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Abstract 

Protein methylation is a key post-translational modification whose effects on gene expression have been 

intensively studied over the last two decades. Recently, renewed interest in non-histone protein 

methylation has gained momentum for its role in regulating important cellular processes and the activity 

of many proteins, including transcription factors, enzymes, and structural complexes. The extensive and 

dynamic role that protein methylation plays within the cell also highlights its potential for 

bioengineering applications. Indeed, while synthetic histone protein methylation has been extensively 

used to engineer gene expression, engineering of non-histone protein methylation has not been fully 

explored yet. Here, we report the latest findings, highlighting how non-histone protein methylation is 

fundamental for certain cellular functions and is implicated in disease, and review recent efforts in the 

engineering of protein methylation. 

Introduction 

In a study of the protein sequences of flagella in 1959, Ambler and Rees published the first biological 

example of a methyl–lysine containing protein, discovered in Salmonella typhimurium.1 Five years 

later, ε-N-methyl lysine was confirmed to be an abundant constituent of histone molecules2 and in 1968, 

arginine methylation was identified from the action of “Protein Methylase I” – later designated the 

Protein arginine methyltransferase (PRMT) family.3–5 In 2004, the discovery of the first demethylase, 

LSD1,6 importantly showed that this post-translational modification (PTM) could be a dynamic feature 

of protein-mediated cellular regulatory pathways. Shortly after, jumonji domain containing 6 (JMJD6) 

was shown to have arginine demethylase activity against histone 3 Arg2 (H3R2) and histone 4 Arg3 

(H3R3).7 While it has also been discovered that JMJD6 also performs lysine hydroxylation, this 

important work on its demethylase activity cemented the importance of dynamic histone modifications 

in biological regulation (Figure 1).8  

Protein methylation refers to the addition of a CH3 moiety largely to the side chains of lysines and 

arginines, by methyltransferase enzymes with the universal methyl-cofactor S-adenosine L-methionine 

(SAM), which is itself converted to S-adenosylhomocysteine (SAH) (Figure 2). Lysine may be mono 

(me1)-, di (me2)- or tri (me3)-methylated, whereas arginine may be mono- (MMA), symmetrically di- 
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(SDM) or asymmetrically di-methylated (ADM) (Figure 1a). Other amino acids, such as Asn, Asp, Cys, 

Gln, Glu and Leu can be methylated, although in much lower abundance.9 Protein N-termini are also 

frequently methylated, and while just a few specific instances of histidine methylation have been 

identified in human cells, their presence on abundant proteins such as actin and myosin suggests strong 

biological relevance to the physiology of the cell. 

Zhang et al. recently reported that protein methylation is a well-conserved mechanism in prokaryotes 

and eukaryotes although its biological function differed across species.9 Whilst much of the research 

relating to the function of protein methylation so far has focused on histone modifications, more 

recently, the essential role of non-histone protein methylation in the regulation of cellular pathways has 

become increasingly evident (Figure 1B). Sites of PTMs are highly conserved,10 and methylated 

residues are frequently proximal to other sites of modification. For example, in PhosphoSitePlus,11 over 

60% of known methylated residues in non-histone human proteins are within 10 amino acids of a 

phosphorylation site and >15% of lysine methylation competes with acetylation for occupancy of the 

same amino acid (Figure 1C). Mechanistically, the interplay between methylation and other PTMs 

(crosstalk) is highly important, either by working in combination (e.g. in the tumour suppressor P53(see 

below) or in competition, where PTMs compete for the same or mutually exclusive sites to elicit 

different responses (e.g. E2F, see below). Post-translational modifications that are proximal to each 

other can interfere directly with other protein-modifying reactions or protein binding within the same 

region. In this manner, complex crosstalk within histones is well documented but there are also 

important instances between methylated non-histone proteins and other PTMs (described below). As a 

chemical modification, protein methylation is relatively topologically small compared to other 

modifications (e.g. phosphorylation). It does not confer a significant change in charge distribution and 

so its functional mechanisms are likely to act via protein methylation “readers”, direct inhibition of 

substrate binding (if in an active site or binding domain), or by affecting local hydrogen bonding.12–14 

In this review, we will consider the currently available methodologies for detection of protein 

methylation and then present the latest work on the importance of non-histone protein methylation for 

the regulation of cellular functions and in disease. Finally, we will give an engineering perspective on 

this field. Bio-engineering tools have now become useful to systematically study histone and DNA 

modifications, and as platforms for genetic engineering. Similarly, we envision that deeper knowledge 

of non-histone protein modifications will pave the way for the development of a future toolbox for cell 

engineering and reveal further physiological significance of non-histone protein methylation. 
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Figure 1 Protein methylation. a) Lysine methyltransferase (KMT) can add one, two or three methyl 

moieties to lysine side chains, resulting in monomethyl-lysine (pink), dimethyl-lysine (red), and 

trimethyl-lysine (purple) respectively (top panel). Protein arginine methyltransferase (PRMT) can add 

one or two methyl moieties to arginine side chains, resulting in monomethyl-arginine (pink), 

symmetrical dimethyl-arginine (purple), and asymmetric dimethyl-arginine (red) respectively (bottom 

panel). b) Number of publications from PubMed search of ‘“protein methylation"[All Fields] OR 

"lysine methylation"[All Fields] OR "arginine methylation"[All Fields] OR "methyl lysine"[All Fields] 

OR "methyl arginine"[All Fields] OR "methyl cysteine"[All Fields]’ (dark grey) or ‘histone 

methylation’ (light grey), searched on 17/11/2020, with highlighted landmark developments in protein 

methylation understanding (red)  c) Frequencies of methylated residues compared to their distances 

from a phosphorylated or acetylated residue (% of total methylated amino acids from non-histone 

human proteins). Databases of methylation, phosphorylation and acetylation were downloaded from 

PhosphoSitePlus (v6.5.9.2) and filtered to include only residues with at least 3 sources of evidence. The 

percentage of methylated residues from human non-histone proteins (arginine (Arg, right), lysine (Lys, 

middle) or all residues (Cys, His, Lys, Leu and Arg, left)) with an acetylated (Acetyl, top) or 

phosphorylated (Phosph, bottom) within +/- 9 amino acids. The total number of methylated residues 

with an acetylation or phosphorylation site with +/-9 amino acids is given in each plot. 

 

Role of protein methylation in the regulation of cellular functions and pathways 

The past 2-3 decades have illuminated the many roles that non-histone protein methylation plays in the 

regulation of cellular pathways and functions. Indeed, methylation has been shown to play a key role in 

cell physiology, with many examples attesting to its importance in cell cycle progression and post-

transcriptional/translational regulation, notwithstanding a plethora of cases where the fine tuning of 

specific proteins and cellular functions have been discovered. The mechanisms of action of non-histone 

protein methylation are broad. In a similar manner to histone methylation, they may act as docking 

points for methylation “readers” which bind to methylated proteins via specific domains, for example 

Tudor or malignant brain tumour (MBT) domains. The methylation dependent degradation of SOX2 

(discussed in more detail below), is mediated through the recruitment of an E3-ubiquitin ligase 
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following binding of L3MTBL3 (via its MBT domain) to methylated residues upon SOX2. Protein 

methylation may allosterically inhibit the binding of other post-translational modifiers (e.g. E2F – see 

below) resulting in complex regulation of the target protein (in a process termed “crosstalk”), promote 

enzymatic activity (e.g. PP2A – see below) or, through the influence of altered hydrogen bonding (see 

FUS, discussed below).  

Methylation is involved in the regulation of cell cycle. 

Here we report the most recent findings on the role of protein methylation in regulating the cell cycle; 

a comprehensive review of protein arginine methylation in cell cycle regulation was published by 

Raposo et al..15 

The cell cycle is classically understood to be regulated through the combined action of cyclins and 

cyclin-dependent kinases (enzymes that add a phosphate as a PTM) which, when activated can steer the 

cell through cell-cycle check points. Polo-like kinases (PLKs) are also intrinsic to the cell cycle, 

affecting biological processes in the G1, S,G2 and M-phases.16 The activity of kinases and their 

substrates must be highly regulated to maintain correct cell cycling. While regulation occurs at the 

transcriptional level, PTMs also play an essential role. As this complex system is further understood, 

so is the impact of multiple PTMs on the same substrate – i.e. PTM crosstalk.  

PLK1 is involved in DNA repair and its activation is required for progression past the G2/S-phase 

boundary and cytokinesis. PLK1 is regulated temporally (by gene expression)17 and chemically by 

phosphorylation of Thr210 (Thr210p) which is essential for its activation. PLK1 was recently identified 

as being methylated at a number of residues, including Lys20918,19 and Lys413.19 Both these residues 

reside at conserved regions within the PLK1 protein, with Lys413 being adjacent to Trp414, a residue 

essential for substrate recognition and Lys209 being adjacent to Thr210 within the activating T-loop.19 

Li et al. showed that K209me1 and Thr210p are mutually exclusive, and this has importance in both 

DNA damage response and mitotic progression. During the DNA damage response, PLK1 is inactivated 

by loss of Thr210p, preventing entry into mitosis. This inactivation is sustained by methylation at 

Lys209 by the methyltransferase EHMT/G9a, which is also required for disassembly of DNA-repair 

machinery, although through unknown mechanisms. Interestingly, in the study by Feldman et al., an 

array-based approach identified SETD6 as being responsible for Lys209me1, but this activity was not 

replicated by Li et al. This is likely because, Li et al. who used immuno-precipitation to obtain cellular 

SETD6, may not have had sufficient quantity (or purity) required for its observable activity.  Gene 

silencing of neither SETD6 nor G9a was able to completely ablate Lys209me1, and suggesting a role 

for both methyltransferases in the regulation of PLK1 activity. 

As well as providing regulation of the G2/M checkpoint, PLK1 also functions during mitosis. Both 

Feldman and Li observed that methylated PLK1 delayed the rate of mitosis. Li further showed that 

methylation (and thus inactivation) of PLK1 blocked the disassociation of the cohesin complex during 

late metaphase, delaying the metaphase-anaphase transition. Feldman et al. demonstrated that SETD6 

binds to PLK1 during mitosis, correlating with a peak in expression of SETD6, whose expression 

oscillates during cell cycling, unlike G9a which is expressed throughout the cell cycle. Thus, there is a 

multifaceted role for the regulation of PLK1 by methylation, both in terms of DNA-repair at the G2/M 

checkpoint and in regulation of mitosis. The timing of expression of G9a and SETD6 suggests a possible 

temporal relationship regulating the activity of PLK1. 

Critical to cell-cycling and DNA damage-response, p53 is a master cellular regulator whose biological 

activity is driven by the crosstalk of different PTMs, including methylation. The C-terminal residues 

Arg333, 335, 337 and Lys370, 372, 373, 381 and 382 of human p53 are experimentally known to be 

methylated, with Lys373 and 382 also able to be acetylated (UniProtKB Entry version 287). A number 

of methyltransferases have been shown capable of methylating p53 in vitro (SMYD2, SETD7, PRMT5, 

EHMT1, EHMT2, KMT5A), although SETD7 not does appear to have functional consequences in vivo, 
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which may be due to other methyltransferases compensating for knock-outs in in vivo models.20 Cross 

talk between modified residues is important in regulating p53, it was shown recently that methylation 

within the C-terminal region of p53 promoted acetylation of Lys117 which is required for p53-mediated 

apoptosis. In leukaemia, Growth Factor Independence 1 (GFI1) can be oncogenic, inhibiting p53-

mediated apoptosis by recruiting LSD1 to de-methylate p53 in the C-terminal domain, thus inhibiting 

Lys117 acetylation. GFI1 is also a target of activated p53, suggesting a self-regulating feedback loop 

for p53.21 

Another example of the role that protein methylation plays in cell cycle regulation comes from 

transcription factor E2F1 which plays a multifaceted role in cell proliferation and can behave either as 

tumour suppressor or as an oncogene, depending on the context. The biological activity of E2F1 is 

highly dependent on methylation and is regulated by the competition between the methyltransferases 

PRMT5 and PRMT1, whose methylation of E2F1 is mutually exclusive.22 Briefly, SDM of Arg111 and 

Arg113 on E2F1 by PRMT5 triggers cell-division, whereas ADM of Arg109 by PRMT1 leads to 

apoptosis.22 It was observed that cells treated with siRNA against PRTM1 had a hyper-proliferative 

phenotype and conversely, when treated with siRNA against PRTM5 were pro-apoptotic. Adjacent to 

the PRMT1 substrate binding site (Arg109), is the binding domain for cyclin A, whose complexing 

with E2F1 promotes cell-cycle progression. Zheng et al. observed that binding of cyclin A impeded the 

ability of PRMT1 to methylate Arg109, permitting the binding of PRMT5 and its subsequent 

methylation of Arg111 and Arg113.  Moreover, they identified that the transcriptional co-regulator p100 

binds to methylated Arg111/113 by recognising the SDM modifications induced by PRMT5. Depletion 

of p100 resulted in increased apoptosis, suggesting that the proliferative phenotype induced by PRMT5 

activity is mediated through p100. Interestingly, they observed that SDM Arg111/113-modified E2F1 

had less transcription-modulating activity, despite resulting in phenotypic changes.23 They elucidated 

that binding of p100 to E2F1 results in the alternative splicing of many E2F1 target genes, thus 

developing the mechanism by which PRMT5 methylation of E2F1 promotes cell-cycle advancement. 

Methylation regulates proteins involved in translational and post-translational regulation.  

Besides heavily impacting the function of numerous cell cycle regulators, non-histone protein 

methylation has also been shown to act on different proteins involved in the translational and post-

translational regulation of gene expression. In addition to the role protein methylation can play in 

alternative splicing through the activity of E2F1 and p100, there are further examples from the recent 

literature that support the emerging role for non-histone protein methylation in translational regulation. 

For example, elongation factor EF1A plays a crucial role in translation, recruiting aminoacyl-tRNAs to 

the ribosomal 80S subunit,24 and is regulated at the post-translational level by a diverse set of 

methyltransferases.25 Małecki et al.26 showed that the previously uncharacterised methyltransferase 

METTL21B can mono, di and trimethylate Lys165 of eEF1A. They observed a high proportion of 

eEF1A carried Lys165me, but that there was variation in the degree of methylation between cancer and 

tissue-specific cell lines. When fibroblast cells were growth-inhibited through either contact-inhibition 

or serum-starvation, the proportion of Lys165me2 increased from ~10% to ~30% in a reversible manner 

(e.g. upon supplementation of serum). Furthermore, these changes were mirrored by increased 

expression of METTL21B mRNA, showing that Lys165 methylation is dynamic and responds to 

changes in cellular state. The activity of METTL21B on eEF1A Lys165 was confirmed by Hamey et 

al. who further investigated the impact of METTL21B knock-out on protein expression.27 Knock-out 

of METT21B by CRISPR-Cas9 resulted in a similar proteomic profile to knock-out of EEF1AKMT1, 

which methylates eEF1A Lys79. However, gene-ontology enrichment analysis showed some unique 

effects of loss of METT21B, such as upregulation of ribosomal large subunit biogenesis and rRNA 

processing. It cannot be excluded that these changes are due to trans-effects of METT21B knock-out, 

rather than the direct impact of loss of eEF1A Lys165 methylation. This could be explored through 

eEF1A Lys165 mutants in future studies. 
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SOX2 is a transcription factor that regulates embryonic stem cell renewal and pluripotency. Its 

expression is tightly controlled at both the transcriptional and translational level. Recently, methylation 

by SETD7 was shown to be an essential component of SOX2 regulation. Fang et al.28 demonstrated that 

methylation of Lys117 leads to degradation of SOX2 and that this is inhibited through the 

phosphorylation of the adjacent tyrosine (in mice). More recently, Zhang et al.29 demonstrated that 

Lys42me1 also leads to SOX2 proteolysis. Furthermore, knock-down of the lysine demethylase LSD1, 

which targets Lys42 and Lys117 causes a decrease in the abundance of SOX2 showing that regulation 

of SOX2 by this mechanism is a dynamic and reversible process. Another level of regulation comes 

from the binding of the Tudor-domain containing methyl-reader PHF20L1,  which competes for binding 

of methylated SOX2 by the E3-ubiquitin ligase-recruiting protein L3MBTL3, which binds to 

methylated residues via its MBT domain.30 Knock-down of LSD1 or PHF20L1 impairs pluripotency 

and self-renewal of murine embryonic stems cells which is rescued by the further silencing of 

L3MBTL3.30 This regulation of stem cell-pluripotency is important not only for disease, but it is 

conceivable that this complex combination of PTMs crosstalk and methylation-dependent protein 

degradation may provide a mechanism for precisely controlling cellular phenotype in future synthetic 

systems. 

Mitochondrial activity relies on methylation of key proteins 

NDUFAF7 is an essential component of the mitochondrial respiratory complex I, with knock-outs being 

embryonic lethal in mice.31 Complex I is comprised of 44 subunits that form the first enzyme of the 

respiratory chain, generating an electron pair through the oxidation of NADH that subsequently shuttles 

down the electron transport chain.32 NDFUAF7 contains a methyltransferase domain, and its 

functionality is dependent on this activity. Rhein et al., and a year later Rendon et al., showed that 

NDUFAF7 is responsible for the SDM of R85 in the NDUFS2 subunit of complex I, which occurs 

during assembly of this macro-protein complex.31,33 Research has also pointed to the role of protein 

methylation in regulating cellular respiration through glucose sensing and tuning of mitochondrial 

activity.  Małecki et al. reported the functional characterisation of the ANT-KMT (formally FAM173A) 

and its paralogue ATPSc-KMT (formally FAM173B) which were found to tri-methylate ATP synthase 

c-subunit (ATPSc) at Lys43 and adenine nucleotide translocase (ANT) at Lys52 respectively.34,35 

Knock-out models of either enzymes affected respiration rate, and more specifically, methylation of 

ATPSc is required for its correct incorporation into the ATP-synthase complex and to maintain ATP 

production, whereas ANT methylation decreases it. The degree of methylation within the 

mitochondrion, and its conservation across species, suggests some large significance for this PTM in 

fine tuning respiratory output.36  

In response to glucose starvation, sirtuins (SIRT) regulate cellular metabolism. In fasted mice provided 

with intraperitoneal glucose, SIRT7 methylation at Arg388 by PRMT6 increases in a time-dependent 

manner, inhibiting its histone deacetylase activity. SIRT7 regulates genes promoting mitochondrial 

biogenesis and inhibition of PRTM6 causes a loss in mitochondrial mass. In low glucose, the glucose-

sensing AMP-activated protein kinase (AMPK) is activated and inhibits PRTM6 downstream, blocking 

SIRT7 methylation and promoting its histone deacetylase activity, preventing mitochondrial 

biogenesis.37 This is an interesting finding demonstrating that protein methylation can be a responsive 

mechanism for signal transduction from external stimuli. 

Actin methylation is essential for correct smooth muscle contractility 

Actin is highly expressed in all eukaryotic cells. It is present in both monomeric and polymeric forms 

that are the basis of the cytoskeletal system, important for cell motility, structural integrity, and muscle 

contractility. Actin is regulated by many PTMs, including methylation. Histidine methylation in actin 

was first discovered in 1967 by Johnson et al. who showed it to be conserved through mammalian, fish 

and bird species.38 Despite it being known to be functionally important, possibly by affecting 
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interdomain motility and sensing of ATP/ADP state during actin polymerisation,39,40 it was only very 

recently that the responsible methyltransferase was identified as SETD3.41,42 

The comprehensive function of SETD3 is not yet fully elucidated, whilst it is involved in several 

biological pathways, only actin has been conclusively identified as a substrate. Actin His73 methylation 

is conserved across all species except yeast, owing to the lack of a SETD3 homologue.42 SETD3 had 

been reported to be a histone methyltransferase, however the masses observed by MS in this study were 

not explained by the addition of a methyl group and the finding was not repeatable by Wilkinson et al 

using western blotting,42 or by Guo et al.43 who both demonstrated little or no lysine methyltransferase 

activity. Rather, both these groups showed it to be an actin-specific histidine methyltransferase 

monomethylating actin at His73.41–44 

Actin His73me stabilises filamentous actin, with a loss of methylation being shown to increase 

depolymerization, Kwiatkowski showed that in the absence of SETD3, a concomitant decrease in 

filamentous actin is observed.45 Whilst this shows a physiological role for His73 methylation, SETD3-

/- mice are viable, although have several pathologies. These include skeletal muscle myopathy, abnormal 

cardiac electrocardiogram, mildly decreased lean mass and (in females) smaller litter sizes and 

dystocia.42 Upon exploring the mechanism behind dystocia, Wilkinson et al. showed that SETD3-

depleted primary human myometrial cells were less responsive to oxytocin and endothelin-1 for 

inducing contraction and this was reversible upon re-expression of SETD3, implying His73me is 

important for muscle contractility.42,43 Prior to the identification of actin His73 as a substrate of SETD3, 

Abaev-Schneiderman et al. used proteomics data analysis to study the role of SETD3 in DNA damage 

response/apoptosis.46 They reported that among the overexpressed proteins, candidates related to the 

DNA damage response were enriched, suggesting either a role for this enzyme beyond its 

methyltransferase activity, or having substrates as-yet unknown, although some proteomics changes 

could be in response to a reduction in actin polymerisation. The expression of SETD3 varies across the 

cell-cycle, peaking in S-phase.47 It is perhaps suprising then that SETD3 expression is minimal during 

M-phase as actin polymerisation is particularly important during the extensive cytoskeletal 

rearrangments during mitosis and cytokinesis. Nevertheless, SETD3 appears to be involved in cell-

cycle regulation as loss of expression attenuates cell-cycling in liver carcinoma cell lines. Expression 

of SETD3 protein is elevated in liver tumours, with expression correlating with severity. Interestingly, 

Cheng et al. showed mRNA expression of SETD3 was slightly decreased in liver tumours, indicating 

that regulation of SETD3 is predominantly at the protein level.  

Role of protein methylation in disease 

Compared to histone methylation, there is a relative paucity of knowledge about the role of non-histone 

protein methylation in disease aetiology and progression. However, aberrant expression and/or mutation 

of several protein methyltransferases and demethylases is apparent in different pathologies, particularly 

cancer. For example, PRMT5 is overexpressed in many tumour types, appears to play an oncogenic role 

and is a potential therapeutic target.48 EZH2 is also consistently overexpressed in a broad range of 

carcinomas and tumour-derived cell lines with its knock-down substantially reducing cancer cell 

proliferation. Although best known for trimethylation of histone H3K27, EZH2 has also been reported 

to methylate the non-histone protein, GATA-binding protein 4 (GATA4), repressing its transcriptional 

activity.49 Methylation may also modulate protein-protein interactions, for example, through 

chromodomain binding to dimethylated lysine, or can directly or indirectly alter other PTMs such as 

phosphorylation and ubiquitination to affect enzyme affinity, protein stability, promoter binding and 

subcellular localization. Examples of this are the EZH2-dependent methylation of RAR-related orphan 

receptor alpha (RORα), marking it for ubiquitin-dependent degradation49 and lysine methylation of 

MAP3K2 by SMYD3, which enhances Ras-driven cancer by blocking its interaction with protein 

phosphatase 2A (PP2A); a key negative regulator of MAPK signalling.50 
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A growing number of non-histone proteins important in cancer have been shown to be modulated by 

methylation, including p53,51 RB1,52 VEGFR1,53 PARP1,54 FLT3,55 and heat-shock proteins.56 

Evidence of the involvement of protein methylation in disease has prompted the development of drugs 

targeting the enzymes involved, particularly for cancer treatment.57,58 As an example, the DOT1L 

inhibitor, pinometostat showed modest efficacy in a phase I trial of advanced acute leukemia.59 

However, pinometostat was also reported to increase susceptibility to viral infection,60 suggesting 

DOT1L may have other non-oncogenic roles. For example, it appears to play a protective role in UV-

induced melanomagenesis.61 Thus, if we are to fully understand the effects of existing drugs or to direct 

the development of new more effective therapies, it is imperative that we improve our knowledge of 

methyltransferase and demethylase substrate specificities, the biological pathways in which they act 

and how methylation is specifically dysregulated in disease. As our knowledge of non-histone 

methylation increases, it is likely that new drug targets will be identified and strategies to develop drugs 

against them should involve monitoring of specific methylation as a pharmacodynamic readout. An 

example here is FLT3 methylation by PRMT1 in acute lymphoblastic leukaemia, where inhibition of 

cell viability with a PRMT1-specific inhibitor negatively correlated with FLT3 methylation levels.55 

Methyl transferases and demethylases are also potentially useful diagnostic and prognostic tumour 

markers by virtue of their altered expression or mutation in cancer. Their effective use as markers should 

consider their cellular localisation and activity in different cellular compartments which has been 

demonstrated for PRMT5.62 Their use as markers will most likely be restricted to tumour tissue 

specimen analysis, given that these enzymes are strictly cellular proteins lacking a signal sequence and 

therefore unlikely to be secreted into the circulation at any significant level. Thus, their use as sensitive, 

non-invasive biomarkers is doubtful. Conversely, the use of specific substrate methylation as a readout 

may provide useful cancer biomarkers, as suggested for FLT3 and HSP70.55,63 The analysis of specific 

methylation events may also provide biomarkers that are predictive of response to methyltransferase 

inhibitors. This would allow patient stratification for personalised medicine and improved capacity to 

treat disease.  

Methyltransferase Dependency in MTAP-/- Cancer 

Upon a methyltransferase reaction, SAM is converted to S-adenosylhomocysteine (SAH), which is 

metabolised into homocysteine, methionine and back into SAM through the methionine cycle. This 

cycle is intertwined with other metabolomic pathways, sharing intermediates with the folate pathways 

and polyamine pathways (Figure 2). In polyamine synthesis, SAM is metabolised into 

methylthioadenosine (MTA), which is toxic to the cell in high concentrations and therefore is rapidly 

metabolised by S-methyl-5'-thioadenosine phosphorylase (MTAP) into methionine where it re-enters 

the methionine cycle. The MTAP gene is located within 9p21, also shared by the tumour-suppressor 

gene p16, which is one of the most frequent chromosomal deletions in cancer. Given the proximity of 

MTAP to p16, the incidence of MTAP deletion is also very high (>60%), particularly in 

mesothelioma.64 MTAP deletion results in increased cellular MTA, which can selectively inhibit the 

methyltransferase PRMT5, sensitising MTAP-/- cells to PRMT5 inhibition and leading to cell death65–

67 – possibly via the PRMT1/PRMT5 axis as discussed earlier, but also potentially via p53-mediated 

apoptosis. Strobl et al. found than upon inhibition of PRMT5, shorter, exon-skipped splicoforms of 

MDM4, a regulator of p53 activity, were transcribed, as well as observing increased p53 expression.68 

However, while PRMT5 inhibition decreases cell survival in MTAP-/- cells, it also reduced the viability 

of cells that retained MTAP expression. Furthermore, Strobl et al showed that the inhibition of PRMT5 

supressed the cellular expansion of tumour-supressing CD8+ T-cells. There is substantial overlap 

between the substrates of PRMT1 and PRMT5, indeed, silencing of PRMT1 also sensitises cells to 

PRMT5 inhibition.69 Therefore, it may be that cancer cells are able to adapt to PRMT5 inhibitor 

therapeutics through redundancy of substrates for PRMT1. Further research in this area should explore 

what pathways PRMT5 activity is critical in in MTAP-/- cancer to better understand the cellular 

adaptation to loss of MTAP and develop more tailored therapeutics. 
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Figure 2 Methionine and SAM synthetic pathways. The SAM Cycle maintains endogenous levels of 

S-adenosylmethionine (SAM) and meshes with numerous metabolic cycles. Upon reaction with a 

substrate, catalysed by methyltransferases, SAM is converted to S-adenosylhomocysteine (SAH) 

which, through the SAM cycle, re-acquires a methyl-group from 5 methyl-tetrahydrofolate 5-methyl-

THF), a product of the Folate cycle. SAM may also be directed into the polyamine pathways, following 

decarboxylation (decarboxylated SAM, dcSAM) and converted into methylthioadenosine (MTA). 

MTA is toxic to the cell and is rapidly shuttled through the methionine salvage pathway (MSP) back 

into methionine. Critical to this step is the activity of methylthioadenosine phosphorylase (MTAP), 

which removes the adenine group from MTA on route to forming the intermediate methylthioribose-1-

phosphate (not shown), a precursor of methionine. 

 

Protein Methylation in Neurological Disease 

 

Alzheimer’s disease (AD) is a neurodegenerative disease characterised by the development of 

neurofibrillary tangles and accumulation of the amyloid-β protein. Neurofibrillary tangles are caused 

by the agglomeration of hypo-phosphorylated Tau protein which, under healthy physiological 

conditions, regulates the length of microtubules. Hyper-phosphorylation of Tau disrupts its binding to 

microtubules, promoting Tau-Tau interactions and the development of neurofibrillary tangles.70 

Phosphorylation of Tau proteins is regulated in part by the activity of the phosphatase PP2A. O-linked 

methylation of Leu309 within the catalytic subunit of PP2A is required for its effective phosphatase 

activity.71 Loss of Leu309 methylation has been observed in AD and a role has also been highlighted in 

cancer.72 Methylation of this site is controlled by leucine carboxyl-methyltransferase 1 (LCMT1) and 

the demethylase protein phosphatase methyl-esterase (PME1) whose expression are reciprocally 

correlated in AD neuronal tissue.73 Tau protein has diverse PTMs, including lysine mono- and di-

methylation which were identified on 13 distinct tryptic peptides.74,75 Whilst the function of Tau 

methylation in the context of other PTMs is unknown, it has been shown that it can reduce Tau fibril 

formation75 and in a small cohort, accumulation of Tau methylation correlated with age and protection 

from AD.76 In familial amyotrophic lateral sclerosis (fALS), aggregation of the RNA-binding protein 

FUS is a pathological feature that impairs protein synthesis. Whilst several mutations have been shown 

to promote aggregation, gel-promoting interactions between tyrosine and arginine residues are hindered 

by PRMT1-mediated arginine methylation77, reducing the strength of π-interactions between the 

residues.13 Similarly, in AD, formation of Tau fibrils is mediated by π-stacking of arginine via its 

guanidinium side chain.14 Therefore, it is possible that a common mechanism may exist that reduces π-

stacking through arginine methylation.  

Challenges and Strategies for Studying the Protein Methylome. 
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The global discovery of methylated proteins, or methyl-transferase specific substrates, is often 

performed by mass spectrometry (MS), which requires enrichment of methylated targets and 

comprehensive cross-validation of engineered methyltransferase-specific co-factors78 to overcome 

false-positive identifications. MS can identify many proteoforms in a single run, and be optimised to 

quantify, with high accuracy, many methylated peptides in a short time, making the technology a 

possibility for clinical applications.79 Array-based technologies are an alternative to MS, but these are 

limited by poor antibody sensitivity/specificity, limited proteoform presence on the chip/array and a 

lack of biological context of the methylation reaction.80 

Standard MS workflows applied to studying protein methylation results in intolerably high false 

discovery rates due to the number of possible isobaric non-methylated and methylated peptides, and the 

methylation of acidic residues arising when methanol/ethanol is present in sample preparation buffers.81 

Whilst it is possible to adjust some mass spectrometers to provide signatures indicative of arginine 

methylation (e.g 82,83), these are not appropriate for global proteomics studies. The most robust approach 

is to use isomethionine methyl-stable isotope labelling of amino acids in cell culture (iMethyl-

SILAC)84, a progression of heavy-methyl SILAC (hmSILAC).85 Cells are cultured with methionine 

containing normal or an isotopically-heavy (13CD3) methyl group. Upon cellular internalisation, 

methionine is converted to SAM by the methionine cycle (Figure 2) and the action of methyltransferases 

adds CH3 or 13CD3 to protein-backbones. Differentially treated cells can then be analysed 

simultaneously by MS, and true methyl-groups are identified by the present of both heavy and light 

versions. To aid with analysing such data, open-source programs have recently been developed, 

MethylQuant86 and hmSEEKER,87 though both are limited in their compatibility with analytical 

pipelines. The use of methyl site-predictive tools, such as DeepRMethylSite which uses convolutional 

neural networks, may also be helpful for identifying methyl arginine.88 

Enrichment of methylated peptides prior to MS is essential to capture low stoichiometry modifications. 

However, whilst antibodies against arginine methylation can return thousands of methylated sites89, 

antibodies against lysine methylation are less successful.90 For example, in Guo et al.89 antibodies were 

raised against random methylated hexameric oligopeptides and selected with comprehensive cross-

validation. They were able to identify ~2000 methyl arginine sites, but only ~200 methyl lysine sites, 

despite the relative proportions of these modifications likely to be far more equitable.11 Fractionation 

by strong cation exchange (SCX), which exploits the increase in charge of methylated peptides with a 

missed-tryptic cleavage, can be effective for increasing the overall number of methyl-lysine sites, 

particularly when combined with immuno-affinity enrichment, with a 4-fold increase in site-

identification achieved by the Garcia group by this approach.90,91 The combination of fractionation and 

immuno-affinity enrichment can identify many thousands of methylation sites.92,93 Hartel et al. 

benchmarked these two approaches and showed that these strategies are largely orthogonal and so both 

are required for comprehensive identification of methylated residues, with SCX identifying a greater 

proportion of highly methylated (>2 methyl groups) peptides compared to immunoaffinity.94 However, 

SCX enrichment, which exploits the loss of tryptic cleavage at methylated residues, is less effective for 

mono-methyl lysine and better approaches are required. 

Studies of “global” methylation typically focus on arginine, lysine or both. However, it should be 

considered that this is by no means inclusive of all protein methylation – many other amino acids been 

identified from hmSILAC experiments.9 Therefore, the possibility of non-arginine/lysine methylation 

should be considered in studies of global methylation, as it can be important. Histidine methylation of 

actin, first identified in 1967,38 is an important modification and carboxy-methylation of leucine 

(Leu309) of protein phosphatase 2A is implicated in Alzheimer’s disease.95,96  Therefore, whilst 

excellent progress has been made in identifying and validating methylated proteins, better enrichment 

strategies are needed to identify them, in particular for non-arginine methylation. For example, a 

methyl-lysine prediction tool (MethylSight) suggested 70 new methylation sites on histone-proteins 

alone, 90% of which were experimentally validated. Expanding this tool into the whole proteome 
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reveals approximately 10,000 proteins with novel putative methyl-lysine sites, with particular 

enrichment for proteins involved in regulating the cell cycle and DNA damage response.97 

Applications in biological engineering  

We have so far discussed the role of non-histone protein methylation in cellular processes and disease, 
and highlighted that novel information is now becoming available. We recognise that, as with 
epigenome editing, non-histone protein methylation represents a powerful tool for biological 
engineering applications. Indeed, PTMs, protein methylation among them, are attractive from an 
engineering perspective for the quick response they can elicit from their targets. By using PTMs, cells 
can quickly and cheaply regulate gene expression or enzymatic function, maintaining the ability to 
dynamically react without extra gene expression cost for the cells. This is a desirable feature for being 
able to adapt to rapidly changing environmental needs. As we highlight in this section, biological 
engineering takes advantage of natural PTMs to develop tools that can aid a better understanding of 
natural processes and regulation, but also to design and improve our ability to engineer living cells. 
Compared to chemical inhibition, or the incorporation of static chemical modifications (e.g. through 
the use of genetic code expansion, see below), biological engineering can provide dynamic systems 
that are incorporated into regulatory cascades, taking advantage of endogenous special and temporal 
regulation.  
 
Considerations for adopting chemical approaches for the characterisation of protein methylation 
 
Biological engineering approaches to study protein methylation typically employ modulation of gene 
expression through CRISPR-Cas9 gene editing tools, or the overexpression of fusion proteins. These 
methods are highly useful to deconvolute the significance of particular protein methylation events, 
however due to the engineered nature of these approaches they tend to obscure the endogenous 
context of the cell, therefore inhibiting the ability to study protein methylation  under disease relevant 
cellular contexts.  
 
On the other hand, small molecule chemical probes designed using information garnered from the 
structure, binding mode, and biochemical reactivity of methyltransferase co-factors (such as SAM or 
SAH) can offer significant insight into the methyltransferase activity and substrate profiles in a native 
context. Moreover, chemical approaches for understanding the molecular mechanism for disease are 
more easily translated into therapeutics than bio-engineering systems, in the form of orally 
bioavailable small molecule drugs, although it is possible that some bio-engineered products could be 
realised as biosimilars for intravenous administration. Broadly, the application of co-factor analogues 
to study methyltransferase enzymes is considered a more nuanced tool than genetic approaches (such 
as mutagenesis), as they can be applied in a concentration and time-dependent manner, and used to 
monitor changes in methyltransferase activity in response to externally applied cellular stresses aimed 
to mimic certain diseases.98  
 
Methyltransferases are a large and diversified class of enzymes that target many protein substrates.99 
The selectivity of methyltransferase chemical probes is dependent on the methyltransferase substrate 
sub-class that is being targeted. However, the ability to discriminate the substrates for just one 
enzyme within a class remains challenging. Consequently, chemical probes generally lack the targeting 
ability (offered by bioengineering approaches) to identify specific methyltransferase substrates and 
therefore attribute protein function and disease relevance. 
 
It is likely that the most successful efforts towards understanding the complex landscape and 
significance of non-histone protein methylation to disease will leverage a combination of approaches. 
For example, a promising chemical genetics method, termed ‘bump and hole’, which employs both 
pharmacology and bioengineering tools, has been developed to elucidate substrate profiles for 
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individual methyltransferases. In this approach, both the wild-type (WT) enzyme and its natural 
cofactor are specifically rewired to construct a “pair”, where the enzyme is bioengineered to generate 
a ‘hole’ in its active site, while the cofactor is elaborated with large substituent that acts as a ‘bump’ 
that will only fit into that ‘hole.’ Consequently, transfection of the mutant enzyme and treatment with 
the bump probe in cells allows determination of the substrates specific to this enzyme.  For the study 
of methyltransferases, this approach was first applied to a protein arginine methyltransferase, 
whereby a single E117G mutation in the cofactor-binding pocket selectively accommodated a N6-
benzyl SAM analogue, offering 67-fold selectivity over the WT system.99 In addition to its application 
towards other transferase enzymes, such as kinases and acetyltransferases,100 the ‘bump and hole’ 
approach has since been widely adopted for the study of methyltransferase substrate profiles,98 and 
should continue to be a useful complementary approach to deconvolute the emerging importance of 
non-histone protein methylation in disease.  
 
Some other current challenges with the design of methyltransferase chemical probes to understand 
protein methylation biology is their poor biological stability and cell permeability. Due to their 
hydrophilic properties, exogenous SAM/SAH and or their chemical probes  do not easily enter the cell 
by passive diffusion,  and even if one can design a more lipophilic analogue, these probes can in some 
cases be deactivated by altered pH in certain cellular compartments or hydrolytic enzymes.101 While 
in cellulo synthesis of SAM analogues can be achieved by overexpressing methionine 
adenosyltransferase (MAT) enzymes,101 further solutions to address these issues in complex and 
native biological systems are greatly needed. 
 
Foundational Work - Engineering Histone Methylation 

Engineering tools have been developed as a powerful approach to regulate gene expression via 

histone PTMs. For instance, Haynes and colleagues,102–104  have focused on the design and testing of 

synthetic histone-binding Polycomb-based transcription factors to regulate gene expression on 

demand. Another approach to achieve epigenetic regulation is to use customised DNA-binding 

proteins fused to the catalytic domains of histone modifiers (Figure 3a). This allows histone modifiers 

to be targeted to user-defined locations for gene expression modulation. In addition, advances in 

CRISPR technology allow the development of fusion proteins where the catalytic domains of 

transcriptional repressors and activators can be fused to dCas9 for targeted control of gene expression 

in eukaryotes.105 The manipulation of histone epigenetic signatures can also be achieved through 

engineering histone methylation. For example, G9a, SUV39H1, EZH2,106 LSD1,107 DOT1L, PRMD9108, 

and KRAB109 have all been repurposed for engineering tailor-made histone modifications, and in most 

cases have been useful in advancing our knowledge of epigenetic regulation of gene expression. 

One route suited to in vivo studies is to exploit genetic code expansion, mediating the incorporation 

into proteins of non-canonical and/or post-translationally modified amino acids. This is done by 

chemically charging frameshift and amber suppressor tRNAs with the modified residues, so that they 

could then be used to introduce the desired modifications, following appropriate engineering of the 

protein-coding sequence. Schultz110,111 and Chin112,113 pioneered this technique achieving 

incorporation of N-methyl lysine into histone proteins. More recently, Tokuda et al. used E. coli cell 

free protein synthesis to introduce methyl-lysines at specific positions of histone H3 and calmodulin 

by chemically charging frameshift and amber suppressor tRNAs with the methyl-modified residues.114 

Despite this being applied to a histone protein, the technique could be applied to any protein of 

interest. Yanagisawa et al. engineered histone H3 with monomethyl-Lys at five positions 

simultaneously. They used E. coli RF0 strains that are unable to produce the RF1 factor (and thus do 

not do not trigger termination of translation in response to the engineered amber codon), as well as 

cell-free protein synthesis-based assays, to introduce Boc-protected monomethyl-Lys at amber 
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codons, thanks to an engineered pyrrolysyl-tRNA synthetase-tRNApyl pair.115 The power of genetic 

code expansion is well-known to bioengineers, and this is reflected in the recent surge of synthetic 

genomic platforms with repurposed stop codons. Although this technology has been widely used to 

introduce targeted post-translational modifications on histone proteins, it represents a valuable asset 

also when non-histone PTMs engineering is desired (Figure 3b). 

Lessons learned from histone methylation can inform the engineering of non-histone protein 
modification  

While instructing cells to acquire histone PTMs at specific genomic locations has become relatively 
straightforward thanks to our current ability to engineer DNA-binding specificity, the imposition of 
specific PTMs on non-histone proteins still proves very challenging due to both the lack of background 
knowledge and specific tools.  

Much progress in site-specific histone modification has come from the fusion of dCas9 and active 
domains from methyltransferases or other PTM-mediating enzymes (Figure 3a). In a Similar manner 
to Cas9 specificity for DNA target sites, proteins can be engineered to specifically bind peptides 
present in other proteins via protein-peptide interactions (e.g. heteromeric coiled-coil dimers can be 
designed based on charge-mediated interaction rules).116,117 Tools have been developed that can 
identify peptide binding sites serving as docking platforms for cognate protein enzymes. Improvement 
in our knowledge on the specificity of peptide-protein binding, their design and prediction could 
enable us to engineer PTMs at specific residues using fusion between a peptide-binding domains and 
catalytic domains. De-novo peptide design will then enable us to regulate the PTM switch on and off 
status with precision.118 

Khoo et al., proposed that split intein-mediated trans-protein splicing can be a tool to engineer protein 
methylation, and other PTMs in vivo.119 Inteins are autocatalytic peptides that are translated as 
internal parts of longer polypeptide chains, and are able to mediate their self-excision, joining the 
flanking amino acid residues through a peptide bond. Split inteins are a particular class of inteins 
where two separate peptide stretches, belonging to two different polypeptide chains mediate their 
joining, thus catalysing the protein splicing of the two polypeptides in trans.  Khoo et al. used split 
intein pairs to mediate the splicing amongst the heterologous C- and N-protein fragments, and the 
chemically synthesised central fragment carrying the desired modification(s). In this way, it was 
possible to reconstruct the full-length modified protein directly inside the cell, after intracellular 
administration of the synthetic peptide. The authors succeeded in modifying cytosolic as well as 
membrane proteins, both in their intracellular, and extracellular domains in eukaryotic cells. 
Previously, David et al.120 reported on the engineering of intein pairs where the N-terminal fragment 
of a split intein is fused to H2B while the C-terminal fragment is fused to a synthetic probe bearing the 
modification of interest. Upon delivery of the C-intein-probe system in cells engineered to express the 
N-intein-H2B fusion, reaction of the two intein pairs led to the desired histone modification. This 
approach represents a valuable tool to investigate the role of PTMs crosstalk in protein function and 
cellular processes while it is less suitable for dynamic regulation of protein modification. In contrast 
with chemical synthesis of PTMs, such approaches benefit of a high level of spatial control over the 
engineered modification, allowing the user to modify proteins with exquisite spatial resolution at the 
intracellular level. 
 
Directed evolution is also a powerful tool for engineering protein domain specificity over cognate 
target residues or for developing enzymes with different activity (Figure 3b). An example comes from 
Cai et al. who in 2015 showed how directed evolution of the plant enzyme Monolignol 4-O-
Methyltransferase could be used to change its substrate specificity with consequent ability to improve 
lignin digestion and conversion.121 More recently, Dai et al. engineered the histidine methyltransferase 
SETD3, changing its target specificity from histidine to lysine.122 By comparing the active site of SETD3 
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with the ones of the lysine methyltransferases SETD6 and LSMT, the authors individuated two amino 
acids, Asn55 and Trp273, responsible for histidine specificity. When these were mutated to 
phenylalanine and alanine respectively, the mutant protein showed a marked increase in catalytic 
efficiency in lysine methylation compared to the wild type protein. These approaches provide 
mechanistic information about the respective enzymes function, but also can be applied to assist in 
vivo engineering of biological systems by tailoring natural enzymatic processes. Given the extent of all 
methylation reactions throughout the cell, the potential to exploit similar systems is very high. 
 
For sure, more knowledge is still to come to elucidate the mechanisms underlying the role of non-
histone protein methylation in pathway regulation and deeper understanding is needed for us to be 
able to exploit the full potential of this key regulatory mechanism for engineering applications. It is 
overwhelmingly clear however that non-histone protein methylation is an essential and wide-spread 
regulatory mechanism within the cell. The dynamic and specific interplay of methyltransferases and 
demethylases, methylated residues and other PTMs can allow subtle regulation of protein-protein 
interactions, increasing the potential complexity within engineered systems. 
 

 

 
 

 

Figure 3. Engineering PTMs. a) Histone proteins can be appended with PTMs by directing the activity 

of histone modifiers fused to customisable DNA-binding proteins (such as dCas9) at defined genomic 

location. b) The specificity of PTMs writers can also be engineered through directed evolution or 

rational engineering approaches. c) Genetic code expansion can mediate the 

incorporation of custom amino acids into proteins. In this case amber and/or frameshift suppressor 

tRNA charged with the modified residue are used to introduce the desired modifications, following 

appropriate engineering of the protein-coding sequence. d) Trans-protein splicing where intein-

extein pairs are used to mediate the splicing between the heterologously-expressed C-and N-

fragments of the protein, and its chemically synthesised central fragment carrying the desired 

modification(s).119 

 

Conclusion 
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Non-histone protein methylation is involved in a wide variety of cellular functions, affecting the 

functionality of diverse protein-substrates. Whilst there is much progress is the proteome-wide 

identification of protein methylation, more work needs to be done, particularly in the detection and 

analysis of methyl-lysine PTMs. As our knowledge of the diverse functions of protein methylation 

increases, the significance of its role in disease and its potential for therapy become more apparent. 

Bioengineering has revealed insights into other PTMs, yet its application to the study and exploitation 

of non-histone protein methylation remains in its infancy. If we were able to easily engineer targeted 

methylation of non-histone proteins, we can increase the capacity to engineer protein function in 

critical biological pathways. This will be important not only to shed light on many undisclosed protein 

regulation mechanisms, but it will also be an invaluable asset for integrating transcriptional and post-

translational regulation for the engineering of increasingly complex genetic circuits. 
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