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SUMMARY

ALKBH5 is one of only two known human non-heme Fe(II)/2-oxoglutarate-dependent 

oxygenases that catalyze the demethylation of N6-methyladenine (m6A) in single-stranded mRNA, 

underscoring its role in diverse cancers. Unlike its homolog, the fat mass and obesity-associated 

protein (FTO), which oxidizes m6A to a stable N6-hydroxymethyladenine (hm6A) intermediate, 

ALKBH5 demethylates m6A, yielding adenine and formaldehyde as products. Here, we integrate 

molecular dynamics simulations and quantum mechanics/molecular mechanics methods to 

elucidate ALKBH5’s complete catalytic mechanism. Two post-hydroxylation pathways were 

evaluated: a proton transfer pathway and a Schiff base formation pathway, with the former 

emerging as the favored mechanism. We identify second-sphere residues Lys132 and Tyr139 as 

essential contributors to catalysis and demonstrate how Val191 and Tyr133 modulate activity. 

Dynamic analyses reveal that correlated motions of structural elements such as nucleotide 

recognition lids NRL1 and NRL2 and increased flexibility of the NRL2 loop in the hm6A 

intermediate may be critical for efficient demethylation.
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Cherilakkudy et al. reveal the catalytic mechanism ofALKBH5, with emphasis on dioxygen 

activation, substrate oxidation, and post-hydroxylation. Furthermore, the study explores the role of 

correlated motions and SCS residues in catalysis.

Graphical Abstract

INTRODUCTION

The human RNA demethylase ALKBH5 catalyzes the oxidative demethylation of N6-

methyladenine (m6A) in single-stranded (ss) mRNA.1 m6A modifications play a critical 

role in regulating mRNA stability and metabolism, thereby influencing gene expression 

and affecting key cellular processes such as proliferation,2 metastasis,3 invasion,4 and 

ossification.5 Dysregulation of ALKBH5 has been implicated in the development and 

progression of various cancers.6,7

ALKBH5 belongs to the alkylation repair homolog B (AlkB) family of non-heme Fe(II)/

2-oxoglutarate (2OG)-dependent oxygenases,8,9 which includes bacterial AlkB enzyme9,10 

and nine human homologs: ALKBH1–8 and fat mass and obesity-associated protein (FTO; 

also known as ALKBH9).9,11 Among these, only ALKBH5 and FTO function as RNA 

demethylases that modify m6A.1,12,13 FTO catalyzes the oxidative demethylation of m6A via 

hydroxylation to form a hemiaminal intermediate (hm6A; hydroxymethyladenine), whereas 

ALKBH5 directly removes the methyl group to yield adenine and formaldehyde.14
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Non-heme Fe(II)/2OG-dependent oxygenases possess a characteristic distorted double-

stranded β-helix (DSBH) core fold that harbors the Fe(II) center and its coordinated 

ligands.8,15,16 The crystallographic structure of ALKBH5 in complex with ssRNA (PDB ID: 

7WKV)17,18 (Figure 1A) reveals distinctive structural features, including an extended βIV-V 

loop (residues 229–242) and a relatively long N-terminal extension with respect to other 

AlkB members. ALKBH5 also contains two nucleotide recognition lids (NRLs): NRL1 

(residues 124–137) and NRL2 (residues 138–161), characteristic of the AlkB family,10 

located within the N-terminal region. In the crystal structure of ALKBH5, the active 

site Mn(II) ion (substituting for Fe(II) ion) is coordinated in a monodentate manner by 

two histidine residues (His204 and His266) and one aspartate residue (Asp206), together 

forming the canonical 2-His-1-carboxylate facial triad, a characteristic of many non-heme 

Fe(II)/2OG-dependent oxygenases. In addition to these facial triad residues, the co-substrate 

2OG also coordinates with Mn(II) in a bidentate manner. The C1 carboxylate of 2OG 

coordinates Fe(II) in an off-line binding mode19 as observed in other Fe(II)/2OG-dependent 

nucleic acids demethylases such as FTO,20 AlkB,21,22 and ALKBH2.23 In this off-line 
mode, the C1 carboxylate binds trans to the His2 (His266), in contrast to the in-line mode, 

where is coordinates trans to His1 (His204). The active site is illustrated by the Fe(IV)=O 

intermediate (modeled as explained in the system setup in the computational methods 

section), as shown in Figure 1B. The substrate is an ssRNA tetramer containing m6A, which 

binds in the active site and is stabilized by several key interactions. The 5′-phosphate group 

forms a salt bridge with the side chain of Arg130 from the NRL1 lid, while 2′-hydroxyl 

group of m6A ribose interacts with the backbone carbonyl of Ser203 (Figure 2).18 The 

purine ring of m6A is oriented to engage in a π-π stacking interaction with the imidazole 

ring of the Fe(II)-coordinated His204, and its N6 atom forms a hydrogen bond with the 

hydroxyl group of Tyr139.18 Additionally, the purine ring of the guanine at the −1 position 

(G-1) forms a π-π interaction with the phenyl ring of Phe234 in the βIV-V loop.18 These 

interactions collectively stabilize and maintain a catalytically productive orientation of the 

ssRNA substrate in the active site. However, the βIV-V loop in ALKBH524 is similar to 

the L1 loop in FTO,25 which hinders the productive binding of dsDNA or RNA, thereby 

explaining the preference of both enzymes for ssRNA substrates. In addition, the high 

homology of the zebrafish and murine ALKBH5 can provide a good background for further 

validating computational models and for evolutionary studies.26,27

ALKBH5 follows the general mechanistic strategy of non-heme Fe(II)/2OG-dependent 

oxygenases,8,15,16,28–31 as established by both experimental15,16,29,30,32–37 and 

computational studies (Scheme 1).38–49 In the resting state, the Fe(II) ion is coordinated 

to two histidine residues (His204, His266), one aspartate (Asp206), and three water 

molecules. Upon bidentate coordination of 2OG, two water molecules are displaced. The 

primary substrate then binds near the Fe(II) center, displacing the third water molecule 

and generating an open coordination site for O2. A recent NMR study demonstrates that 

binding of the primary substrate, m6A, to ALKBH5 induces a conformational shift of 2OG 

from an off-line to an in-line binding mode. This rearrangement is essential for exposing 

the metal center, thereby enabling the coordination of molecular oxygen (O2).50,51 Upon 

O2 binding, a ferric-superoxo (Fe(III)–O–O⋅−) complex is formed. The distal oxygen (Od) 

of Fe(III)–O–O⋅− of this complex then performs a nucleophilic attack on the α--carbonyl 
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carbon (C2) of 2OG, resulting in the decarboxylation and formation of a Fe(II)-succinyl-

peroxo intermediate.52–57 Heterolytic cleavage of the O–O bond subsequently generates 

a catalytically reactive Fe(IV)=O (ferryl) species,58–61 which is capable of oxidizing C–

H bonds in the methyl group of the substrate.39,62–66 Substrate C–H bond oxidation 

begins with hydrogen atom transfer (HAT) from m6A by the ferryl species, generating a 

ferric hydroxo (Fe(III)–OH) complex and a substrate-based methylene radical. Rebound 

hydroxylation then occurs, resulting in the formation of hemiaminal (hm6A) intermediate.

In contrast to FTO, where the reaction of the hemiaminal product to form formaldehyde 

and unmodified base occurs slowly and non-enzymatically,14 ALKBH5 performs enzymatic 

fragmentation67 of hm6A, giving formaldehyde and adenine. Two mechanisms have 

been proposed for the ALKBH5-catalyzed hm6A fragmentation based on structural and 

mutagenesis data.18,67

The first proposed mechanism (mechanism 1; Scheme 2)18 involves a series of proton 

transfers with the participation of second coordination sphere (SCS) residues, Lys132 and 

Tyr139; it starts with an abstraction of a proton by Lys132 from the side chain hydroxyl 

group of Tyr139, followed by Tyr139 abstracting a proton from the hydroxyl group of 

hm6A. Subsequently, formaldehyde is released, and adenine abstracts a proton from Lys132 

(Scheme 2).18

An alternative mechanism (mechanism 2) proposed outlines two possible pathways that both 

begin with the formation of a nascent Schiff base.67 In this mechanism, Lys132 serves as 

a proton donor, facilitating the release of a water molecule from hm6A to form a Schiff 

base. The Schiff base can then either react with deprotonated Lys132 (pathway 1) or by 

Tyr139 (pathway 2), forming a protein-substrate intermediate. This is followed by the 

release of adenine and either a formation of an iminium ion (pathway 1) or an oxocarbenium 

intermediate (pathway 2) and subsequent release of formaldehyde (Scheme 3).

Previous mutagenesis studies of two key SCS residues in ALKBH5—Lys132 and Tyr139—

further support their participation in the post-hydroxylation mechanism.67 In particular, the 

K132Q variant exhibits reduced activity, giving hm6A as a major product, similar to FTO14; 

and K132R and Y139A variants are catalytically inactive.18

Although the general catalytic mechanisms of non-heme Fe (II)/2OG-dependent 

oxygenases, have been investigated through both experimental15,16,29,30,32–37 and 

computational studies,38–49 a comprehensive understanding of the demethylation of m6A 

in ssRNA by ALKBH5 remains elusive. Despite available experimental studies on the 

ALKBH5’s structure,18,27,68 mechanism,18,67 mutants,1,67,68 and inhibition,69–74 significant 

knowledge gaps persist largely due to the previous absence of a crystal structure of 

the ALKBH5-ssRNA (m6A) complex. Key aspects such as the geometric and electronic 

structures of the key transition states (TSs) and reaction intermediates (IMs), the role of SCS 

and long-range (LR) residues in catalysis, and how the enzyme’s internal correlated motions 

correlate to its function have not been explored. Importantly, the chemical mechanism of the 

post-hydroxylation step remains unknown. These insights are crucial for efforts in enzyme 

redesign and the development of ALKBH5-specific inhibitors.

Cherilakkudy et al. Page 4

Cell Rep Phys Sci. Author manuscript; available in PMC 2025 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The recently elucidated crystal structure of the human ALKBH5-ssRNA (m6A) complex 

(PDB ID: 7WKV)17,18 provides a foundation to address these gaps by applying 

computational chemistry approaches. In this study, we leverage this structural information to 

investigate the complete catalytic mechanism of ALKBH5-mediated m6A demethylation 

in ssRNA, applying molecular dynamics (MD)-based quantum mechanics/molecular 

mechanics (QM/MM) calculations.

RESULTS AND DISCUSSION

ALKBH5 dioxygen activation mechanism

To investigate dioxygen (O2) activation in ALKBH5, we performed a 1 μs MD simulation 

of the reactive in-line ALKBH5-ssRNA-Fe(III)–O–O⋅− complex (Figure S1). Root-mean-

square deviation (RMSD), time-dependent profile of the distance between Od and C2 

of 2OG and root-mean-square fluctuations (RMSFs; Figures S2–S4) indicate a stable 

simulation with the distance between Od and C2 of 2OG averaging at 4.24 Å (Figure 

S3). The βIV-V loop (residues 229–242) is characterized by high fluctuations (RMSF plot, 

Figure S4). The MD-generated ensemble of structures was subsequently used for QM/MM 

potential energy scans (PES) calculations. For O2 activation, we used one snapshot, as 

we demonstrated in an earlier study, that O2 activation is less sensitive to conformational 

changes of the RC.48 O2 activation begins with a nucleophilic attack by the Od of Fe(III)–

O–O⋅− in RC1 on the C2 carbon of 2OG. This reaction leads to cleavage of the C1–C2 

bond in 2OG and formation of an exothermic Fe(II)-peroxosuccinate intermediate (IM1), 

with a reaction energy of −48.1 kcal/mol (Figure 3A). The activation energy barrier for 

the nucleophilic attack is 9.1 kcal/mol, comparable to that observed in other Fe(II)/2OG 

enzymes such as FTO48 (9.7 kcal/mol) and TET249 (9.1 kcal/mol), and slightly lower 

than that reported for ALKBH2 (off-line, 11.8 kcal/mol),38 EFE (10.4 kcal/mol),54 and 

BesD (17.7 kcal/mol).57 Following the formation of the Fe(II)-peroxosuccinate intermediate 

(IM1), cleavage of the Op–Od bond occurs, leading to the formation of a Fe (III) partial bond 

intermediate (IM2) with an activation energy of 2.5 kcal/mol at the B3 level. This value is 

slightly higher than that reported for FTO48 (0.5 kcal/mol) and ALKBH238 (off-line, 0.9 

kcal/mol) but lower than that for TET249 (4.4 kcal/mol). IM2 is characterized by a partial 

Op–Od bond distance of 2.24 Å and a Fe–Op bond distance of 1.78 Å (Figure 3B). IM2 

subsequently rearranges to form a catalytically active in-line ferryl (Fe (IV)=O) complex, 

IM3, in which the Fe–Op distance shortens to 1.62 Å and the Op–Od bond extends to 

2.94 Å. The large energy drop (72.1 kcal/mol) associated with IM3 species in ALKBH5 

is consistent with calculated reaction energies for the ferryl formation in other Fe(II)/2OG 

enzymes, such as TauD, as reported by Neese (−61.8 kcal/mol),75 TET2 (−62.5 kcal/mol),49 

EFE (−50.9 kcal/mol),76 and PHF8 (−68.8 kcal/mol).19 Key geometric parameters of the 

O2 activation stationary points are compared in Figure 3B. These calculations suggest that 

while the O2 activation mechanism in ALKBH5 shares similarities with other non-heme 

Fe(II)/2OG-dependent enzymes, subtle structural differences likely contribute to ALKBH5’s 

unique substrate specificity and catalytic efficiency.
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Conformational dynamics of the reactant complex for the substrate oxidation (ALKBH5-
ssRNA (m6A) ferryl complex)

Studies on several non-heme Fe(II)/2OG-dependent oxygenases have shown that 

conformational dynamics influence the mutual orientation between the ferryl species and the 

substrate, thereby affecting HAT reactivity.45,77,78 To explore the effects of conformational 

dynamics on the in-line ferryl complex with ssRNA, we performed a 1 μs MD simulation. 

The RMSD, time-dependent distance profile between the ferryl oxygen (Op) and the methyl 

carbon (C) of m6A, Fe–Op–C angle plot, and RMSF data are presented in Figures S5–S9. 

In the RMSF plot (Figure S8), the fluctuations observed around 0–50 residues region are the 

N-terminal fluctuations, as confirmed by principal-component analysis (PCA; Figure 4B). 

The region, including 140–150 residues, corresponds to the highly flexible NRL2 segment 

(residues 138–161) of ALKBH5. The results indicate a stable complex, with an average 

RMSD of 1.75 Å (Figure S5). Key parameters relevant to HAT in ALKBH5 include the 

distance between the ferryl Op and the methyl group C of the substrate (Figure S9), with 

an average value of 4.14 Å, and the Fe–Op–C angle (average value 133°, Figure S7). These 

values, obtained from the MD simulation, indicate favorable proximity and orientation of 

the m6A substrate for efficient HAT in ALKBH5. MD simulations of the ferryl complex 

reveal that an extensive network of interactions within the protein environment stabilizes the 

position of the m6A substrate. These include stacking interactions involving the side chains 

of Tyr141 and Tyr139 in the NRL2 loop, as well as π-π interaction with the imidazole 

ring of His204, consistent with the crystal structure.18 Additionally, m6A forms a strong 

hydrogen bond between its N3 atom and the hydroxyl group of Tyr139. The electrostatic 

interaction between the 5′-phosphate group of m6A and the positively charged side chain 

of Arg130 from the NRL1 remains consistent throughout the MD simulation (Figure S10 

and 95%). Furthermore, m6A maintains a hydrogen-bonding network with Arg283, Arg130, 

Lys132, and the ferryl oxygen (Op), consistent with the crystal structure.18 The face of G-1 

(guanine at the −1 position of the ssRNA strand) remains engaged in π-π interaction with 

the phenyl ring of Phe234 in the βIV-V loop, helping to anchor the RNA strand within 

the enzyme’s active site throughout the MD simulation. Additionally, the backbone amide 

(NH) of Lys235 in the βIV-V loop formed a strong interaction (69%) with the 5′-hydroxyl 

oxygen of the guanine at −2 position (G-2) ribose sugar ring in ssRNA (Figure S11), 

further stabilizing the substrate. The N4 and the N4-amine hydrogens of C+1 (cytosine at 

the +1 position) form hydrogen bonds with the backbone amide hydrogen (NH) (Figure 

S12) and carbonyl oxygen of Val205 (Figure S13), respectively, contributing to the overall 

stabilization of the ssRNA strand in the active site. To further evaluate the strength of the 

hydrogen bond interactions, we calculated the lifetime of the hydrogen bonds in individual 

frames for interactions involving the phosphate and hydroxyl group of the guanine with 

the SCS residues Arg130 and Lys235, respectively (Figures S10 and S11). Our analysis 

reveals that the average lifetime of the hydrogen bond between the 5′-phosphate group of 

m6A and Arg130 is 0.95 (lifetime range from 0 to 1, where 0 indicates no hydrogen bond 

interaction and 1 indicates a strong hydrogen bond, as shown in Figure S10). Similarly, 

the hydrogen bond between Lys235 and the 5′-hydroxyl oxygen of the guanine at the 

−2 position has an average lifetime of 0.80 (Figure S11). Notably, the ssRNA tetramer 

containing m6A maintains the orientation observed in the X-ray structure,18 while the 

conformational dynamics finely tune the SCS interactions to support productive catalysis.
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Further, the Fe center of the ALKBH5 is rigid, which is in agreement with MD studies of 

other Fe(II)/2OG enzymes38,48 (more information is provided in section S1).

Correlated motions in enzymes provide insights into how distant regions of the protein 

can influence catalysis.79–83 These motions involve dynamic couplings between spatially 

separated parts of the system. We focus on correlated motions involving SCS residues 

that orient and stabilize the substrate and may modulate the reactivity at the Fe center. 

Notably, we investigate correlated motions of SCS residues that are energetically involved 

in the stabilization of TSs. Dynamic cross-correlation analysis (DCCA) of ALKBH5 

reveals that the DSBH (residues 189–283) β-sheets (see secondary structures in Figure 

S14) positively correlate with each other, highlighting the structural stability of the DSBH 

fold (Figure 4A in blue boxes). Furthermore, the ssRNA substrate strand correlates with 

Fe-coordinated residues His204 and Asp206 in the βII strand of the DSBH, facilitating 

productive substrate orientation. The roles of NRL1 and the βIV-V loop in catalysis are 

highlighted by their positive correlations with the βII and βVII strands of the DSBH fold, 

suggesting their contribution to the overall compactness of the active site and productive 

substrate orientation. This has been further supported by experimental data showing a 

loss of ALKBH5 activity in NRL1 variants, R130A and K132A, as well as in the βIV-V 

loop double variant F232A/F234A.18,68 NRL2 also exhibits positive correlation with the 

substrate strand, reinforcing its role in substrate recognition and catalysis, further supported 

by experimental evidence of a loss of ALKBH5 catalytic activity in NRL2 mutants Y139A 

and Y141A.68 PCA (Figure 4B), illustrating the direction of motion and relative flexibility 

of different regions, reveals that the ALKBH5 Fe(IV)=O complex is relatively rigid, 

with the exception of its N-terminal region. PCA and DCCA suggest that although the 

reactant complex is relatively rigid, complex correlated motions may fine-tune catalysis and 

contribute to its effectiveness. Notably, the positive correlations of NRL1 and NRL2 with 

the ssRNA strand are unique for ALKBH5, not observed in either FTO48 or ALKBH2,38 

potentially contributing to ALKBH5’s distinct demethylation activity. Exploring these 

correlated motions advances our fundamental understanding of how LR dynamic networks 

of interactions can influence catalysis. In the long term, such knowledge can be used for 

enzyme redesign; by targeting remote interaction partners of catalytically relevant residues, 

it may be possible to modulate enzymatic activity in a precise and controlled manner without 

altering the active site directly.

Hydroxylation of m6A in ALKBH5-ssRNA

In the first (HAT) step, the ferryl species abstracts a hydrogen atom from the methyl group 

of m6A, generating a Fe(III)–OH intermediate and a substrate radical. In the second step 

(rebound hydroxylation), the hydroxyl group rebounds to the substrate radical, yielding the 

hm6A intermediate.

Mechanism of HAT in the ALKBH5-ssRNA complex

The HAT mechanism was explored using five well-equilibrated structures from the MD 

simulations, where the RMSDs were very stable (Figure S5). We also considered key 

parameters relevant to catalysis, such as the distance between the Op and the m6A’s 

C (Figure S6) and the Fe–Op–C angle (Figure S7). Overall, the QM/MM calculations 
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for the HAT reaction were performed using multiple snapshots that closely resemble 

the average structure from the stable regions of the MD simulations. This approach 

allows for the estimation of the effects of the conformational variability of the RCs on 

the activation and reaction energies of the HAT reaction. Consistent with the previous 

studies,52,64,65,84–88 the QM/MM calculations were carried out for the quintet state of the 

ALKBH5 Fe(IV)=O complex. The calculated energy barriers at the B3 level range from 

18.2 to 22.0 kcal/mol (with a Boltzmann-weighted average of 19.0 kcal/mol; Figure 5A). 

These values are consistent with HAT mechanisms reported for other Fe(II)/2OG-dependent 

oxygenases,41,45,47,89 including ALKBH2 (22.2 kcal/mol)38 and FTO (20.2 kcal/mol).48 The 

distance between the Op and the substrate’s C varies between 4.0 Å and 4.2 Å (Table S1), 

the Fe–Op–C angle varies between 160.0 ° and 137.5° (Table S1) in these five snapshots, the 

activation barrier varies between 18.2 kcal/mol and 22.0 kcal/mol, and the reaction energy 

varies between −0.3 and −7.0 between kcal/mol, indicating a delicate dynamic influence 

on the geometric parameters that are of key importance for the HAT reaction (Figure 5). 

We acknowledge that this approach has certain limitations and that alternative QM/MM 

free energy methods could offer more comprehensive insights, for example, QM/MM 

metadynamics90–92 or QM/MM potential of mean force.93,94 However, such calculations 

are computationally intensive and subject to future work.

The calculated HAT reaction barrier for ALKBH5 (19.0 kcal/mol) is in good agreement 

with experimentally determined activation barriers reported for other Fe(II)/2OG enzymes. 

For comparison, experimentally derived rate-limiting activation barriers, derived using 

the Eyring equation, are 20.2 kcal/mol for FTO,95 21.1 kcal/mol for both TET296 and 

ALKBH1,97 and 19.4 kcal/mol for AlkB.98

QM/MM optimized TSs from the five potential energy surfaces are shown in Figures 5B–5F, 

illustrating partial hydrogen transfer to the ferryl oxygen (Op). In the lowest PES, the key 

distances observed in the RC2/IM3 intermediate are 1.62 Å for Fe–Op, 3.64 Å for Op–H, 

and 1.10 Å for C–H (Figure 6; Table S1). The calculated Fe(IV) spin density of 3.12 (Figure 

6; Table S2) supports the +4-oxidation state. Additionally, the Op spin density of 0.62 is 

consistent with experimental characterization of non-heme ferryl intermediates in the quintet 

spin state,99 as well as with previous computational studies on other non-heme Fe(II)/2OG-

dependent oxygenases.38,100–102 Compared with RC2, the Fe–Op and C–H distances in 

TS3 increased to 1.72 Å and 1.25 Å, respectively, while the Op–H distance decreased to 

1.35 Å, confirming partial HAT (Figure 6; Table S1). HAT results in the formation of the 

Fe(III)–OH intermediate (IM4), as indicated by the elongated Fe–Op bond (1.83 Å) and 

the shortened Op–H (0.98 Å) distances (Figure 6). The change in Fe spin density from 

3.12 to 4.19 indicates an oxidation state change from +4 to +3. The formation of a radical 

on the substrate methyl carbon (C) is further confirmed by the change in the spin density 

to −0.81 (Table S2). The intermediate IM4 is exothermic (−1.0 kcal/mol at the B3 level) 

(Figure 5A). The lowest HAT activation energy barrier, 18.2 kcal/mol, is consistent with 

the barriers reported for FTO (19.4 kcal/mol)48 and ALKBH2 (21.6 kcal/mol).38 Notably, 

in both ALKBH5 and FTO,48 the HAT reaction is exothermic, whereas in ALKBH2,38 it is 

endothermic. HAT barriers for all five ALKBH5 reaction profiles are provided in Table S3. 

The QM/MM optimized geometries of the five HAT TSs and their superimposed structures 

are shown in Figures 5B–5G. The energies for all RC2 structures were set to zero for two 
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reasons: (1) after truncation of the MD snapshots for the QM/MM calculations (see methods 

section, QM/MM Calculations), each structure contained a different number of MM atoms, 

rendering their energies incomparable; and (2) this normalization enabled plotting all five 

HAT energy profiles on the same graph to illustrate differences in activation and reaction 

energies. HAT calculations performed by extending the QM region (including Arg283 and 

Tyr139) show consistent results with the standard model. More details are provided in 

section S2.

The analysis of the molecular orbital mechanism of HAT indicates σ-channel (more details 

are shown in section S3, Figures S25 and S26; Table S4).

Role of SCS residues in stabilizing HAT TS

To investigate the energetic contributions of SCS residues to the stabilization of the HAT 

TS (TS3), we performed EDA. EDA quantifies the difference in non-bonded interaction 

energies (coulombic and van der Waals) between individual residues in the MM region 

and the QM region of the optimized RC and TS structures (Figure 7). The EDA results 

indicate that SCS residues Val191 and Gln153 stabilize TS3 relative to RC2, with energy 

contributions of −1.4 kcal/mol and −1.3 kcal/mol, respectively. In contrast, SCS residues 

Lys132 and Arg283, as well as the LR residue Tyr133, destabilize TS3, contributing 

1.3 kcal/mol, 2.6 kcal/mol, and 8.1 kcal/mol, respectively (Figures 7 and S15A). These 

interactions are largely consistent across the other four HAT TSs (TS3).

Mechanism of rebound hydroxylation in the ALKBH5-ssRNA complex

After HAT, the intermediate IM4 undergoes rebound hydroxylation via TS4, leading to the 

formation of the hm6A intermediate (IM5). The Fe–Op and Op–C distances of 1.90 Å and 

2.68 Å in TS4 indicate a partial transfer of the hydroxyl group from the Fe(III) center to the 

methyl carbon (Figure 6). In IM5, the C–Op distance shortens to 1.42 Å, while the Fe–Op 

bond elongates to 2.27 Å, accompanied by a spin density of 3.80 on Fe, consistent with 

a +2-oxidation state. The calculated activation energy barrier for rebound hydroxylation in 

ALKBH5 is 2.1 kcal/mol at the B3 level (Figure 8), substantially lower than the barriers 

reported for FTO48 (9.2 kcal/mol) and ALKBH2 (6.1 kcal/mol),38 indicating a relatively 

rapid rebound hydroxylation process in the ALKBH5-ssRNA complex. A reaction energy of 

−27.5 kcal/mol suggests that formation of the hm6A intermediate is energetically favorable.

The EDA results suggest that TS4 is stabilized by the same SCS residues that stabilize the 

HAT TS3, specifically, Gln153 (−0.97 kcal/mol) and Val191 (−0.70 kcal/mol), while it is 

destabilized by SCS residues Arg283 (3.62 kcal/mol) and Lys132 (1.81 kcal/mol), as well as 

the LR residue Tyr133 (0.82 kcal/mol) compared with IM4 (Figure S15B).

Molecular orbital analysis provides valuable insights into the electronic structure and 

reaction mechanism; yet, it has been less explored for the rebound hydroxylation step in 

ALKBH5. To address this gap, we performed an SNO analysis of the rebound hydroxylation 

reaction (Figure S16). The analysis reveals that an electron from the ϕC orbital migrates 

into the πxz
*  anti-bonding orbital, triggering cleavage of the Fe–Op bond. The bond cleavage 

facilitates the formation of new C–Op σ--orbitals. The spin density on the carbon indicates 
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that a β--electron is transferred from the substrate radical to the antibonding orbital of the 

Fe(III)–OH group, in agreement with prior studies of non-heme Fe(II)/2OG-dependent JmjC 

oxygenases.103,104

Post-hydroxylation reactivity of ALKBH5: Conformational dynamics of the hm6A 
intermediate

To explore the role of the conformational flexibility of the hm6A intermediate in ALKBH5 

catalysis, we performed a 1 μs MD simulation. The RMSD graph and the time-dependent 

profiles of key distances are provided in Figures S17 and S18. In the hm6A intermediate, 

the N6 atom and the phosphate oxygen are stabilized by strong hydrogen bonds with the 

hydroxyl group of Tyr139 and the backbone NH group of Val202, respectively. Additionally, 

the hydroxyl group of hm6A forms strong hydrogen bonds with the non-coordinating 

oxygen of succinate and with Arg283.

DCCA analysis of the hm6A intermediate (Figure 9A, black box) reveals that the NRL1 

loop exhibits anti-correlated motions with the βIV-V loop and NRL2, indicating ALKBH5’s 

preference for m6A over the hm6A substrate. PCA analysis (Figure 9B) further shows that 

the NRL1 loop, the βIV-V loop, and the substrate ssRNA strand move away from the active 

site, indicating that the hm6A complex adopts a less compact conformation compared with 

the ferryl complex (Figure 4). In contrast to the ferryl, the highly flexible NRL2 loop shifts 

slightly away from the substrate strand. This increased flexibility may be associated with the 

final stages of catalysis and the enzyme’s preparation for product release.

Post-hydroxylation of the hm6A intermediate

The post-hydroxylation in ALKBH5 proceeds through fragmentation of hm6A into adenine 

and formaldehyde via two distinct pathways: a series of proton transfers (mechanism 1, 

Scheme 2) or an alternative route involving Schiff base formation (mechanism 2, Scheme 3).

Decomposition of hm6A via mechanism 1

Mechanism 1 requires deprotonated Lys132; therefore, we selected Asp125, located near 

Lys132, as the proton acceptor (Scheme S1). The studies indicate that the reaction involves 

a water-mediated proton transfer from Lys132 to Asp125 and occurs via TS5, with a barrier 

of 16.7 kcal/mol with respect to RC3/IM5 (Figure 8), resulting in IM6. In TS5, the Lys132–

N–H and water–O–H bond distances elongate to 1.48 Å and 1.12 Å, respectively, consistent 

with a partial proton transfer from Lys132 to Asp125 through the bridging water molecule 

(Figures 10 and S19). Protonation of Asp125 is confirmed by the formation of an O–H bond 

(1.09 Å) and the elongation of the Lys132N––H distance to 1.54 Å in IM6.

We further performed MD simulations of IM6 since QM/MM calculations using IM6 

structures optimized directly from the minimum energy reaction path were not productive, 

suggesting that conformational dynamics may contribute to the formation of catalytically 

productive IM6. Therefore, we performed MD simulations to obtain a favorable reactive 

conformation.
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A stable trajectory of IM6 was observed (Figures S20 and S21), and subsequent QM/MM 

calculations were carried out with a snapshot selected by observing distances between the 

SCS residues (Lys132, Tyr139, and Asp125) and the substrate (hm6A). The QM region 

includes side chains of Tyr139, Lys132, and Asp125, and three water molecules: two 

of them between Tyr139 and Lys132 and one between Lys132 and the substrate, hm6A. 

To prepare the model, we adjusted the positions of the two water molecules bridging 

Tyr139 and Lys132 and refined the orientation of Tyr139, then optimized the MD snapshot 

to generate IM6’ (Figures 10 and 11). The water molecules were included to facilitate 

the proton transfer, as the residues and the substrate (Lys132, Tyr139, and hm6A) were 

not positioned closely enough to allow direct proton transfer.105,106 Notably, a water 

molecule bridging Lys132 and Tyr139 is present in the crystallographic structure of the 

ALKBH5-ssRNA (m6A) complex (PDB ID: 7WKV, Chain A).17,18 In addition, water 

molecules in this region naturally emerged during the MD simulation. Their presence was 

consistently maintained throughout the 1 μs productive MD simulation. While we do not 

have direct experimental conformation, the crystallographic structure and the well-validated 

MD strongly support the plausible existence of water molecules bridging Lys132 and 

Tyr139. In the IM6′ complex, the post-hydroxylation reaction is initiated by proton transfer 

from Tyr139 to Lys132 via two water molecules (Water-1 and Water-2 in Figure 11), with an 

activation barrier of 24.2 kcal/mol at the B3 level. This step proceeds via TS6, characterized 

by Tyr139–O–H and Lys132–N–H distances of 1.31 Å and 1.05 Å, respectively, indicating 

partial dissociation of the Tyr139–O–H bond and formation of the Lys132–N–H bond. 

In the resulting IM7 intermediate, deprotonation of Tyr139 and protonation of Lys132 

are confirmed by the elongated Tyr139–O–H distance (1.60 Å) and the shortened Lys132–

N–H distance (1.05 Å). This step appears to represent the highest energy barrier in the 

post-hydroxylation process, although delicate/subtle conformational changes may further 

modulate its energy. In IM7, the deprotonated Tyr139 abstracts the hydroxyl proton from 

hm6A, leading to the release of formaldehyde. During this fragmentation, the N6 atom 

of adenine abstracts a proton from Lys132 via a water molecule (Water-3, Figure 11), 

completing the proton transfer cycle with an activation barrier of 20.8 kcal/mol at the B3 

level (Figure 8). This step proceeds through TS7, characterized by slight elongation of 

Tyr139–O–H bond (1.03 Å), hm6A–N6–C bond (1.56 Å), and the Lys132–N–H (1.65 Å), 

along with shortening of the hm6A–N6–H distance to 1.38 Å compared with their respective 

distances in IM7. In IM8, the formation of formaldehyde is evidenced by the carbonyl bond 

distance (1.21 Å) and the elongated N6–C distance in hm6A (2.91 Å). The restored adenine 

is confirmed by the N6–H bond length of 1.03 Å. In this state, deprotonated Lys132 abstracts 

a proton from Asp125 through a barrierless process, yielding the highly exothermic final 

product (PD), with a reaction energy of −62.0 kcal/mol relative to IM6’ (Figure 8). The 

Lys132–N–H bond distance of 1.06 Å in PD indicates complete protonation of Lys132. 

Although this proton transfer is barrierless, Lys132 must adopt specific conformational 

changes to facilitate the transfer. The second proton transfer step (IM6′ to TS6) could 

be the highest energy barrier (24.2 kcal/mol) in both the post-hydroxylation process and 

the entire reaction, slightly exceeding the experimentally observed activation barrier for 

ALKBH5 demethylation of m6A (20.9 kcal/mol).1,24 The hydroxyl group of Tyr139 plays 

a critical role in the post-hydroxylation fragmentation of hm6A, including the rate-limiting 

step. This is supported experimentally by a considerable decrease in reaction rate observed 
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in the Y139F variant and the complete loss of catalytic activity in the Y139A variant.14 

The involvement of Lys132 in the post-hydroxylation process is further supported by the 

reduced activity of the K132Q variant, which predominantly produces hm6A as FTO,67 

and by the complete loss of catalytic activity in the K132R.18 Moreover, the overall kcat 

of ALKBH51,24 is in reasonable agreement with the predicted activation barrier of the 

rate-limiting step, corresponding to 20.9 kcal/mol calculated from the experimental rate 

constant using the Eyring equation and 24.2 kcal/mol as determined by QM/MM reaction 

paths calculations.

Decomposition of hm6A via mechanism 2

An alternative proposal for hm6A fragmentation involves the formation of a nascent Schiff 

base (mechanism 2; Scheme 3). In this mechanism, Lys132 acts as a proton donor, 

promoting the elimination of a water molecule from hm6A and generating the Schiff 

base. The Schiff base can then react either with deprotonated Lys132 (pathway 1) or with 

Tyr139 (pathway 2), resulting in a protein-substrate adduct. Subsequent cleavage of this 

adduct yields adenine and forms either an iminium or an oxocarbenium ion intermediate, 

respectively. Hydrolysis of these intermediates ultimately releases formaldehyde (Scheme 

3).

Despite extensive attempts, our calculations did not support the formation of a stable Schiff 

base intermediate due to the inherent instability (section S4). We also investigated an 

alternative mechanism in which Lys132 could form a protein-substrate adduct by performing 

a nucleophilic attack during the generation of a Schiff base-like structure through suprafacial 

displacement of a water molecule (Scheme S2). However, this pathway exhibited a 

prohibitively high activation barrier of 47.8 kcal/mol at the B3 level (TSch1; Figure 

12), rendering it energetically unfeasible. We also evaluated an antarafacial displacement 

mechanism for water elimination to form a Lys132-protein-substrate intermediate (Scheme 

S2). To this end, we selected three different snapshots from the MD of the ALKBH5-hm6A 

intermediate and performed the antarafacial displacement calculations. Unfortunately, two of 

these attempts yielded activation barriers comparable to those observed for the suprafacial 

displacement (43.4 kcal/mol and 56.4 kcal/mol), while the third resulted in an even higher 

barrier of 83.7 kcal/mol (Figure S23). These results are consistent with the energetically 

unfavorable profiles observed for the suprafacial displacements, which are represented in 

Figures 12 and S23. Additionally, we considered a mechanism in which Lys132 serves 

as a proton donor during hm6A dehydration, followed by a nucleophilic attack by Tyr139 

on the resulting Schiff base to generate a Tyr139-protein-substrate intermediate (Scheme 

S3). However, this route ultimately led back to the formation of a Lys132-protein-substrate 

adduct with a high barrier of 46.9 kcal/mol (Figure S24), making this mechanism similarly 

unlikely.

These findings indicate that neither the Schiff base formation (mechanism 2) nor alternative 

pathways involving protein-substrate intermediates are energetically favorable. Instead, 

mechanism 118 emerges as the most plausible pathway for the post-hydroxylation reaction.

Several studies have reported deformylation of substrates following hydroxylation.79,107,108 

For example, a computational study on FTO demonstrated a 23.1 kcal/mol energy barrier for 
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water-assisted deformylation of hm6A in aqueous solution, consistent with the experimental 

value of approximately 24 kcal/mol.109 In contrast, the same process within the enzyme 

environment showed a much higher barrier of 76.6 kcal/mol.79 Similarly, a study of the 

catalytic mechanism of melatonin metabolism by CYP1A1 found that deformylation of 

hydroxylated melatonin occurs more effectively within the enzyme than through water-

assisted pathways in solution.108 A study on the CYP51 enzyme reported that the overall 

barrier for the deformylation mechanism within the enzyme is approximately 6.8 kcal/

mol.107 Our study further extends understanding of the post-hydroxylation mechanism 

within the specific arrangement of interactions in ALKBH5. While the hydroxylation 

of m6A was investigated in FTO by Shaik96 and by our group,47 the unique catalytic 

mechanism of the m6A-specific demethylase ALKBH5 has not been explored previously 

due to the absence of a crystal structure in complex with the substrate. The availability of the 

recent crystal structure of ALKBH5 bound to RNA containing m6A (PDB ID: 7WKV)17,18 

enabled us to investigate its catalytic mechanism and the distinctive SCS interactions that 

differentiate ALKBH5 from FTO, thus shedding light on its substrate selectivity. Notably, 

experimental studies have shown that the post-hydroxylation steps occur within the enzyme, 

in contrast to enzymes such as FTO. Although several reaction mechanisms have been 

proposed for this transformation, their feasibility has not been critically assessed. In this 

study, we systematically explored three alternative experimentally derived mechanisms and, 

for the first time, identified the most probable pathway.

In this study, we employed computational methods to investigate the catalytic mechanism of 

ALKBH5 conversion of m6A to adenine and formaldehyde.

While dioxygen activation in ALKBH5 shares common mechanistic features with other 

non-heme Fe(II)/2OG-dependent oxygenases, it is distinguished by unique energy barriers 

and structural characteristics that likely underline its high catalytic efficiency. The HAT 

step proceeds via a σ-channel electron transfer pathway with a Boltzmann-weighted 

average barrier of 19.0 kcal/mol, comparable to that in FTO (20.2 kcal/mol) and ALKBH2 

(22.2 kcal/mol). Notably, the rebound hydroxylation barrier in ALKBH5 (2.1 kcal/mol) is 

significantly lower than that in FTO (9.2 kcal/mol) and ALKBH2 (6.1 kcal/mol), reinforcing 

its catalytic efficiency.

Our QM/MM calculations evaluated two proposed mechanisms for the post-hydroxylation 

fragmentation of the hm6A intermediate: mechanism 1, involving proton transfers mediated 

by SCS residues, and mechanism 2, including Schiff base formation. The results support 

mechanism 1 as the most probable, with a series of proton transfers facilitated by 

Tyr139, Lys132, and Asp125. Among these, the proton transfer from Tyr139 to Lys132 

was identified as the rate-limiting step, exhibiting a barrier of 24.2 kcal/mol, consistent 

with the experimentally reported activation barrier for ALKBH5 demethylation. Previous 

experimental studies have highlighted the role of the SCS residues Lys132 and Tyr139 in 

the catalytic mechanism of ALKBH5.18,67 Consistent with these findings, our calculations 

also demonstrate that these residues are crucial for the reactions catalyzed by ALKBH5, 

particularly in the post-hydroxylation mechanism involving proton transfer. In contrast, 

mechanism 2, whether proceeding via classical Schiff base formation or alternative routes, 

was found to be energetically unfavorable.
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While both ALKBH5 and FTO initiate substrate hydroxylation via comparable hydrogen 

atom transfer (HAT) barriers and mechanism (follow a σ-channel electron transfer pathway), 

only ALKBH5 catalyzes complete conversion to adenine and formaldehyde; FTO, in 

contrast, produces a stable hydroxymethyl intermediate (hm6A), with slow, non-enzymatic 

fragmentation. Our study elucidates key mechanistic distinctions between the two enzymes, 

highlighting ALKBH5’s lower rebound hydroxylation barrier and identifying SCS residues, 

Lys132 and Tyr139, as critical to its catalytic mechanism, in agreement with experimental 

observations. Additionally, Val191 and Tyr133 were found to contribute specifically to 

ALKBH5 function, differentiating it from other ALKBH family members. We further 

demonstrate that conformational dynamics and allosteric networks in ALKBH5 play a 

central role in catalysis. Correlated motions between NRL1, NRL2, and the βIV-V loop, as 

well as their interactions with ssRNA, appear to support catalytic demethylation. Notably, 

enhanced flexibility of the NRL2 loop in the hm6A intermediate, compared with the ferryl 

state, may facilitate key proton transfer steps during post-hydroxylation fragmentation. 

Altogether, these findings offer a comprehensive mechanistic understanding of ALKBH5 

function and its unique catalytic strategy. This knowledge provides a valuable framework for 

the rational redesign of ALKBH5 and the development of selective inhibitors targeting RNA 

methylation pathways for therapeutic applications.

METHODS

Computational methods

An X-ray crystal structure of the complex between ALKBH5 and ssRNA containing m6A 

(PDB ID: 7KWV)17,18 was used as the starting point for modeling. In the crystal structure, 

the active site contains catalytically inert Mn(II) coordinated by 2OG in a bidentate manner 

and in off-line mode, two histidines (His204 and His266) in monodentate fashion, a 

monodentate aspartate (Asp206), and a water molecule. The Mn(II) was replaced with the 

catalytically active Fe(II), and the binding mode of 2OG was converted to a productive in-
line orientation50 (Figure 13) using Gauss View 6.0.110 The protonation states of ionizable 

groups were assigned using PROPKA.111 The protonation and tautomeric states of the 

histidine residues coordinating the Fe(II) center were verified by visual inspection in UCSF 

Chimera.112 To generate parameters for the Fe(III)–O–O⋅− intermediate, an O2 molecule 

replaced the metal-coordinated water in an end-on fashion (Figure 13). Parameters for the 

non-standard molecules, 2OG, m6A, and O2, were generated using the Antechamber module 

in Amber18.113 The Metal Center Parameter Builder (MCPB.py)114 in Amber18 was used to 

generate parameters for the active site Fe(III) (high spin S = 2, M = 5) and its coordinating 

ligands. Bond and angle force constants were derived using the Seminario method,115 and 

partial charges were calculated with the RESP charge fitting (ChgModB) method.116 The 

remaining protein residues were parametrized using the Amber FF14SB117 force field. The 

t-leap module of Amber18 was used to neutralize the system by adding Na+ counterions. 

The system was solvated using the Transferable Intermolecular Potential 3-Point (TIP3P) 

water model118 in a rectangular box extending at least 10 Å from the protein surface. 

The ferryl complex and hemiaminal intermediate were prepared by replacing 2OG with 

monodentate succinate, O2 with O2−, and m6A with hm6A, respectively. The MD setups 

of the different systems, ALKBH5-Fe(III)-superoxide-ssRNA(m6A), ALKBH5-Fe(IV)=O-
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ssRNA(m6A), ALKBH5-Fe(II)-ssRNA(hm6A), and ALKBH5-IM6, contained a total of: 

32,042, 32,030, 32,040, and 32,042 atoms, respectively (3,692, 3,689, 3,689, and 3,689 

protein atoms and 9,448, 9,445, 9,449, and 9,449 water molecules, respectively). The RNA 

was modeled using the AMBER18-FF14SB force field.

MD simulations

Two energy minimizations were performed before initiating the MD simulations. In the 

first minimization, only the water molecules and Na+ counterions were minimized while 

restraining the enzyme with a harmonic potential of 500 kcal mol−1 Å−2. In the second 

minimization, the entire system was optimized without restraints. For both minimizations, 

the first 5000 steps used the steepest descent algorithm, followed by 5000 steps of conjugate 

gradient minimization. The system was then gradually heated over 100 ps. During the 

first 50 ps, the temperature increased from 0 K to 300 K; during the remaining 50 ps, 

the temperature was maintained at 300 K, using a Langevin thermostat119 under constant 

volume (NVT ensemble) conditions. The solute was restrained with a harmonic potential of 

50 kcal mol−1 Å−2 during heating. To achieve uniform density, a weak harmonic restraint of 

5 kcal mol−1 Å−2 was applied for 1 ns using an NPT canonical ensemble. The system was 

then equilibrated (initial equilibration) within the NPT ensemble at constant temperature and 

pressure (300 K and 1 bar) for 3 ns without restraints. Production dynamics were conducted 

for 1 μs under the NPT ensemble. Pressure control was achieved using a Berendsen 

barostat,120 and the SHAKE algorithm121 was used to constrain bond vibrations involving 

hydrogen atoms. LR electrostatic interactions were treated with the particle mesh Ewald 

(PME) method,122 using a cutoff distance of 10 Å. The MD simulations were performed 

using the GPU-enabled PMEMD module of the Amber18. Periodic boundary conditions 

were applied throughout all simulations. No constraints were applied to the RNA substrate 

or any other part of the system during the MD simulations. MD trajectory analysis, including 

RMSD, RMSF, hydrogen bonding analysis, and electrostatic analysis, was conducted using 

the CPPTRAJ module of Amber18.123 DCCA and PCA were performed using the Bio3D 

module in the R package.124

QM/MM calculations

Chemshell125 was used to perform the QM/MM calculations. Turbomole126 was employed 

for the QM region, and DL_POLY127 for the MM region. For dioxygen activation, the 

QM/MM system contained 62 QM atoms (Figure 13) and 17,193 MM atoms, with four 

link atoms128 used to treat the covalent bonds at the QM/MM boundary. For HAT and 

rebound hydroxylation reactions, the QM region contained 59 QM and 17,355 MM atoms, 

and four link atoms. Several extended QM regions were also examined for HAT: with 

Arg283 included, the QM region contained 77 atoms and 17,337 MM atoms, and five link 

atoms; with Tyr139 included, the QM region contained 74 atoms and 17,340 MM atoms, 

with five link atoms; and including both Arg283 and Tyr139, the QM region contained 

92 atoms and 17,322 MM atoms, with six link atoms. For the proton transfer-mediated post-

hydroxylation mechanism (mechanism 1), the QM region for the first step contained 99 QM 

atoms and 17,315 MM atoms, with seven link atoms. For the second step and subsequent 

steps, the system contained 99 QM atoms and 16,940 MM atoms, with seven link atoms. 

For the alternative pathways leading to the Schiff base formation mechanism, the system 
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comprised 90 QM atoms and 17,687 MM atoms, also with seven link atoms. In all systems, 

atoms within 8 Å of the QM region were allowed to move during minimization. All water 

molecules beyond 12 Å from the protein surface were removed. The interaction between 

the QM and MM regions was described using the electronic embedding method. The MM 

region was modeled with the Amber FF14SB force field, while the QM region was treated 

with the unrestricted B3LYP (UB3LYP) functional. Geometry optimizations were performed 

using the def2-SVP basis set (B1) for all atoms. Starting from the optimized reactant 

complex (RC), PES along the reaction coordinate was conducted in small increments (0.1 

Å) to locate TSs and IMs using a DL-find optimizer.129 The TS geometries were then 

optimized without restraints using the dimer method130 in Chemshell. Single-point energy 

calculations were performed, with the higher basis set def2-TZVP (B2) for all atoms 

to improve the energies of the optimized stationary points. Frequency calculations were 

performed to confirm that the stationary points correspond to TSs or minima. Zero-point 

energy (ZPE) obtained from these frequency calculations was added to the B2 energies to 

yield the final B3 (B2+ZPE) energies. Molecular orbitals were analyzed using spin natural 

orbital (SNO) analysis.131 Energy decomposition analysis (EDA) was performed using the 

Fortran90 program developed by Cisneros et al.132
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Highlights

• The complete mechanism of ALKBH5 with m6A-ssRNA substrate has been 

explored

• Post-hydroxylation in ALKBH5 follows a proton transfer pathway

• Key role of SCS residues Lys132 and Tyr139 in post-hydroxylation has been 

revealed

• Study proposes key correlated motions linked to ALKBH5’s demethylation 

activity
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Figure 1. Structural considerations
(A) ALKBH5-ssRNA complex crystal structure (PDB ID: 7WKV). The ssRNA is shown 

in cyan; nucleotide recognition lids, NRL1 and NRL2, are colored in pink and navy blue, 

respectively, and the βIV-V loop is highlighted in red.

(B) Active site zoomed-in view of the Fe(IV)=O center; the model is based on the same 

crystal structure (PDB ID: 7WKV)17,18 with the metal center replaced from Mn to Fe.
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Figure 2. Two-dimensional interaction network of the ssRNA substrate and the ALKBH5 
residues
Hydrogen bond distances are in Å. PDB ID: 7WKV17,18
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Figure 3. Dioxygen activation mechanism
(A) QM/MM minimum energy profile for O2 activation reaction of the ALKBH5-Fe(III)–O–

O⋅− m6A (ssRNA) complex (RC1). Relative energies are given in kcal/mol at the B3 level (in 

black).

(B) Geometries of the stationary points during the O2 activation reaction. Significant 

distances (Å) and spin densities are in red and black, respectively.
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Figure 4. Conformational dynamics
(A) Dynamic cross-correlation analysis (DCCA) of the ALKBH5-ssRNA ferryl complex. 

The numbers from 1 to 226 correspond to 74–299 in the crystal structure—PDB ID: 7WKV. 

1–219 (protein), 220 (Fe), 221(Op), 222 (succinate), 223–226 (ssRNA), and 225 (m6A).

(B) Principal-component analysis (PCA) of C⍺ atoms in the ALKBH5-ssRNA ferryl 

complex. The principal direction of motion of the residues is shown by color change from 

yellow to blue.
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Figure 5. Hydrogen atom transfer
(A) The reaction profile of the HAT in ALKBH5 calculated using five different RC2 

structures obtained as snapshots from the MD simulation. Relative energies are provided in 

kcal/mol at the B3 level.

(B–F) QM/MM optimized geometries of the TSs from the five HAT reaction profiles: (B) 

reaction profile 1, (C) reaction profile 2, (D) reaction profile 3, (E) reaction profile 4, and (F) 

reaction profile 5.

(G) Superimposed image of all five TSs.
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Figure 6. Optimized geometries of stationary points in the HAT and rebound hydroxylation steps 
in ALKBH5-ssRNA
Key geometric parameters (distance in Å, and angle in degrees) and spin densities (ρ) are in 

black and pink, respectively.
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Figure 7. Key residues in HAT
Primary residues stabilizing (green) and destabilizing (red) HAT TS (TS3).
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Figure 8. QM/MM energy profile of HAT, rebound hydroxylation, and the post-hydroxylation 
(mechanism 1) reactions by ALKBH5-ssRNA
Relative energies are in kcal/mol at B2, with ZPE (B3) in black.
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Figure 9. Conformational dynamics of the hm6A intermediate
(A) Dynamic cross-correlation analysis (DCCA) of the ALKBH5-ssRNA hm6A complex. 

The numbers from 1 to 226 correspond to 74–299 in the crystal structure (PDB ID: 7WKV): 

1–219 (protein), 220 (Fe), 221 (succinate), 222–225 (RNA), and 224 (hm6A).

(B) Principal-component analysis (PCA) of C⍺ atoms in the ALKBH5-ssRNA hm6A 

complex. The principal direction of motion of the residues is shown by color change from 

yellow to blue.

Cherilakkudy et al. Page 34

Cell Rep Phys Sci. Author manuscript; available in PMC 2025 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. Optimized geometries of the stationary points involved in post-hydroxylation steps 
(mechanism 1)
Distances (in Å) are given in black.
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Figure 11. Optimized geometries of the stationary points in the post-hydroxylation reaction by 
mechanism 1
Significant distances (in Å) are given in black.
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Figure 12. QM/MM energy profile of Lys132-protein-substrate intermediate formation via 
suprafacial displacement (as in Scheme S2) reaction by ALKBH5-ssRNA
Relative energies are in kcal/mol at the B3 level. For further information, an additional 

ChemDraw image of the IMch is provided in Figure S22.
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Figure 13. The active site of ALKBH5 is included in the QM region for QM/MM calculations of 
O2 activation
The red squiggly lines indicate the QM/MM region boundary where the hydrogen link atom 

would connect.
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Scheme 1. Proposed catalytic mechanism for ALKBH5
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Scheme 2. Proposed mechanism of ALKBH5-mediated post-hydroxylation of hm6A through a 
series of proton transfers
Mechanism 1.18
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Scheme 3. Proposed mechanism of ALKBH5-mediated post-hydroxylation of hm6A through the 
formation of Schiff base
Mechanism 2.67
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