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Structural basis of 7SK RNA 5′ γ-phosphate methylation and 
retention by MePCE
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Abstract

Among RNA 5′-cap structures, γ-phosphate monomethylation is unique to a small subset of 

noncoding RNAs, 7SK and U6 in humans. 7SK is capped by methylphosphate capping enzyme 

(MePCE), which has a second non-enzymatic role as a core component of the 7SK RNP that is an 

essential regulator of RNA transcription. We report 2.0 and 2.1 Å X-ray crystal structures of 

human MePCE methyltransferase domain bound to S-adenosylhomocysteine (SAH) and uncapped 

or capped 7SK substrates, respectively. 7SK recognition is achieved by protein contacts to a 5′ 
hairpin-single-stranded RNA region, explaining MePCE specificity for 7SK and U6. The 

structures reveal SAH and product RNA in a near-transition state geometry. Surprisingly, binding 

experiments show that MePCE has higher affinity for capped vs uncapped 7SK, with kinetic data 

supporting a slow product release model. This work reveals the molecular mechanism of methyl 

transfer and 7SK retention by MePCE for subsequent assembly of 7SK RNP.
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Introduction

5′ capping is a tightly regulated step in RNA processing that is required for RNA stability, 

localization, and function1,2. All caps, which vary in an RNA- and organism dependent 

manner, feature one or more methyl groups added by an S-adenosylmethionine (SAM, Fig. 
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1a) dependent methyltransferase (MTase). A unique monomethyl γ-phosphate 5′ cap 

(mpppG) (Fig. 1b)3 has been identified in a small subset of RNA polymerase III transcripts, 

i.e. human 7SK long noncoding RNA (lncRNA) and U6 spliceosomal RNA, rodent B2 short 

interspersed element RNA, and plant U3 small nucleolar RNA3–5. 7SK and U6 associate 

with the methylphosphate capping enzyme MePCE (also called BCDIN3 in mammals and 

Bin3 in Drosophila)6,7, but only 7SK has been conclusively shown to be capped by 

MePCE6,8.

MePCE also has a non-enzymatic function as a component of the core 7SK RNP, and knock-

down significantly decreases 7SK levels in vivo6,9. 7SK regulates RNA polymerase II 

transcription elongation in higher eukaryotes by sequestering and inactivating positive 

elongation factor b (P-TEFb)10,11. P-TEFb phosphorylates RNA polymerase II C-terminal 

domain and negative transcription elongation factors to transition RNA polymerase II from a 

promoter-proximal paused state to productive transcription elongation12. 7SK constitutively 

assembles with MePCE at the 5′-end and La-related protein group 7 (Larp7) at the 3′-

end13–15. On binding 7SK, Larp7 and MePCE interact to form a core RNP where MePCE is 

inactivated7–9. Hexim1/2 and P-TEFb subsequently assemble onto 7SK RNP to sequester P-

TEFb in an inactive form10,11,16,17.

Little is known about 7SK biogenesis, and two alternative secondary structures for 7SK have 

been proposed18,19, a “linear 7SK model” with four stem-loops (Fig. 1c) 8,18, supported by 

chemical mapping and enzymatic footprinting experiments, and a “circular 7SK model” 

based on sequence conservation with up to eight stem-loops and where the first ten 

nucleotides at the 5′-end basepair with nucleotides near the 3′-end (Supplementary Fig. 

1)19,20. Both RNA secondary structure models have an identical terminal stem-loop 4 (SL4), 

where Larp7 binds7,21–23. However, the secondary structures differ at the 5′-end, where 

MePCE binds and caps (Supplementary Fig. 1). The consensus motif for the determinants of 

U6 capping comprises a 5′ triphosphate, hairpin beginning at the 5′-end, and adjacent 3′ 
single-stranded RNA (ssRNA) with sequence AUAUAC24. In 7SK, the sequence and 

secondary structure at the 5′-end corresponding to the linear 7SK model are important for 

MePCE assembly in vivo7. Whether one or both of the proposed secondary structures 

participates in MePCE capping and/or core 7SK RNP assembly remains to be determined.

MePCE contains a C-terminal MTase domain that is highly conserved among eukaryotes 

and a highly variable N-terminal region of low sequence complexity25. The structure of the 

MePCE MTase domain bound to S-adenosylhomocysteine (SAH) (MePCE–SAH) was 

determined by the Structural Genomics Consortium (PDB ID 5UNA). Here, we report 

structures of MePCE MTase domain crystallized in the presence of 7SK substrate RNA and 

either SAH or SAM. Surprisingly, despite transfer of the methyl group from SAM to the 5′ 
γ-phosphate of 7SK substrate during crystallization, the RNA remains bound to MePCE, 

providing a unique example of a product-bound RNA MTase structure. Together with 

analysis of enzyme kinetics and reactant and product binding affinities, the crystal structures 

of MePCE–SAH in complex with uncapped (MePCE–SAH–7SK) and capped (MePCE–

SAH–me7SK) RNAs reported here reveal the mechanism of methyl transfer to a phosphate 

group and the determinants of 7SK recognition and retention and define the first steps of 

assembly of 7SK core RNP.
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Results

Crystal structures of the MePCE MTase domain bound to 7SK

Based on studies indicating that MePCE binds the proximal end of the 7SK SL1 and 

adjacent ssRNA in vivo (Fig. 1c)7, we designed and synthesized an RNA hairpin-ssRNA 

construct comprising the 5′-end of 7SK SL1 with a UUCG tetraloop and an eight nucleotide 

ssRNA 3′ overhang (SL1p) (Fig. 1c, inset). SAM or SAH do not co-purify with MePCE 

MTase domain (residues 400–689, MePCEMT), as determined by LC-MS (Supplementary 

Fig. 2). To verify that SL1p is capped by MePCEMT we incubated [methyl-13C]-SAM, 

SL1p, and MePCEMT under single turnover conditions to completion and analyzed the 

subsequently purified SL1p by NMR spectroscopy (Fig. 1d). A unique resonance attributed 

to a methyl group on SL1p ([methyl-13C]-SL1p) was observed, with a significant chemical 

shift difference compared to [methyl-13C]-SAM (Fig. 1d). High-resolution electrospray 

ionization mass spectrometry confirmed that SL1p was fully monomethylated (meSL1p) 

(Supplementary Fig. 3). These assays were performed in the absence of divalent cations 

(Fig. 1d; Supplementary Fig. 3), indicating that MePCE does not require divalent cations for 

catalysis.

MePCEMT was crystallized in complex with SL1p in the presence of either SAH or SAM, 

and structures were solved from crystals that diffracted to 2.0 Å and 2.1 Å resolution, 

respectively (Supplementary Fig. 4; Supplementary Table 1). The crystal structure of the 

sample with added SAM lacked the electron density expected for the SAM methyl moiety, 

whereas clear additional density was observed at an RNA 5′ γ-phosphate oxygen, 

indicating that methyl transfer occurred during crystallization (Supplementary Fig. 4). Thus, 

crystal structures of MePCEMT in complex with SAH and SL1p in uncapped (MePCE–

SAH–7SK) and capped (MePCE–SAH–me7SK) forms were determined (Supplementary 

Fig. 4). The structures are nearly identical (all-atom RMSD 0.21Å), with significant 

differences only at the SAH and 5′ triphosphate (Supplementary Figs. 4 and 5). In both 

structures, MePCEMT has the expected Rossman-like fold common to RNA 

methyltransferases1,2 with a αβαβαβαβαβαββ topology (Fig. 2a,b), also seen in RNA-free 

MePCE–SAH (Fig. 2c). Helices α1, α2, and α3 lie underneath the central β-sheet 

(↑3↑2↑1↑4↑5↓7↑6) and α4, α5, and α6 lie above the β-sheet. Noncanonical helices α5′ and 

α6′ are located adjacent to α5 and α6, respectively, at the β-sheet edge (Fig. 2b,c). In 

MePCE–SAH–me7SK (Fig. 2b) and MePCE–SAH–7SK (Supplementary Fig. 4a), 

MePCEMT has two additional helices, α0 and α7, located in the structure between α3 and 

α5′. SAH and the RNA 5′ triphosphate are buried in the active site (Fig. 2b inset, d). 

Notably, no divalent or trivalent cations are observed in the active site, even for crystals 

soaked with Mg2+ or Sm3+ (see Online Methods). SL1p forms a ten basepair hairpin with an 

asymmetric (1–3) internal loop separating the bottom three and top seven basepairs and a 

UUCG tetraloop, and eight single-stranded nucleotides that stack on each other below the 

terminal basepair (Figs. 1c and 2b; Supplementary Fig. 4). The internal loop, which is 

outside of the MePCEMT binding site, has crystal contacts with nucleotides Gua113-Ade116 

from another molecule in the asymmetric unit that form non-native interactions 

(Supplementary Fig. 6).
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Comparison of MePCE–SAH–me7SK (Fig. 2b) and MePCE–SAH (PDB ID 5UNA) (Fig. 

2c) highlights the conformational changes in MePCEMT that occur on RNA binding. The 

structures of MePCE–SAH in the absence and presence of SL1p are globally similar (all 

atom RMSD 0.29 Å), but there are major differences around the active site and RNA-protein 

interface (Fig. 2e,f). In the absence of RNA, the N-terminus (residues 418–431) and C-

terminal β6-β7 loop (residues 665–676) are partially disordered (Fig. 2c,f), while in the 

presence of meSL1p, a helix α0 forms near the N-terminus, loop residues that connect to α1 

become ordered, and the β6-β7 loop adopts an ordered structure with a short helix α7 in the 

middle (Fig. 2b,e). Together with helices α5′ and α6′, which do not change conformation 

significantly when RNA binds except for K625 and R626 sidechains, these elements form a 

tunnel that encloses the RNA triphosphate (triphosphate binding tunnel) to position it near 

the cofactor in the active site (Fig. 2d,g,h). These new structured elements are stabilized by 

hydrogen bonds (H-bonds) and stacking interactions to both RNA substrate and each other, 

and sequester SAH in the cofactor binding pocket with only its sulfur group exposed to the 

γ-phosphate in the tunnel (Fig. 2d,g,h). In contrast, in the absence of RNA, SAH 

homocysteine is solvent accessible (Fig. 2i). In summary, SL1p binding induces 

conformational changes in MePCEMT that enclose SAH in the active site.

Extensive interaction network between MePCEMT and 7SK

In MePCE–SAH–me7SK, there is an extensive interaction network between a highly basic 

surface on MePCE and the SL1p 5′ triphosphate, two terminal basepairs and the following 

six ssRNA nucleotides (Figs. 2b, 3; Supplementary Fig. 4). Gua1 and Gua2 in the first two 

basepairs are recognized by MePCEMT helices α5′, α6′ and α7, Gua1–Cyt108 and first 

two ssRNA nucleotides straddle helix α0, and the following four ssRNA nucleotides interact 

primarily with helix α3 (Figs. 2b, 3a). The interior of the triphosphate-binding tunnel (Fig. 

2d; Supplementary Fig. 5) is accessible to solvent at the guanosine and α-phosphate and 

narrows at the β- and γ-phosphates, excluding solvent. The oxygens on the 5′ triphosphate 

have multiple direct H-bonds (to all three phosphates) and indirect H-bonds (to α-

phosphate) from residues on helices α7, α6′, α5′, and α0 and adjoining loops (Fig. 3a–e; 

Supplementary Table 2) that form the tunnel. Additional H-bonds from α6′ and α7 

recognize the attached Gua1 base and ribose, respectively (Fig. 3e; Supplementary Table 2). 

These H-bonds fix the otherwise highly flexible 5′ triphosphate to position the γ-phosphate 

oxygen for methyl transfer.

SL1p terminal two basepairs and following four ssRNA nucleotides (Ade109-Ura112) are 

sequence specifically recognized by MePCEMT, and there are backbone and ribose 

interactions to Gua113 and Cyt114 (Fig. 3a). MePCEMT interacts in the major groove at the 

first two basepairs, forming H-bonds to Gua1 and Gua2, as well as the phosphates (Fig. 3e–

h). F674 (α7) stacks between the Gua1 ribose and the R425 (α0) guanidinium plane, which 

then stacks on R433 (α1) to encompass the “right wall” of the triphosphate-binding tunnel 

(Figs. 2e and 3e,g). The terminal Gua1-Cyt108 basepair and ssRNA nucleotides Ade109 and 

Ura110 straddle helix α0, which is enriched in tyrosines whose aromatic rings splay out 

around α0 (Fig. 3f). This “Tyr wheel” has intricate interactions with ssRNA nucleotides 

outside the active site, the 5′ triphosphate within the active site, and helix α7 residues (Fig. 

3a–c, f, g, i–k). Specifically, Y424 has π-π base-stacking and H-bonding interactions with 
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Ade109 base and ribose (Fig. 3f,i). Cyt108, Ade109 and Ura110 have continuous base 

stacking (Fig. 3f,j). K420 side-chain on the Tyr wheel stacks between Ura110 and Gua111 

and has H-bonds to Ura110 (Fig. 3f,j,k). Gua111 has an H-bond to S482 (α3) (Fig. 3k) and 

stacks on Gua113 (Fig. 3f), with Ura112 base flipped 120° out about the Gua111 ribose. 

Ura112 base has stacking and H-bonding interactions with four residues from α2 and α3 

(Fig. 3l). Ura112 is the last RNA residue with MePCEMT base recognition; Gua113 and 

Cyt114 have only backbone interactions with helix α3 residues (Fig. 3m). The residues that 

participate in triphosphate and basepair recognition are highly conserved from fission yeast 

to human, whereas helix α3 is highly conserved among vertebrates but poorly conserved for 

fission yeast and plants (Supplementary Fig. 7). The large MePCE-RNA interaction surface 

explains the in vivo mutagenesis data that a 5′ hairpin structure followed by ssRNA 

nucleotides is required for the mpppG cap7,24.

Cofactor and triphosphate are in a near-transition state

The positions of SAH in MePCE–SAH–7SK and MePCE–SAH–me7SK are nearly identical 

with only minor rotations of γ and β phosphates and shifting of the SAH sulfur (Fig. 4a,b; 

Supplementary Fig. 5). The SAH adenosine and homocysteine moieties are anchored in a 

bidentate binding cleft at the back wall of the active site and the sulfur atom points away 

from the β-sheet toward the Gua1 γ-phosphate oxygen atom that peeks out of the 

triphosphate-binding tunnel (Fig. 2b, 4a-c). The SAH adenosine is recognized by multiple 

H-bonds and stacking interactions primarily from motifs I and Ia residues (Fig. 4d; 

Supplementary Fig. 7; Supplementary Table 2). The SAH homocysteine amide donates a H-

bond to G451 (β1-α2 loop, motif I) and L581 (β4, motif II) backbone carbonyl groups, and 

the SAH carboxylate group has three H-bonds to the R433 guanidinium (α1) and Y422 

hydroxyl (α0) (Fig. 4e; Supplementary Table 2). Notably, in RNA-free MePCE−SAH, Y422 

and R433 are partially disordered (Supplementary Fig. 8). In contrast, they are highly 

ordered in the RNA-bound structures (Supplementary Fig. 5) indicating that RNA binding to 

MePCEMT further stabilizes SAH in its binding cleft.

In MePCE–SAH–me7SK, the methyl carbon has been transferred from SAM to the Gua1 γ-

phosphate oxygen (Figs. 1b and 4g; Supplementary Fig. 4) with an O-C bond distance of 

1.40 Å (Supplementary Fig. 4). Superposition of the MePCE–SAH–7SK and MePCE–SAH–

me7SK reveals a local shift in the SAH sulfur by 0.89 Å, which would allow room for the 

methyl group (Fig. 4b). For MePCE–SAH–7SK, the distance between the SAH sulfur and 

Gua1 γ-phosphate oxygen (3.37 Å) equals the sum of their van der Waals (vdW) radii (3.32 

Å) (Fig. 4f) (http://www.rsc.org/periodic-table), while for MePCE–SAH–me7SK the 

distance between the SAH sulfur and the Gua1 γ-phosphate O-methyl carbon (3.22 Å) is 

slightly smaller than the sum of the vdW radii (3.50 Å) (Fig. 4g). These distances and 

geometries show a remarkable resemblance to a transition state, where the methyl group 

would be located at an intermediate distance between the sulfur and γ-phosphate for in-line 

transfer. This close proximity of reacting atoms at the active site is achieved by both the 

bidentate cofactor binding cleft (Fig. 4a) that fixes the sulfur atom in place and the 

triphosphate-binding tunnel (Fig. 4c) through which the γ-phosphate is anchored and 

positioned towards the cofactor sulfur atom.
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Although we do not have structural information for the starting state of the methyl transfer 

reaction (SAM and uncapped RNA), the fact that MePCE–SAH–7SK and MePCE–SAH–

me7SK structures both have near-transition state geometry suggests a similar geometry 

would be present in a MePCE–SAM–7SK complex, modeled in Fig. 4h. Taken together, we 

infer the methyl transfer reaction mechanism to be the following: SAM cofactor binds first 

to MePCEMT, and subsequent RNA substrate binding further stabilizes and sequesters SAM 

in its binding cleft. The negatively charged Gua1 γ-phosphate oxygen is positioned in close 

proximity to the SAM methyl group to promote nucleophilic attack at the positively charged 

methyl sulfonium moiety (Figs. 1a,b and 4h). Notably, the γ-phosphate oxygens are fully 

deprotonated and negatively charged at neutral pH26, unlike protonated RNA substrates such 

as 2′-OH or N2H2, and the SAM positively-charged methyl sulfonium group is less stable 

than the neutral SAH sulfur, making the MePCE methyl transfer reaction extremely 

electrostatically favorable and limiting the reverse reaction. After transfer of the methyl 

group to the Gua1 γ-phosphate oxygen, both SAH byproduct and capped RNA product 

remain bound in the active site (Figs. 2b and 4b,g), facilitated by the extensive protein-RNA 

interactions discussed above.

To investigate the functional importance of interactions in the triphosphate-binding tunnel, 

we made individual alanine substitutions at three highly conserved residues ranging from 

closest to the methyl transfer reaction to the solvent exposed Gua1 ribose, Y421A (α0), 

K585A (α5′), and F674 (α7) (Fig. 4c) and compared their methyltransferase activity to 

wild-type (wt) MePCEMT within a single turnover (Fig. 4i). Y421, located at the floor of the 

triphosphate-binding tunnel (Fig. 2b,d), donates an H-bond to and buttresses the γ-

phosphate (Fig. 3a,b,f) and is the closest side-chain to the methyl group prior to transfer 

(Fig. 4h). Y421A is nearly catalytically dead (0.6% activity) (Fig. 4i), indicating the critical 

importance of Y421 for formation of the active site and stabilization of the γ-phosphate. 

Alanine substitution of K585, which has H-bonds to the γ- and β-phosphate oxygens (Fig. 

3a–e), decreases activity to 32% (Fig. 4i) indicating K585 has a significant role within the 

MePCEMT triphosphate recognition network. Partial activity is likely maintained by the 

remaining nine of eleven direct H-bonds to the triphosphate and retention of the majority of 

the left side (helix α5′) of the tunnel. Alanine substitution of F674, which would expose the 

right side (helix α7) and destabilize the ceiling of the tunnel by disrupting the stacking 

interactions with R425 and Gua1 ribose, decreases activity to 2.5% (Fig. 4i). These results 

verify the structural and functional importance of the triphosphate-binding tunnel residues 

and highlight the significance of residues in the regions that become ordered on RNA 

binding.

MePCE binds tightly to capped RNA

Under single turnover conditions SL1p is fully monomethylated in less than 15 min (Fig. 1d; 

Supplementary Fig. 3). In time-dependent activity assays at different SL1p concentrations, 

we similarly observe quantitative methylation under single turnover conditions (MePCEMT 

in molar excess to RNA); however, nonlinear behavior is observed under multiple turnover 

conditions (Fig. 5a). These data reflect an initial fast phase corresponding to a quantitative 

single turnover, followed by a slow phase corresponding to a second turnover event that is 

limited by product release27. To explain these results, we first investigated the equilibrium 
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Fig. 4. 
Active site of MePCEMT organizes cofactor and triphosphate in near transition state. a. 
Surface representation of the cofactor binding cleft in MePCE–SAH–7SK. MePCEMT is 

shown in gray cartoon. Surface coloring is identical to that in Fig. 2. b. Overlay of MePCE–

SAH–7SK and MePCE–SAH–me7SK structures highlighting the positions of SAH and γ-

phosphate in the active site. In MePCE–SAH–7SK, SAH is magenta and phosphorus atoms 

are gold; in MePCE–SAH–me7SK, SAH is blue and phosphorus atoms are orange with the 

methyl group in cyan. c. Triphosphate binding residues position the γ-phosphate oxygen in 

line with SAH sulfur in MePCE–SAH–7SK. The triphosphate-binding tunnel is shown as 

surface representation colored as in Fig. 2. d. Specific H-bonding and stacking interactions 

between the SAH adenosyl group and MePCEMT. e. H-bonds between SAH homocysteine 

group and MePCEMT. f. vdW radii of sulfur atom and γ-phosphate oxygen atom in 

MePCE–SAH–7SK showing the direct contact between the two. g. vdW radii of sulfur atom 

and methyl carbon atom in MePCE–SAH–me7SK showing the slight overlap between the 

two atoms. h. Positions of SAH sulfur, γ-mePi, and Y421 in MePCE–SAH–me7SK, with 

hypothetical position of SAM methyl group shown as transparent ball. Y421 stacks above 

path of methyl transfer. Atoms colored as in (g). i. Methyltransferase activities of wild type 

(wt) MePCEMT and point substitutions K585A (α0), F674A (α5′) and Y421A (α7) using 

SL1p as RNA substrate. All activities are within one turnover and are scaled relative to wt. 

Dots indicate values for each of the three independent reactions; bars indicate mean values; 

error bars are s.d. of three independent reactions performed for each protein construct. The 

single factor ANOVA1 test was used to compute the p-values, and the exact p-values are: 

0.000041 (Y421A), 0.0000077 (K585A) and 0.0000072 (F674A).
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Fig. 5. 
MePCEMT multiple turnover kinetics and binding experiments reveal product and byproduct 

inhibition and retention. a. MePCEMT activity assay show nonlinear progress curves for 

varying concentrations of SL1p. Error bars are standard deviations for three independent 

reactions for time points ≥ 5 min. Time points taken at 1.5 min and 3 min were performed 

once. Data points reflect mean values for time points ≥ 5 min. The solid lines are best fits to 

equation 1 (see Online Methods). b–c. ITC data and plots of MePCEMT binding to RNA 

substrates SL1p (b) and methylated SL1p (c). 3 equivalents of SAH were added to 

MePCEMT in the ITC experiments, and the numbers of replicates are included in 

Supplementary Table 3d. Sequence and secondary structures of three RNA constructs 

assayed for MePCEMT binding. e. Methyltransferase apparent activity (observed sum of 

single-turnover and product-inhibited activity) of MePCEMT with different RNA substrates 

or with inhibitors added under multiple turnover conditions. The two sets of plots indicate 
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two sets of experiments, each performed with one enzyme stock with a SL1p control. All 

activities are measured in three independent reactions and the averages are scaled to the 

SL1p in the absence of Mg2+. Dots indicate values for each of the three independent 

reactions; bars indicate mean values; error bars are s.d. from the three reactions. The single 

factor ANOVA1 test was used to compute the p-values, and the exact p-values are shown on 

the graph.
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Table 1.

Thermodynamic parameters of MePCE binding to cofactor and RNA substrates

KD (nM) N

Ligand

SAM 1580 ± 180 0.8 ± 0.3

SAH 122 ± 35 0.8 ± 0.1

7SK*

SL1p 100 ± 43 0.9 ± 0.1

meSL1p 35 ± 10 0.9 ± 0.1

S1alt 800 ± 99 0.6 ± 0.1

meS1alt 146 ± 42 0.7 ± 0.1

SL1pΔss n.b.**

SL1pΔ1–3 100 ± 50 0.8 ± 0.1

U6*

U6-SL1 30 ± 11 0.8 ± 0.1

meU6-SL1 27 ± 4 0.8 ± 0.1

*
MePCE is in the presence of 3 equivalents of SAH

**
n.b. is no binding

Individual replicates were fit using Origin 7 using a one-site fitting equation. The parameters determined from n fits were averaged to determine the 
mean and standard deviation, where n is as follows: SAM (n=2); SAH (n=4); SL1p (n=6); meSL1p (n=3); S1alt (n=2); meS1alt (n=3); SL1pΔss 
(n=2); SL1pΔ1–3 (n=4); U6-SL1 (n=4); meU6-SL1 (n=2)
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