted in Blocking solution for 1 h at RT (1:200 dilution anti-mouse 

Alexa Fluor 488 and anti-rabbit Alexa Fluor 546, ThermoFisher Scientific). The cells were 

washed four times with PBS and mounted in antifade mounting medium with DAPI (Vector 

Laboratories, H-2000). Analysis was carried out using a laser-scanning confocal microscope 

(LSM700 META; Carl Zeiss, Inc.), exciting 405 nm, 488 nm or 543 nm with 63x oil 

objective and numerical aperture of 1.4. Channels were detected separately, with no cross 

talk observed. Confocal micrographs represent single sections through the plane of the cell. 

Images were obtained from ZEN software (Carl Zeiss, Inc.) and displayed using Adobe 

Photoshop CS6 (Adobe).

Co-Immunoprecipitation studies

Nuclei isolated using the cellular fractionation protocol were rinsed 2x with 1×PBS and 

fixed with 1% PFA for 10min at RT with rotation, quenched 5min with 0.15M Glycine 

(RT with rotation), then washed 3 times with 1×PBS and lysed in 0.5ml NT-2 buffer by 3 

times 6 seconds bursts (with 30 second pause between each burst) using microtip at 25% 

power (Sonic Dismembrator Model 500, Fisher, Max Output 400W). NT-2 buffer: 150mM 

NaCl, 50mM Tris-HCl (pH 7.4), 2.5mM MgCl2, 0.05% NonidentP-40, 8 supplemented 

with 1mM DTT, 1x protease inhibitors without EDTA, 200U/ml RNaseOut. Nuclear lysates 

were centrifuged at 10 000 × g for 10min, and supernatants were transferred into fresh 

tubes. After adjusting the concentration to be no more than 1mg/ml, nuclear extracts were 

pre-cleared with 50 μL protein G conjugated superparamagnetic beads (Dynabeads Protein 

G, ThermoFisher Scientific) for 30 min at 4°C. Pre-cleared lysates were incubated with 
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10 μg of anti-eIF4E antibody (per 1mg of the lysate) or 10 μg of appropriate IgG as a 

control, and 0.5 mg/ml yeast tRNA (SigmaAldrich), overnight at 4°C with rotation. Rabbit 

antieIF4E (RN001P, MBL), mouse anti-eIF4E (A10, Santa Cruz) antibodies were used in 

this study as indicated in the text. After ON incubation, 50μl of Dynabeads were added 

and incubated for additional 3h at 4°C with rotation. Beads were washed once with NT-2 

buffer supplemented with 1mg/mL heparin (Sigma-Aldrich) for 5min at 4°C with rotation, 

and an additional six times with NT-2 buffer with 300mM NaCl. After washing, beads were 

resuspended in 2xLaemmli Buffer with β-mercaptoethanol, and incubated for 5 min at 98°C. 

Co-immunoprecipitated proteins were resolved on SDS-PAGE and visualized by Western 

blotting.

Cellular Fractionation

About 3–5 × 107 cells were collected and washed twice in ice-cold PBS (300 × g for 

3–5 min) and then resuspended with slow pipetting in 0.5 mL of lysis buffer B (10 mM 

Tris (pH 8.4), 140 mM NaCl, 1.5 mM MgCl2, 0.25% Nonidet P-40, 1 mM DTT, 100 

U/mL RNase inhibitors). The lysate was centrifuged at 1000 × g for 3 min at 4°C, and 

supernatant (cytoplasmic fraction) was transferred into a fresh microtube. The pellet (nuclear 

fraction) was resuspended in 1 Volume of lysis buffer B and transferred to a round-bottomed 

polypropylene tube, and 1/10 volume of detergent stock (3.3% sodium deoxycholate, 6.6% 

Tween 40 in DEPC H2O) was added with slow vortexing (to prevent the nuclei from 

clumping) and incubated on ice for 5 min. The suspension was transferred to a microtube 

and centrifuged at 1000 × g for 3 min at 4°C. Supernatant (post-nuclear fraction) was 

cytoplasmic fraction.

Protein Purification

Recombinant human eIF4E (gift from Dr N. Shimma, Chugai Pharmaceutical Co., Japan) 

was inserted into the pET-28a vector between the BamHI and XhoI restriction sites. 

In addition, a TEV protease cleavage site was inserted between the T7 tag and eIF4E 

leaving the sequence Gly-Ser attached to the N-terminus of the protein. The plasmid 

was overexpressed in Escherichia coli BL21(DE3) cells in LB rich medium at 37°C 

and induced overnight by 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 30°C. 

Expression of uniformly labelled 15N and 15N/13C protein was performed in M9 minimal 

media containing 2g/L 15N ammonium chloride and 2g/L 13C6 glucose as the sole nitrogen 

and carbon sources. Cells were harvested by centrifugation and stored at −20°C until use. 

The frozen cells were resuspended in PBS buffer supplemented with 300mM NaCl, 7mM 

β-mercaptoethanol (βME), 0.5% Igepal, 1mg/ml lysozyme, cocktail of protease inhibitor 

(GE), 10mM imidazole, and lysed by sonication on ice (Sonic Dismembrator Model 500, 

Fisher, Max Output 400W. 70% power, 8 × 10 s bursts with 30 s pauses). The lysate 

was cleared by centrifugation (30 min, 20,000 rpm, 4°C) and purified over Ni-NTA beads 

(Qiagen) onto a gravity flow column. After the resin was extensively washed in PBS, 

supplemented with 7mM βME and 20mM imidazole, the protein was eluted with the wash 

buffer containing 500mM imidazole. The eIF4E protein was then dialyzed overnight against 

PBS buffer containing 1mM DTT in the presence of the TEV protease. High level of purity 

(>95%) was further achieved by gel filtration on Superdex 200pg column (GE-Biosciences) 

in 50mM Sodium phosphate (pH 7.2), 100mM NaCl, 1mM DTT.
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In addition to the above purification in native conditions, eIF4E was also purified in 

denaturing conditions using the pellet resulting from the lysate clarification. The pellet 

was resuspended in 50mM Tris pH 7.5, 6M Guanidine-HCl, 7mM βME, 10mM imidazole 

and lysed by sonication (same protocol as used for native eIF4E). After incubation with 

end-over-end rotation at room temperature for 30 min, the cleared lysate was incubated 

with Ni-NTA agarose resin in batches for 1h. The Ni-agarose resin was washed with 50mM 

Hepes pH 7.5, 6M Guanidine-HCl, 7mM βME, 20mM imidazole, and the unfolded eIF4E 

was eluted in 3ml of the wash buffer containing 500mM imidazole. The protein was quickly 

refolded by diluting it drop by drop into cold buffer containing 50mM Hepes pH 7.5, 

200mM NaCl, 1mM DTT, 1M 3-(1-Pyridinio)-1-propanesulfonate (NDSB201). The final 

eIF4E concentration was kept lower than 0.1mg/ml. After mixing for 1h at 4°C, the refolded 

protein was concentrated and dialyzed against PBS, 1mM DTT. As above, the tags were 

removed by the TEV protease and eIF4E was subjected to gel filtration. Importantly, the 
15N- and 13C-HSQCs for eIF4E purified in both native and denaturing conditions were 

similar.

The ILV methyl labelled eIF4E was prepared from cells grown on minimal M9 media 

containing 2g/L [15N]ammonium chloride and 2g/L [13C6, 2H]glucose (Sigma-Aldrich). 

E. coli strains were adapted to deuterated minimal medium by gradually increasing the 

deuterium content. Briefly, freshly transformed colonies were used to start a 25ml culture 

in LB medium/H2O, followed by successive pre-cultures in M9 media containing 0%, 50% 

and 100% D2O. Each pre-culture was initiated to an OD600 of 0.25. In the final culture, the 
13C-labeled precursors α-ketoisovalerate and α-ketobutyrate (Sigma-Alrich) were added 1h 

before induction at 100 mg/L and 60 mg/L, respectively.

Full-length human RNMT was expressed in pGEX-6p1 plasmid, while RNMT Δ1–163 

(RNMT-C) and RNMT Δ1–163 Δ417–456 (RNMT-C Δlobe) were inserted into the pET-28a 

vector between the BamHI and XhoI restriction sites, in which a TEV protease cleavage 

site was inserted between the T7 tag and RNMT leaving the sequence Gly-Cys attached to 

the N-terminus of the protein. Plasmids were overexpressed in Escherichia coli BL21(DE3) 

cells in the NZY auto-induction LB medium (nzytech) at 37°C and induced overnight at 

20°C. Cells were harvested by centrifugation and stored at −20°C until use. Full-length 

RNMT was purified as described in [24]. For truncated RNMT in pET-28a plasmid (wild 

type and mutants), the frozen cells were resuspended in 50mM Hepes pH 7.5 supplemented 

with 500mM NaCl, 5% glycerol, 7mM β-mercaptoethanol (βME), 1mg/ml lysozyme, 

cocktail of protease inhibitor (GE), 10mM imidazole, and lysed by sonication on ice (Sonic 

Dismembrator Model 500, Fisher, Max Output 400W. 70% power, 8–12 × 10 s bursts 

with 30 s pauses). The lysate was cleared by centrifugation (30 min, 20,000 rpm, 4°C) 

and purified over Ni-NTA beads (Qiagen) onto a gravity flow column. After the resin 

was extensively washed using 20mM Hepes pH 7.5, 500mM NaCl, 5% glycerol, 7mM 

βME, 20mM imidazole, the protein was eluted with the wash buffer containing 500mM 

imidazole. The RNMT protein was then dialyzed overnight against 20mM Hepes pH 7.5, 

200mM NaCl, 7mM βME in the presence of the TEV protease. High level of purity 

(>95%) was further achieved by size exclusion chromatography on Superdex 200pg column 

(GE-Biosciences) in 50mM Sodium phosphate (pH 7.2), 100mM NaCl, 1mM DTT.
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The RNMT-C/RAM complex was purified as follow: half a liter of GST-RAM was first 

overexpressed in BL21(DE3) and purified over glutathione Sepharose 4B beads (GE 

Healthcare) onto a gravity flow column[24]. After the beads were washed, lysate from 1 

liter of His-tagged RNMT-C was added to the resin containing the GST-RAM and mixed by 

rotation for 1h. After the resin was washed, the GST-RAM/HIS-RNMT-C was eluted with 

the wash buffer containing 50mM reduced glutathione. The complex was dialyzed overnight 

against 20mM Hepes pH 7.5, 200mM NaCl, 7mM βME in the presence of the TEV protease 

(to cleave the His-tag from RNMT) and the prescission protease (to cleave the GST-tag from 

RAM). The complex was further purified by size exclusion chromatography on a Superdex 

200pg column (GE-Biosciences) in 50mM Sodium phosphate (pH 7.2), 100mM NaCl, 1mM 

DTT.

Full-length human 4E-BP1 and 4E-BP2 were expressed in pET-15b plasmids. Both plasmids 

were overexpressed in Escherichia coli BL21(DE3) cells in LB rich medium at 37°C and 

induced overnight by 0.5 mM IPTG at 30°C. Cells were harvested by centrifugation and 

stored at −20°C until use. The frozen cells were resuspended in 2x PBS supplemented 

with 0.5% IGEPAL, 5mM βME, 1mg/ml lysozyme, cocktail of protease inhibitor (GE), 

10mM imidazole, and lysed by sonication (Sonic Dismembrator Model 500, Fisher, Max 

Output 400W. 60% power, 7 × 10 s bursts with 30 s pauses). The lysate was cleared by 

centrifugation (30 min, 20,000 rpm, 4°C) and purified over Ni-NTA beads (Qiagen) onto a 

gravity flow column. After the resin was extensively washed using PBS, 5mM βME, 20mM 

imidazole, the protein was eluted with the wash buffer containing 500mM imidazole. 4E-BP 

proteins were then dialyzed overnight against PBS and 1mM DTT in the presence of the 

thrombin protease. High level of purity (>95%) was further achieved by gel filtration on 

Superdex 75pg column (GE-Biosciences) in 50mM Sodium phosphate (pH 7.2), 100mM 

NaCl, 1mM DTT. Full-length LRPPRC was purified as described in [52].

The eIF4GI peptide, 4Gp, (fragment 621–637, sequence KKQYDREFLLDFQFMPA) was 

synthesized by fluorenylmethoxycarbonyl (Fmoc) solid-phase peptide synthesis and purified 

by reverse phase chromatography on a C18 Vydac column. The composition and purity of 

the peptide was verified by ion-spray quadrupole mass spectroscopy.

Protein Pull-downs

GST and GST-eIF4E proteins were immobilized on glutathione Sepharose 4B (GE 

Healthcare) at 10 pmol of protein per microliter of beads in PBS supplemented with 1 mM 

DTT. For each binding reaction, 10 μl of GST or GST-eIF4E was incubated with 20 pmol of 

RNMT (wild-type or mutants) in 350 μl of binding buffer (20 mM Hepes pH 7.5, 110 mM 

potassium acetate, 2 mM magnesium acetate, 0.3% Igepal, 1 mM EGTA, 20 mM DTT) and 

mixed by rotation for 2 h at 4°C. Unbound protein was removed by washing five times with 

binding buffer, and bound proteins were eluted with hot Laemmli sample buffer. The eluted 

protein complexes were then separated by SDS/PAGE and western blotting. In additional 

competition experiments, the eIF4GI peptide (4Gp), the full-length 4E-BP1 and 4E-BP2 

(at a 5-fold molar excess with GST-eIF4E) or m7GDP (20-fold molar excess) were added 

and left for equilibration with the GST-eIF4E at room temperature for 15min before adding 

the appropriate RNMT constructs and the binding buffer. We note that because RNMT-C 
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migrates between GST and GST-eIF4E we used the same samples but ran these on separate 

gels. One gel was reserved for GST proteins and other gels for proteins that were in this 

overlapping range.

m7GTP-Agarose Affinity Chromatography

Cap affinity chromatography was carried out as described in [57]. Briefly, twenty 

microliters of m7GTP-Agarose bead slurry (γ-Aminophenyl-m7GTP (C10-spacer)-Agarose, 

Jena Bioscience, Catalog No. AC-155S) was washed three times with 1.5 mL buffer B 

(0.1M sodium phosphate, Biobasic), 0.3M NaCl (Fisher Chemical), 10μM protease-free 

BSA (Catalog No. BP9703–100), 0.1% IGEPAL (Catalog No. 198596, pH 7.5). Beads 

were bound separately with 2μM 4E or 400 nM RNMT in buffer B for 30 min at room 

temperature with rotation at low speed (16 rpm). Unbound proteins were removed from 

beads by washing three times with 1.5 mL Buffer B. Bound eIF4E was incubated separately 

with RNMT (400 nM), GDP (50 μM), or m7GTP (50 μM) in Buffer B for 30 min at 

room temperature with rotation at low speed (16 rpm). Beads were washed three times 

with Buffer B. All centrifugation during washing steps were done at 500xg. Bound proteins 

were eluted from m7GTP-Agarose beads by boiling in 50 μL of Laemmli buffer. After brief 

centrifugation at high speed (room temperature, 16000 ×g), supernatants were isolated and 

eluted proteins were resolved on SDS/PAGE and visualized by Western blotting.

Antibodies used in Western Blots

Primary antibodies mouse RNMT (RNMT 3H3–1D12, Santa Cruz Biotechnology, Catalog 

No. sc-517112) and mouse eIF4E (BD Biosciences, 610269), rabbit polyclonal RNMT 

(ProteinTech, 13743–1-AP), rabbit monoclonal 4E-BP1 (53H11, Cell Signaling Technology, 

#9644), rabbit polyclonal 4E-BP2, Cell Signaling Technology #2845, rabbit polyclonal 

RAM (FAM103A1 Polyclonal antibody, ProteinTech, 19422–1-AP) and GST Goat 

Polyclonal (Cytiva; catalog no. 45-001-369).

Methyl transferase assay

N-7 cap guanosine methylation assay was performed according to[34]. Briefly, 20 μM 

recombinant human RNMT 167–476 mixed with 0, 10, 20 80 μM recombinant human eIF4E 

and an in vitro transcribed 55-nt 32P-capped RNA and 200 nM s-adenosyl methionine for 10 

min at 30°C. RNA was purified and digested with P1 nuclease and cap structures resolved 

on PEI cellulose in 0.4 M ammonium sulphate.

NMR studies

NMR experiments were recorded at 600 MHz on a Bruker Avance III HD spectrometer 

equipped with a QCIP cryoprobe at 20°C unless otherwise stated. Experiments to extend 

the number the backbone 15N/13C assignments eIF4E in apo and cap bound forms 

were performed on the ILV labeled sample. 3D HNCA, HNCACB and CBCA(CO)NH 

experiments were ran in a non-uniform manner using the Bruker standard parameter 

sequences with 15 to 20% Poisson Gap Sampling Schemes [58]. ILV methyl side-

chain chemical shift assignments were obtained from the out-and-back 13C-13C TOCSY 

experiment ((H)C-TOCSY-S-TOCSY-(C)H) [59] in 100% D2O (τm = 14.13 ms). Non 
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uniform acquisition and processing were performed as described [59]. A 13C-13C NOESY 

was also measured with a mixing time of 120 ms [60]. Assignments have been deposited 

in the BMRB database with accession No. 27427 for the apo-eIF4E and 27428 for the 

m7GDP-bound eIF4E.Non-uniform sampling spectra were processed using SMILE [61] and 

NMRPipe [62]. Uniformly acquired data were processed with NMR pipe,: spectra were 

analyzed with Sparky [63] or NMRViewJ[64]. 1H-15N HSQC spectra to determine binding 

of eIF4E and RNMT were ran using the BEST sequence [65] with 50 μM 15N labelled 

eIF4E in the absence and presence of 200 μM unlabelled RNMT (RNMT-FL, RNMT-C and 

RNMT-C Δlobe) in 50 mM sodium phosphate,100 mM NaCl, 1 mM DTT, 7% D2O, pH 

7.2. Spectra were analysed using NMRViewJ with the ratios calculated from peak heights 

of eIF4E in the absence and presence of the various RNMT constructs. Values for the 

diameter of methyl groups (yellow balls) in Figure 2G,H were calculated with the following 

equation: d = - (rat – 0.89) / 0.17 where d is the diameter and rat is the ratio of peak 

intensities between the complex and free eIF4E. The graphic representations of the 3D 

structures were rendered using PyMOL (The PyMOL Molecular Graphics System, Version 

1.7.4 Schrödinger, LLC) and Molmol [66].

TCS experiments [47] were acquired at 20°C on 150 μM [U-2H-15N] eIF4E with 2.4mM 

m7GDP in the presence and absence of 110 μM unlabelled RNMT-C. Experiments were also 

ran with 110 μM eIF4E and 37.5 μM in the absence of m7GDP. On and off-resonance 

experiments were acquired in an interleaved manner, with a train of REBURP pulses 

exciting 1000 Hz at −0.5ppm and −40 ppm, respectively. A predominately deuterated buffer 

(30%H2O/70%D2O) of 50 mM phosphate, 150 mM NaCl, 1mM DTT, 0.02% NaN3 was 

used to minimise the effects of spin diffusion. Spectra were processed with NMRPipe and 

analysed with NMRView. Due to the presence of high proton content in the eIF4E sample, 

the data were analysed by comparing the changes in the intensities for eIF4E NH peaks 

with (Ion) and without (Ioff) saturation in the presence and absence of RNMT-C [49]. Values 

below the mean line exhibit stronger cross saturation, values above, are not physically 

possible and may reflect degradation of the sample(s) over time. Using a cutoff of the mean 

change ± 0.66*SD (bottom and top lines (Figure 2C))[51] reveals that the only outliers 

observed have stronger cross saturation in the complex.

Circular dichroism spectroscopy

Far-UV CD spectra were collected using Jasco-810 spectropolarimeter with 0.2 cm cuvette 

at room temperature. The solution conditions were 20 mM phosphate buffer (pH 7.2), 50 

mM NaCl, 1 mM DTT. All of the measurements were repeated two times with a 1 nm 

bandwidth. Relative ellipticity was converted to mean residue molar ellipticity according to 

[67]. HT voltage for data shown was below 600. Contributions from the buffer alone were 

subtracted.

Haddock-derived structure of the eIF4E-RNMT-C complex

The Haddock2.4 webserver [51] was used to generate restraint-driven docking for 

interaction between eIF4E and RNMT-C using the standard protocols with the coordinates 

of eIF4E (PDB ID code 2GPQ) and RNMT (PDB ID code 5E8J). The following residues 

were selected for the active ambiguous interaction restraints (AIRs) as input to Haddock: 

Osborne et al. Page 16

J Mol Biol. Author manuscript; available in PMC 2022 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



residues 294, 374 and 380 of RNMT chosen based on the mutational and pull-down 

data and 7 residues of eIF4E based on TCS and 13C chemical shift broadening (69, 70, 

73, 75, 77, 182, 187). Default Haddock settings were used for the docking, generating a 

final 200 structures. The final models were clustered based on the fraction of common 

contacts using a 0.60 cutoff. Electrostatic potentials were calculated via the APBS (Adaptive 

Poisson-Boltzmann Solver) software [68]

Cross-linking Mass spectrometry

Cross-linking of recombinant protein heterodimers, heterodimers enrichment, mass 

spectrometry and subsequent data analysis were carried out as previously described in 

[45] except for the following minor changes. Proteins were cross-linked with DSS for 

30 minutes, and heterodimer fractions enriched on Superdex-75 column 10/300 GL were 

directly digested with MS grade Trypsin/LysC Mix (Promega) overnight in a 1:20 enzyme to 

protein ratio. Multiply charged peptide were enriched on MCX as previously described [45] 

or on μZipTips (EMD Millipore). Peptides were eluted from the LC-MS column at a flow 

rate of 250 nl min−1 using a 3-slope gradient of 0.2 % formic acid (FA) in water (buffer A) 

and 0.2 % FA in 100 % acetonitrile (buffer B). For all samples, concentration of buffer B 

first increased from 2 % to 15 % over 6 min. The second gradient slopes varied depending 

on sample acquisition dates and sample processing. For the first sample set, solution B was 

increased from 15 % to 50 % over 45 min for all samples. For the second sample set, buffer 

B was increased to 50 % over 34 min for MCX cleaned samples, while the same % of 

solution B was achieved over 39 min for peptides cleaned on μZipTips (EMD Millipore). 

The third slope was identical for all samples, in which solution B increased from 50 % to 

85% over 5 min. Data analysis was carried out using Sim-XL v1.5.5.2 [69, 70] with trypsin 

and LysC indicated as cleaving proteases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. eIF4E and RNMT interact in vivo and in vitro.
A. Localization of RNMT and eIF4E in U2OS cells. Confocal micrographs of cells stained 

with anti-RNMT and anti-eIF4E antibodies and DAPI as a nuclear marker. Single and 

overlaid (Ov) channels are shown. Micrographs are single sections through the plane of the 

cells with 63x magnification. B. eIF4E and RNMT co-immunoprecipitated in the nuclear 

fractions of U2OS cells. Immunoprecipitations (IP) were carried out using U2OS nuclear 

lysates with rabbit anti-eIF4E (eIF4E-IP) or appropriate IgG control (rIgG-IP) and analyzed 

by Western blotting using antibodies as indicated. Nc indicates nuclear, Sn, supernatant. C. 
Schematic representation of the RNMT constructs used in this study: RNMT-FL (residues 

1–476), RNMT-C (164–476) and RNMT-C Δlobe (RNMT-C with residues 416–456 replaced 

by a GSSG linker). D. SDS-PAGE gel of overexpressed and purified RNMT and eIF4E 
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constructs; molecular mass markers are shown. E. Crystal structure of RNMT-C (PDB 

5E8J) in complex with RAM (orange) and SAH (yellow). The “lobe” region (dark green) 

is labelled. Nt indicates N-terminus and Ct, C-terminus. F. The two binding sites for eIF4E 

are shown on the crystal structure with m7GTP (PDB 1L8B), the m7GTP cap is shown as 

cyan sticks, W56 and W102 are shown as red spheres and blue spheres represent the charged 

basic residues (157,159 and 162). Residues critical for binding effector proteins at the dorsal 

surface (V69, W73) are shown in purple. G. GST or GST-eIF4E pulldown experiments for 

the following constructs, RNMT-FL, RNMT-C and RNMT-C Δlobe. H. Top, 1H-15N HSQC 

spectra of 50 μM 15N-labelled eIF4E in the absence (red) and presence (green) 200 μM 

unlabelled RNMT-C. Bottom, per residue plot of the changes in peak intensity for backbone 

amides and side chain indole 15NH resonances of 15N labelled eIF4E upon addition of 

unlabelled RNMT-C shown in the top spectrum.
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Figure 2. The cap-binding site of eIF4E is dispensable and the dorsal surface is employed by 
RNMT.
A. GST pulldown assay of GST-eIF4E for RNMT-C with and without incubation with 

m7GDP reveals m7GDP does not affect the eIF4E-RNMT-C interaction. B. Top, overlay 

of the 1H-15N HSQC spectra of m7GDP cap (1mM) -bound 15N eIF4E (50 μM) in the 

presence (blue) and absence (red) of 200 μM RNMT-C, indicating that in the presence of 

m7GDP-cap the eIF4E-RNMT complex is still formed. Bottom, comparison of the changes 

in peak intensities for 50 μM 15N eIF4E in the absence and presence of 200 μM RNMT-C 

(green bars) and m7GDP cap (1 mM) bound 15N eIF4E (50 μM) in the absence and presence 

of 200 μM RNMT-C (blue bar). Peaks were normalized to 1 for RNMT-C free complexes. 

C. Transferred cross saturation experiments. Intensity ratio (Ion/Ioff) of RNMT-C complexed 
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eIF4E-m7GDP amide 1H resonances with (Ion) and without (Ioff) saturation of aliphatic 

protons versus the same ratio in the absence of RNMT-C. Saturation was at −0.5ppm (1000 

Hz bandwidth). The mean change is represented by the bold centre line, the top and bottom 

lines signify the mean value ± 0.66 standard deviation. D,E Location of residues identified 

from TCS experiments are mapped onto the surface of eIF4E (PDB, 2GPQ) and identify 

residues at the dorsal surface to be important in the RNMT interaction. F. 1H-13C HSQC 

spectrum of ILV-labelled eIF4E (50 μM) in the absence (red) and presence of RNMT-C (3.8 

fold molar excess), yellow. G,H. Summary of the changes in intensity of ILV-labelled eIF4E 

methyl peaks induced by RNMT-C is mapped onto the structure of eIF4E, larger spheres 

represent larger broadening affects (see methods for details).
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Figure 3. Identification of eIF4E-RNMT complex binding sites and structural models.
A. m7GTP cap column chromatography for eIF4E in the presence or absence of RNMT-C. 

m7GTP cap-bound proteins were analysed using Western blotting. m7GTP-bound eIF4E 

binds to RNMT-C (lane 5, eIF4E protein was first bound to the m7GTP column, and 

subsequently incubated with RNMT-C); eIF4E/RNMT-C complex binds to m7GTP cap 

beads (labelled “complex” in lane 6, eIF4E was first incubated with RNMT-C to form 

a complex, and then incubated with m7GTP beads). RNMT-C does not bind directly to 

m7GTP beads (lane 4). 50μM m7GTP elutes eIF4E from the m7GTP beads (lane 7) while 

non-methylated GTP did not affect eIF4E binding to m7GTP beads (lane 8), confirming 

specificity. Two percent input was used for eIF4E and RNMT-C. B. GST-eIF4E pulldown 

assays for RNMT-C or RNMT-C/RAM complexes show that RNMT-C cannot bind eIF4E 
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in the presence of RAM. C. Close up view of binding site of RAM for RNMT-C (PDB 

5E8J) used to guide RNMT mutagenesis experiments. Only interactions with the first two 

helices of RAM were considered (the RNMT-C lobe binding site is not important for eIF4e 

association (Fig 1 G)). RNMT-C residues mutated are shown as sticks (single point mutants 

leading to a reduction in eIF4E binding are coloured red). D. GST pulldown assay between 

GST-eIF4E and wild type and mutant RNMT-C proteins. E. Lowest energy model of the 

complex of eIF4E with RNMT-C generated from Haddock. The catalytic site of RNMT 

(marked by SAH) and the cap-binding site of eIF4E are represented by arrows and far 

removed from the complex interface. F, G. Superposition of the Haddock generated model 

of eIF4E and RNMT-C with (F) RNMT-RAM coordinates (PDB ID 5E8J) and (G) the 

eIF4E-BP1 (PDB ID 3U7X) coordinates.
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Figure 4. eIF4E-RNMT, eIF4E translation, and export complexes are mutually exclusive.
A, B. GST or GST-eIF4E pulldowns for RNMT-C in the presence or absence of 4E-BP1,4E-

BP2, 4Gp (a peptide of eIF4G, see text) (A) or LRPPRC (B). Western blots are probed 

as indicated. Controls for GST binding are given in Supplementary Fig. S6. C. Schematic 

model of summarizing the complexes explored in A and B. RNMT, LRPPRC, eIF4G and the 

4EBPs all bind overlapping surfaces on eIF4E and thus form mutually exclusive complexes. 

The multiple arrows between the RNMT and RNA export complexes indicate that there 

could be other complexes between the capping and export ones depicted. Not all eIF4E 

complexes known are shown here for simplicity.
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