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While protein α-N-terminal methylation has been known for nearly four decades 

since it was first uncovered on bacteria ribosomal proteins L33, the function of this 

modification is still not entirely understood. Recent discoveries have demonstrated α-

N-terminal methylation is essential to stabilize the interactions between regulator 

of chromosome condensation 1 (RCC1) and chromatin during mitosis, to localize 

and enhance the interaction of centromere proteins (CENPs) with chromatin, and 

to facilitate the recruitment of DNA damage-binding protein 2 (DDB2) to DNA 

damage foci. Identification of N-terminal methyltransferase 1 (NTMT1) unveiled the 

eukaryotic methylation writer for protein α-N-termini. In addition, NTMT2 that shares over 

50% sequence similarity, has been identified as another mammalian protein α-N-terminal 

methylation writer. Knockdown of NTMT1 results in mitotic defects and sensitizes 



 
 

 
 

chemotherapeutic agents in breast cancer cell lines, while NTMT1 knockout mice showed 

premature aging. Additionally, NTMT1 has been shown to be overexpressed in a 

colorectal and melanoma tumor tissues, and in lung and liver cancer cell lines.  

Given the vast array of clinical relevance, chemical probes and inhibitors for 

NTMT1 are vital to elucidate information about the function and downstream process of 

protein α-N-terminal methylation. Therefore, 47 peptidomimetic compounds have been 

synthesized that target NTMT1. These peptide-based compounds range from three to six 

amino acids in length and the top 5 compounds have 3- to 300- fold selectivity for NTMT1 

compared to other methyltransferases.  An inhibition mechanism study has also been 

performed to verify the inhibitors are targeting the NTMT1 peptide binding site.  Seven 

compounds have an IC50 of less than 5 µM and our top inhibitor, BM-47, has an IC50 of 

0.32 µM ± 0.06 for NTMT1.   

To further elucidate information about the NTMTs and their downstream effects, 

we utilized photoaffinity probes to target these enzymes.  Our 6 photoaffinity probes 

exhibited in a dose- and time-dependent manner.  Probe labeling has been shown to be 

driven by recognition and selectively and competitively label the NTMT writers in a 

complex cellular mixture.  Our results also provided the first indication of substrate 

preferences among NTMT1/2.  Methylated photoaffinity probes were also synthesized to 

identify novel proteins that recognize a methylated N-terminus and shed light on the 

function of α-N-terminal methylation.  
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1. Introduction 

 

Protein modifications may occur post- or co-translationally on the side chains, C-

termini and backbone N-termini of proteins. These modifications are vital in downstream 

processes including gene expression, protein degradation, cell signaling and much 

more.1,2 Modifications on the side chains have drawn extensive attention as sites for novel 

therapeutic targets. In addition, a variety of α-N-terminal modifications including 

methylation, acetylation, propionylation, myristoylation, palmitoyation, ubiquitylation and 

formylation expose emerging interest. For most N-terminal modifications, the initial Met 

must first be cleaved by Met aminopeptidases and then subject to post-translational 

modifications by writers; however, α-N-terminal acetylation can occur on the first Met and  

α-N-terminal formylation is known to exclusively modify the first Met residue.2–5   

Enzymes that catalyze the addition of a covalent modification onto its target are 

termed writers. Conversely, proteins that catalyze the removal of that modification are 

named erasers. Additionally, proteins that bind to these newly modified proteins are called 

readers. Until now, the only known eraser is for N-terminal formylation and there is sparse 

information about reader proteins that recognize α-N-terminal modifications. Therefore, 

we will focus on the writers for α-N-terminal modifications, which are summarized in 

Figure 1. 
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The N-terminal acetyltransferase (NAT) family is the writer that catalyzes the 

addition of an acetyl group onto the α-N-terminus.4  The NAT family also acts as an N-

terminal propionyltransferase (NPT) and catalyzes the addition of a propionyl group, 

although this modification is much less common.6 Another newly discovered family is N-

terminal methyltransferases (NTMTs), which adds a methyl group onto the α-N-terminus.7 

Less common modifications include N-terminal palmitoylation catalyzed by Hedgehog 

acyltransferase (HHAT)8 and N-terminal myristoylation carried out by N-terminal 

myristoyltransferases (NMTs).9  N-terminal formylation occurs only on Met residues to 

indicate the initiation of protein synthesis and is catalyzed by methionyl-tRNA 

formyltransferase (FMT).5  Lastly, N-terminal ubiquitylation has also been found to occur 

on Lys-deficient proteins by ubiquitin ligase.10  For α-N-terminal modifications, the initial 

amino acid sequence determines the types of modifications that can occur (Table 1).  The 

Figure 1. Modifications made by writers to the α-N-terminus 
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substrate preferences between the NAT family members varies greatly.  NatA acetylates 

proteins beginning with smaller amino acids like Ala, Cys, Gly, Ser, Thr and Val11,12 while 

the NatA catalytic subunit, Naa10, recognizes acidic amino acids like Asp and Glu.13 NatB 

recognizes the initial Met residue followed by Asp, Glu, Asn, or Gln,11,14,15 while NatC 

recognizes Met followed by a hydrophobic amino acid.11,15,16  NatD has only been found 

to acetylate two substrates, H2A and H4 proteins, both starting with Ser-Gly-Arg-Gly.17,18  

NatE substrate preference is similar to NatC and will acetylate proteins beginning with 

Met followed by a hydrophobic residue.13 NatF is only found in lower eukaryotes but has 

a substrate preference that overlaps with NatC and NatE.19  NMTs add a myristic fatty 

acid chain only to proteins beginning with Gly20 while HHAT adds a palmitic fatty acid 

chain to proteins starting with Cys.8  N-terminal ubiquitination can occur on any protein 

with an unmodified N-terminus but often occurs on naturally Lys-deficient proteins.10 As 

stated above, FMT enzyme only adds a formyl group to N-terminal Met residues.21  Lastly, 

NTMT1 and 2 prefer an X-P-K/R (X=A, P, S, G) recognition motif22–24 while a recently 

found NTMT3 enzyme has found to methylate one protein in yeast with initial sequence 

Gly-Lys.25

Table 1. Recognition motif of α-N-terminal writer proteins3 
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1.1 α-N-terminal Acetylation  

α-N-terminal acetylation is a co- and posttranslational modification that occurs on 

60% of yeast proteins and 80-90% of all human proteins.4,26  This modification is 

catalyzed by NATs which are the enzymes that introduce an acetyl group on α-N-termini 

of proteins.  This modification neutralizes the positive charge on the free amino group.4  

NatA has been shown to undergo an ordered bi-bi kinetic mechanism where the peptide 

with the N-terminus to be modified binds to the NAT enzyme first, followed by the acetyl 

donor, Ac-CoA.27–29  The NAT family shares a conserved Ac-CoA binding site that 

contains a conserved Glu24 residue, which acts as a general base to deprotonate the N-

terminal amine of the protein substrate to facilitate the nucleophilic attack at the carbonyl 

position of the Ac-CoA cofactor.27  

There are six eukaryotic NAT family enzymes NatA-NatF, which differs in substrate 

specificity and subunit composition.  Most Nats contain one catalytic subunit and one or 

two auxiliary subunits that affect the substrate specificity. NatA, the most widely studied 

NAT enzyme, contains a catalytic subunit Naa10 and an auxiliary subunit Naa15.  Naa10 

also has the ability to acetylate protein substrates without the auxiliary subunit, but differs 

in substrate recognition motifs from the NatA complex.13 NatB contains a catalytic subunit 

Naa20 and an auxiliary subunit Naa25.  NatC is composed of one catalytic subunit Naa30 

and two auxiliary subunits Naa35 and Naa38.  NatE is composed of one catalytic domain 

Naa50 and one NatA complex; however, NatA and NatE have a different substrate 

specificity.30 NatD and NatF only contain the catalytic subunits Naa40 and Naa60, 

respectively. The varying recognition motifs of the six NAT enzymes are shown in Table 

2. Most NATs are associated with ribosomes, but NatF is associated with the cytosolic 
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side of Golgi and exhibits selectivity for membrane proteins. It is noted that the catalytic 

subunits of NatA and NatE have also been found to act as Lys acetyltransferases (KATs) 

and N-terminal propionyltransferases (NPTs) in vitro.6,31   

 

All the NAT family have a structurally conserved Ac-CoA binding site, which 

consists of a conserved fold containing four sequence motifs that is termed the N-

acetyltransferase domain.32  The first resolved crystal structure was the human Naa50 

which validated the NAT preference for the α-N-terminal amine over Lys side chains. The 

crystal structure identified that the Naa50 substrate peptide was bound to the protein 

through a series of backbone hydrogen bonds.  Additionally, a hydrophobic pocket exists 

that forms van der Waals interactions with the initial Met residue, which prevents Naa50 

from interacting with any other N-terminal amino acids.28  Then, the NatA complex crystal 

Table 2. Summary of the structural subunits, recognition motif and crystal structures 

of NATs 
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structure indicated the necessity of the auxiliary subunit in modulating catalytic activity 

and substrate preference. The auxiliary subunit of NatA, Naa15, contains 13 

tetratricopeptide repeat motifs that wrap around and allosterically reconfigure the NatA 

catalytic subunit. Without the auxiliary subunit of NatA, key residues in the catalytic core 

including Leu22, Glu24, and Tyr26 are displaced and alters the Naa10 recognition motif 

to have preference for acidic amino acids like Asp and Glu. The crystal structure of Naa10 

in complex with Naa15 shows a significant conformational change in the α1-loop-α2 

region of Naa10 compared to the crystal structure of Naa10 alone.13,27  Superimposition 

of the crystal structures of NatA and NatE identified Glu35 and Val29 to be the key 

residues for their substrate specificity, respectively.33  NatA can acetylate proteins that 

start with Ser, Ala, Thr, Gly and Val, but the peptide binding site cannot accommodate a 

Met residue. Structural information indicated that the Glu35 residue in the NatA peptide 

binding site would not accommodate a Met residue, due to steric hindrances.33  

Alternatively, the key residue in NatE is Val29, a smaller and more hydrophobic residue, 

which allows Met to bind in this site.28  Mutation of NatA Glu35 to Ala or Val altered NatA 

substrate preference and enabled it to catalyze the acetylation of the N-terminal end of a 

NatE substrate, Met-Glu.33  Recently, the NatD and NatF crystal structures have also 

been resolved.34,35  NatD has the most specific recognition motif and is only known to 

acetylate histones H2A and H4, both beginning with a Ser-Gly-Ar-Gly-Lys sequence. The 

α1-α2 and β6-β7 loops of NatD orient the histone proteins N-terminus in a specific manner 

within the binding site. The peptide binding site of NatD is similar to NatA where it can 

only accommodate smaller residues; however, the NatD site is even more restricted than 

NatA.  While the NatA binding site can accommodate Ser and Thr residues, NatD can 
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only accommodate Ser. Additionally, the 3rd position Arg of the histone substrates inserts 

into a pocket that is unique to the NatD enzyme.  In addition, the N-terminus of NatD 

wraps around the catalytic core and stabilizes these interactions, indicating the N-

terminus is also required for catalytic activity.34  The crystal structure of NatF revealed 

that it is the most catalytically similar to NatE.  Both NatE and NatF contain a hydrophobic 

pocket, which gives preference to Met at the 1st position. For the 2nd position of its 

substrate, NatE prefers a hydrophobic amino acid while NatF acetylates substrates with 

charged side chains at the 2nd position. This difference is due to the larger and more 

solvent exposed binding site of NatF.  Another structural difference between NatE and 

NatF is NatF contains a longer β6-β7 loop which mediates dimerization in the absence of 

a substrate peptide, which is unique has not been observed in any other member of the 

NAT family.35 

α-N-terminal acetylation has demonstrated its significance in a variety of 

physiological processes like mediating protein complex formation, regulation of protein 

degradation, membrane attachment of small GTPases, and prevention of protein 

translocation from the cytosol to the endoplasmic reticulum.30,36,37  For many years, it was 

hypothesized that proteins with acetylated N-termini are more stable and less susceptible 

to N-end rule pathway that governs the rate of protein degradation through recognition of 

the N-terminal residue of proteins. However, recent studies also suggest that N-terminal 

acetyl groups decrease the half-life for certain proteins through the Doa10 E3 ubiquitin 

ligase.4,38 N-terminal acetylation also plays a role in subcellular localization, promotes 

proper association of Trm1p-II to the inner nuclear membrane, and prevents protein 

targeting to the endoplasmic reticulum secretory pathway.16,39 N-terminal acetylation also 
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regulates protein-protein interactions; for example, the tropomyosin-actin complex 

formation is dependent upon the N-terminal acetylation of tropomyosin.40,41 Finally, N-

terminal acetylation plays a key role in protein folding.  N-terminal acetylation of α-

synuclein, a key factor in Parkinson’s disease, leads to an increase in helical folding and 

a resistance to aggregation.42 

In addition, NATs have been implicated in several pathological conditions. Studies 

have shown a relationship between the catalytic subunit of NatA and many 

neurodegenerative disorders.4, 6, 16,43  In 2011, a S37P mutation in the NatA catalytic 

domain impairs its catalytic activity and the complex formation. It is not known which 

specific proteins are not acetylated due to this mutation; however, given that N-terminal 

acetylation occurs on approximately 80% of all proteins and NatA is one of the major 

enzymes which catalyze this modification, many proteins might be affected.  Such 

mutation causes lethal X-linked Ogden syndrome, which results in severe mental delays, 

fetal death, an aged appearance, craniofacial anomalies, and cardiac arrhythmias for 

boys.44 NatA is also vital to prevent Htt aggregation since knockdown of N-terminal 

acetylation leads to an increase in aggregation of Huntingtin (Htt), a key protein in 

Huntington’s disease.45 NatA coexpression with β-amyloid precursor protein was found 

to suppress β-amyloid protein secretion, which generates the main component of amyloid 

plaques that are a signature biomarker of Alzheimer’s disease.46 As mentioned above, N-

terminal acetylation of α-synuclein has a significant impact on preventing its aggregation, 

which is one of the hallmarks of Parkinson’s disease.42  In addition to NATs involvement 

in neurodegenerative disorders, the NAT family is also linked to cancer.  Naa15, the 

auxiliary subunit of NatA, has been found overexpressed in papillary thyroid carcinoma, 
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neuroblastomas and gastric cancer.47–49  Elevated Naa10 expression has also occurred 

in breast cancer, colorectal cancer, lung cancer, and hepatocellular carcinoma.50–52  

Naa10 overexpression is implicated in increased cell proliferation by promoting cells to 

pass the cell cycle checkpoints.4,37  In addition, NatB is overexpressed in hepatocellular 

carcinoma and plays a vital role in the cell cycle progression. Knockdown of the catalytic 

subunit of NatB led to the fraction of cells in the G0/G1 phase to decrease while the cells 

in the G2/M phase to increase.  This is an indicator that NatB is critical for cell-cycle 

progression.53 Depletion of NatB in HeLa cells exhibited p21 upregulation, cell cycle arrest 

and p53 induction. Depletion of NatC in Hela cells reduced cell proliferation, induced p53 

expression and p53-dependent cell death.16  

The NAT family has shown to be a potential therapeutic target for a variety of 

diseases including cancer, Huntingtins disease and Ogden’s syndrome.  Therefore, NAT 

inhibitors would be very valuable chemical tools to elucidate its functions.  Currently, there 

are three known NAT bisubstrate inhibitors (Figure 2). Each inhibitor contains the CoA 

portion of the Ac-CoA substrate linked to a peptide with amino acids specific for the NatA 
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complex, NatA catalytic subunit or NatE catalytic subunit. Inhibitor 1 targets the NatA 

complex and contains a peptide portion derived from high mobility group protein A1.  

Figure 2. NAT inhibitors and their respective inhibitory activities54 
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Inhibitor 2 targets the catalytic subunit of NatA and incorporates a peptide derived from 

γ-actin while inhibitor 3 contains a portion of hnRNP F protein that targets the catalytic 

subunit of NatE.  Inhibitor 1 has an IC50 of 15 µM, while inhibitors 2 and 3 have Ki values 

of 1.6 µM and 8.2 nM, respectively.  Additionally, compounds 4 and 5 were synthesized 

without the adenosine ring and showed minimum inhibition, signifying that importance of 

the adenosine ring. These inhibitors have exhibited the different inhibition profiles for the 

NatA complex and the NatA catalytic subunit, which supports that the auxiliary subunit 

plays a role in substrate and inhibitor specificity.54  

1.2 α-N-terminal Propionylation  

              There are approximately 18 proteins that have been identified and verified to be 

propionylated at their α-N-termini in vivo.6,55,56 Among them, 10 proteins carry the 

recognition motif that may be acetylated by either NatA, NatB or NatD based on the intial 

sequence. Additionally, both catalytic subunits of NatA and NatE have been found to 

catalyze the addition of a propionyl group from Prop-CoA onto the N-terminus of NatA 

and NatE substrates. Therefore, it is believed that the NAT family should be capable of 

propionylation.6   

 Compared with N-terminal acetylation that occurs on 80-90% of human proteins, 

propionylation on the N-terminus is less frequent, although the predicted amount of N-

terminal propionylation is between 5 to 20%.6  This severe disparity may result from the 

low availability of Prop-CoA, which is almost 20 times lower than the cellular concentration 

of Ac-CoA (3-30 µM).57,58  To investigate if the ratio of Ac-CoA/Prop-CoA is a key factor 

to dictate the predominant acetylation on the N-terminus, kinetic studies were carried out 

with three representative NatA substrate peptides. NatA introduced both acetylation and 
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propionylation on α-N termini of all three peptide substrates; however, the amount of 

acetylation ranged 3- to 20-fold higher compared to propionylation.6  Although the kcat for 

Ac-CoA and Prop-CoA were similar at 0.78 min-1 and 0.70 min-1, respectively, the Km 

values for Ac-CoA (Km=18 μM) was about 3-fold lower than Prop-CoA (Km=43 μM).6  

These kinetic differences validate that the scarcity of N-terminal propionylation is due to 

the low availability of Prop-CoA. Although the function of propionylation is not defined yet, 

propionylation does increase bulkiness and hydrophobicity with the addition of an extra 

methylene group as compared to acetylation.  This modification may alter its ability to 

interact with proteins and vary downstream effects.59 

1.3 α-N-terminal Myristoylation 

 Although myristic acid is reported to be less than 1% of the total fatty acid in cells,60 

and only 0.5% of proteins in the cell are N-terminally myristoylated,61,62 myristoylation has 

a wide array of relevance and function among posttranscriptional modifications for 

proteins. Proteins actin, gelsolin and p21-activated kinase 2 (PAK2) are N-terminally 

myristoylated post-translationally following cleavage of caspase-3, which leads to the up-

regulation of apoptosis.9 Additionally, the co-translational myristoylation of Gα-protein 

assists in plasma membrane targeting and G-protein signaling.63  N-Myristoyltransferase 

(NMT) is an enzyme that catalyzes the transfer of myristic acid from myristoyl-CoA, a 14-

carbon fatty acid, to the N-terminal Gly residue of its substrates.  NMT is a cytosolic 

monomeric enzyme that is present only in eukaryotes and not prokaryotes.64,65 NMT plays 

a vital role in subcellular localization, protein folding, and enhancing hydrophobicity to 

increase protein-protein and protein-membrane interactions.66–68 Studies have also 

confirmed that myristoylation is able to initiate the first step of the protein maturation 
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process and other conformational changes when in combination with either Ca2+ binding 

or phosphorylation.69,70  

 NMT is a part of the GCN5 acetyltransferase superfamily of proteins and is present 

as two forms, NMT-1 and NMT-2.71  NMT-1 exists as four different isoforms, ranging in 

molecular weight from 49-69 kDa, while only one form of NMT-2 has been reported at 65 

kDa.72  NMT-1 has been shown to be vital for vegetative cell growth while knockdown of 

NMT-1 inhibits tumor progression.73,74 NMT-2 has not been as extensively studied; 

however, elevated levels of NMT-2 are found in colorectal cancer and human brain 

tissues.75,76 The NMT crystal structure (PDB 2NMT, 2.9Å) contains a characteristic 

symmetric two-fold saddle-shaped β sheets bordered by α helices.  The two binding sites 

of NMT are the myristoyl-CoA binding site, located in the N-terminal half of the enzyme, 

and the peptide binding site formed at the C-terminal half.77  

 

Figure 3. NMT ordered bi-bi catalytic cycle78  
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The NMT family undergoes an ordered bi-bi kinetic mechanism.  For proteins to 

undergo myristoylation, a two-step process must occur (Figure 3).  The myristoyl-CoA 

substrate binds to NMT first, followed by the N-terminal Gly peptide substrate.  Catalysis 

may then occur producing an N-myristoylated peptide.79–81 There are many confirmed 

NMT substrates including various Tyr kinases, nitric oxide synthase, the α subunits of 

heterotrimeric G-proteins, and many virus proteins including HIV-1.64,82 A series of 

peptides originating from the N-terminal sequence of NMT substrates were synthesized 

and kinetically evaluated against NMT.   The peptide substrates had Km values which 

ranged from 16 µM-100 µM while myristoyl-CoA had a Km value of 5.8 µM.71  A summary 

of the kinetic parameters of the NMT substrates are shown in Table 3. 

 

NMT has been identified as a promising target in many therapeutic areas including 

anticancer, antifungal and antiparasitic.  NMT-1 is a confirmed biomarker for the detection 

of breast, ovarian, lung and colon cancer.83,84  Additionally, NMT has shown elevated 

activity in adenocarcinoma and gallbladder cancer.84–86  NMT is also an antifungal target 

due to its vital role in the eukaryotic cell.  Experiments show that many species of fungi 

cannot survive without NMT.87  NMT is a single-copy gene in protozoan parasites and 

many NMTs from these parasites have been identified as valid drug targets.88,89  NMT 

Table 3. Kinetic parameters of recombinant NMT from bovine cardiac muscle71 
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exists in the human parasite P. falciparum, a primary agent in malaria, and inhibition of 

NMT lead to failure of the assembly of the inner membrane which is critical for the 

parasitic life cycle.89,90  Given the wide clinical application potential of NMT, NMT 

inhibitors have been widely discovered and synthesized.   

While over sixty NMT inhibitors have been reported for all three disease areas, 

there are many classes of NMT inhibitors for antifungal properties including benzofurans, 

peptidomimetics, and benzothiazoles. Two benzofuran derivatives, compounds 6 and 7, 

showed IC50 values of 0.39 nM against C. alicans NMT,91,92 while peptidomimetic 

inhibitors have yet to show in vivo antifungal activity due to poor membrane permeability. 

The most potent inhibitor to date, compound 8, is a pyrazole sulfonamide antiparasitic 

with an IC50 value of 3 nM against human NMT.93  This drug cured mouse models with 

stage 1 infection of T. brucei and T. brucei rhodesiense;93 however, it was unable to cross 

the blood-brain barrier.94  Recent studies infer the application of NMT inhibitors as novel 

anticancer drugs. A benzenesulfonamide inhibitor, compound 9, had an IC50 value of 5 

nM against human NMT and inhibited the growth of breast and colon cancer cell lines at 

GI50 values of less than 1 μM.95 NMT is an ideal drug target for a variety of clinical fields 

and the amount of successful inhibitors discovered reflects that (Figure 4). 



 
 

16 
 

1.4 α-N-terminal Palmitoylation 

 The addition of a palmitoyl group (C16) to proteins is important in cellular 

localization, protein-protein interactions, protein trafficking and protein stability.96,97 This 

modification commonly occurs as S-palmitoylation by attaching a reversible thioester 

linkage to the side chain of Cys residues. However, N-palmitoylation occurs when a Cys 

residue is at the α-N-terminus of the protein to undergo an S-palmitoylation intermediate 

and followed by a chemical rearrangement to yield a more stable N-palmitoylation at the 

α-N-terminus.  This N-palmitoylation was first discovered after analysis of the secreted 

morphogen Sonic Hedgehog.98 

Figure 4. NMT inhibitors and their respective IC50 values78 
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 The Sonic Hedgehog (Shh) is a secreted signaling protein that plays significant 

roles in the brain during embryonic development.99 Initially, Shh is synthesized as a 45-

kDa precursor for the secretory pathway, but later undergoes autocleavage which results 

in a 19-kDa N-terminal signaling protein (ShhN).  ShhN is the only known human protein 

that undergoes α-N-palmitoylation.98,100 Therefore, the enzyme that catalyzes this 

modification is named the Hedgehog acyltransferase (Hhat).  Hhat is a member of the 

membrane-bound O-acyl-transferase (MBOAT) family which can be categorized into 

three groups based on function.  The first group acylates a hydroxy group during neutral 

lipid biosynthesis, the second group acylates an amino acid within a protein, and the third 

acylates a lysophospholipid for phospholipid remodeling. Hhat falls in the second MBOAT 

family group which are enzymes involved in protein acylation.101,102 The palmitoylation 

increases hydrophobicity of ShhN, which is essential in the strength of signaling and 

generation of a protein gradient in developing embryos.103  Mice having palmitoylation-

deficient ShhN, mutant Hhat or Hhat-knockout showed severe defects in limb 

development and neural tube.104 

 The first biochemical assay performed to verify Hhat specificity for ShhN was 

established in 2008.  The mechanism of Hhat is dependent upon the presence of 

palmitoyl-CoA, which is 70-80 µM in physiological conditions,105 the substrate donor, and 

the availability of a free amino Cys residue.  The α-N-palmitoylation did not take place 

when the Cys residue was replaced with Ala or Ser residues. It was also found that a 

peptide containing an 11-amino acid sequence of the ShhN protein was sufficient for the 

palmitoylation to occur in vitro.100  However, in 2012, studies revealed that the first six 

amino acids of mature ShhN (CGPGRG) are sufficient for palmitoylation by Hhat and the 
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N-terminal Cys amino acid is preferred but can be replaced by Ser. A basic amino acid at 

the fifth position is vital, but can be rescued if placed at position 7.106 Lastly, it was 

identified that colocalization of Hhat and Shh occurred in the endoplasmic reticulum and 

Golgi.100 

 All acyltranferases within the MBOAT family have multiple hydrophobic 

transmembrane domains which has made the biochemical characterization of these 

enzymes difficult.102  Multiple point mutations and truncations of Hhat were performed to 

analyze the effect of enzyme activity.  Truncations at the N- and C-terminus resulted in 

reduced palmitoylation activity and protein stability.107  Additionally, a conserved region 

of residues among MBOAT enzymes (residues 196-234) were found to be required for 

Hhat activity.107  11 point mutations and 10 deletion mutants were carried out within Hhat, 

and the majority had comparable stability as WT Hhat; however, they did cause a loss of 

catalytic activity.  Two key residues were identified to be critical for catalytic activity or 

substrate recognition.  Mutation of Asp339 to Ala resulted in a complete loss of WT 

activity, indicating this residue is vital for catalytic activity.107  Residue H379 is conserved 

among the active site of all MBOAT enzymes and is verified to be critical for catalysis108–

110; however, a H379A mutation in Hhat only led a 50% reduction in WT Hhat activity.107  

This suggests that this His residue may be more critical for recognition and binding of Shh 

and not catalytic activity.  
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Abnormal Hhat signaling has shown to contribute to the growth of many cancers 

including lung squamous cell carcinoma, breast cancer, and the proliferation of pancreatic 

cancer cells.111–114  Additionally, Hhat knockdown has also shown to reduce tumor growth 

in a pancreatic cancer mouse model supporting Hhat as a promising anticancer target.114  

Currently, there are only four known inhibitors for Hhat. High-throughput screening of a 

library of 63,885 compounds using an assay that monitors Hhat-mediated Shh 

palmitoylation was performed.  An additional screen using a cell viability assay was then 

executed and led to 95 confirmed hits.  The top four compounds named 10, 11, 12, and 

13 (Figure 5) were selected on their inhibitory activity and drug-like 

Figure 5. Hhat inhibitors and their respective IC50 values115 
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properties.  Compound 12 was confirmed to demonstrate selective inhibition of Hhat that 

blocks Hhat-mediated Shh palmitoylation in cells.115  Thus, inhibitor 12 was selected for 

further studies in animal studies, but 12 only had a short half-life of 17 min in vivo.  Hhat 

inhibition offers a new anticancer target for cancers with Shh overexpression.107,115  

1.5 α-N-terminal Ubiquitination 

 Ubiquitination or ubiquitylation is another common posttranslational modification 

that adds a ubiquitin molecule onto substrate proteins.  Ubiquitin is a 76 amino acid long, 

8.5 kDa regulatory protein.116 Initially, this modification was only known to occur on the 

side chains of Lys resides via an isopeptide bond.  However, now it is understood that 

this modification also occurs on Ser/Thr side chains through an ester bond, Cys residues 

through a thioester bond, or on the N-terminus through a peptide bond.117–119  The first 

verified protein to be ubiquitinylated on the α-N-terminus was in 1998 on the myogenic 

transcriptional switched (MyoD) protein.120 Currently, there are over twenty proteins, 

many which are naturally Lys-deficient, that undergo this modification solely on the N-

terminus and not on the internal Lys.121–139 

 Ubiquitination has many functions including subcellular localization, subnuclear 

trafficking, DNA damage repair, activation or inactivation or proteins, modulating protein-

protein interactions, and modification of kinases.118,140–142  However, the main role 

associated with ubiquitination is as a signal for protease or lysosome degradation in 

eukaryotic cells.118,119 The first study to indicate the role of N-terminal ubiquitination in 

protein degradation was with the MyoD protein.  Nine internal Lys residues exist in the 

MyoD protein with the potential to be ubiquitinylated and initiate the signal for degradation.  

All nine Lys residues were replaced; however, there was no significant decrease in the 
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degradation or conjugation of MyoD in vivo or in vitro.  However, when all internal Lys 

residues were retained and the N-terminus was carbamaylated, MyoD was stable in vivo 

and in vitro.120 This was the first indicator that a protein can be prone to degradation 

through ubiquitination on the N-terminus and not through an internal Lys. Proteins that 

are susceptible to N-terminal ubiquitination are any proteins that have a free, unmodified 

N-terminus.  Approximately 75% off all cellular proteins are N-terminally acetylated; 

therefore, the remaining 25% are potential substrates for N-terminal ubiquitination.10 

 There are many eukaryotic proteins that share the common ubiquitin fold and are 

often termed ubiquitin-like proteins.  However, many of these proteins are structurally 

similar to ubiquitin but do not undergo conjugation to other proteins.143  Ubiquitin itself is 

highly conserved among yeast and humans with only 3 of 76 amino acids varying.144  The 

process of ubiquitination requires three different enzyme types.  The first enzyme is the 

Ub-activating enzyme (E1) that adenylates the ubiquitin C-terminus using energy from 

ATP hydrolysis and forms an ubiquitin-adenylate intermediate.145  The C-terminus of 

ubiquitin then binds to a Cys residue in E1 through a thioester linkage and releases 

AMP.10  The next enzyme involved is an Ub-conjugating enzyme (E2). The ubiquitin 

molecule is transferred from E1 to a Cys residue on E2, where there are at least 50 in the 

mammalian genome.146,147  Lastly, the E2 enzyme transfers ubiquitin to the protein 

substrates with the assistance of an Ub-ligase enzyme (E3).  There are hundreds of E3 

enzymes and they serve as the substrate recognition enzymes which have the ability to 

interact with both E2 and the proteins substrates.  This hierarchical cascade permits tight 
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regulation of the ubiquitination process (Figure 6).118  This process can be repeated many 

times to add additional ubiquitin moieties and create a polyubiquitin chain.148  In few 

cases, there are E4 enzymes that add a pre-formed polyubiquitin chain to the protein.149  

A target protein must contain a minimum of four linear ubiquitin moieties before it is 

recognized by proteases for degradation.150  Although, it is not fully understood why 

certain proteins are targeted for degradation.   

    The last amino acid in the ubiquitin sequence, Gly76, will attach itself to its 

protein substrate at the N-terminus or Lys side chain.  If the protein is then 

polyubiquitylated, further ubiquitin compounds will link their Gly76 to one of seven 

Figure 6. Ubiquitin hierarchal cascade and varying downstream effects119 
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possible Lys residues or the N-terminus of the initial ubiquitin moiety.151  The attachment 

of the ubiquitin at various Lys residues or N-terminus often indicates varying function for 

the target protein.  Figure 6 shows the ubiquitination cascade and the varying downstream 

roles.119  Once proteins are targeted for degradation, the proteins are swiftly degraded to 

smaller peptides and the ubiquitin subunits are cleaved and recycled for later use.152   

 The ubiquitin pathway is highly involved in a variety of clinical fields including 

neurodegenerative diseases, cancer, viral diseases, and cardiovascular diseases.153,154 

For example, the E3 Ub-ligase, Parkin, is associated with early-onset autosomal 

recessive forms of Parkinson’s disease.155 Additionally, another E3 ligase named 

HUWE1, is overexpressed in multiple cancer types including breast, lung and colorectal 

carcinomas.156  Also, overexpression of MDM2 (HDM2), another E3 ligase, is also present 

in breast, lung, glioblastomas, esophageal carcinomas, and malignant melanomas and 

promotes the degradation of p53, the guardian of the genome.157 Given the wide 

therapeutic potential of the ubiquitin pathway inhibitors, it is not surprising that a generous 

amount of inhibitors have already been discovered.  In 2003, Bortezomib was the first 

drug approved by the FDA as a proteasome inhibitor for the treatment of refractory 

multiple myeloma.158  It was also in clinical trials for diffuse large B cell lymphoma, non-

Hodgkin’s lymphoma and many other cancers.159 Since then, another proteasome 

inhibitor, Carfilzomib, has been approved by the FDA and many other second-generation 

proteasome inhibitors are currently being developed.160 Small-molecule inhibitors have 

been discovered and developed primarily through high-throughput screening techniques 

and have targeted each stage of the ubiquitination cascade.161   
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1.6 α-N-terminal Formylation 

         N-terminal formylation occurs during protein synthesis of bacteria and 

organelles.162 The enzyme methionyl-tRNA formyltransferase (FMT) transfers a formyl 

group from 10-formyltetrahydrofolate to the N-terminus of Met residues.21 The formylation 

of Met was first discovered in 1964 is now understood to signal the initiation of protein 

synthesis.162,163 This reaction occurs in bacteria and organelles,21  and formyl-Met (fMet) 

is the first residue that appears from bacterial ribosome.  Although N-formylation is 

conserved among most bacteria, it is not understood which proteins are dependent upon 

this reaction.164,165   

 A proteomic study was performed to explore how mutations in FMT affects the 

metabolic capabilities of bacteria.  The results indicated that the folic acid metabolism 

was altered after FMT mutation due to increased susceptibility to trimethoprim and 

sulfamethoxazole where the MICs were 3.5- and 3-fold lower, respectively.166 The studies 

also verified that α-N-terminally formylated peptides are critical for the oxidation of 

pyruvate and the FMT mutant consumed glucose less efficiently than FMT wild type.  

Finally, it was found that FMT mutant led to a lack of degradation of Arg through the Arg 

deiminase pathway,166 which is needed as an ATP source by substrate level 

phosphorylation.167 These results elucidated specific pathways that depend on N-terminal 

formylation; however, further studies to understand which enzymes rely on this reaction 

is required.  

 The protein synthesis cycle begins with aminoacyl-tRNA synthetase transferring a 

Met on to an initiating tRNA.  This Met-tRNA product is now susceptible to formylation by 

FMT. After the fMet-tRNA complex is formed it is moved to the ribosome in order for the 
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protein synthesis to initiate.  Next, the formyl group is removed from the initial Met by 

peptide deformylase (PDF) and then the Met can also be removed by Met 

aminopepdidases.168 This protein synthesis cycle is shown in Figure 7.  

 While there are no inhibitors for FMT, designing inhibitors for PDF, the enzyme 

that catalyzes the removal of the formyl group, has been an attractive strategy.  Given 

that PDF is present in prokaryotic cells and absent in mammalian cells, it is an ideal 

antibiotic target.169,170  Inhibitor 14, a naturally occurring tight-binding PDF inhibitor, has 

a Ki value of 0.28 nM.171 Although 14 had poor bioavailability, the discovery of 14  led to 

the increase in rational design of inhibitors for PDF.    

Figure 7. Formylation and deformylation cycle for protein synthesis168  
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 A variety of PDF inhibitors have been discovered including peptidic inhibitors and 

small molecule inhibitors.  These inhibitors have been identified through high-throughput 

screening, ligand-based screening and ration drug design.172  One example of a peptidic 

inhibitor is compound 15, which was discovered through screening a library of 

metalloenzyme compounds.  Compound 15, which has a very similar scaffold as 

compound 14, had an IC50 of 7 nM and high selectivity for PDF.173  A small molecule 

bicyclic inhibitor, 16, was also discovered through screening and had an IC50 of less than 

5 nM and high selectivity for PDF, but had poor antibacterial activity.174  PDF inhibitors 

14, 15 and 16 are shown in Figure 8. Inhibitors for PDF has been a verified as a validated 

effort given there are currently three compounds in Phase I or Phase II clinical trials.175–

177 

1.7 α-N-terminal Methylation 

 Protein α-N-terminal methylation has been known for nearly four decades since it 

was first uncovered on bacteria ribosomal proteins L33.178 Subsequent detection of this 

modification on histone H2B, cytochrome c-557, and myosin light chain proteins revealed 

that α-N-terminal methylation normally occurs on an N-terminal X-P-K (X is A, P, S) 

Figure 8. PDF inhibitors and their respective IC50 values173,174  
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sequence.179–181 Identification of the eukaryotic N-terminal methyltransferase 1 

(NTMT1/NRMT1) unveiled the eukaryotic methylation writers for protein α-N-termini.7, 

22,182 Since then, there have been an increasing number of reports of α-N-terminal 

methylation detected on new protein substrates such as regulator of chromosome 

condensation 1 (RCC1), the tumor suppressor retinoblastoma 1 (RB1), oncoprotein SET 

(also known as I2PP2A, TAF1α), damaged DNA-binding protein 2 (DDB2), Poly [ADP-

ribose] polymerase 3 (PARP3), and centromere proteins A and B (CENP-A and CENP-

B).7,183–187  

 Protein α-N-terminal methylation was originally proposed to regulate protein-

protein interactions since the methylated proteins initially identified were involved 

in large macromolecular complexes.188 Recent discoveries have demonstrated its 

relevance in protein-DNA interactions. The α-N-terminal methylation is essential to 

stabilize the interactions between RCC1 and chromatin during mitosis, to localize 

and enhance the interaction of CENPs with chromatin, and to facilitate the 

recruitment of DDB2 to DNA damage foci.184–187  In addition, the level of α-N-

terminal methylation increases in response to a variety of extracellular stimuli, 

including increased cell density, heat shock, and arsenite treatment.185,189 

 In addition to NTMT1, its close homolog NTMT2 that shares over 50% sequence 

similarity, has been identified as another mammalian protein α-N-terminal methylation 

writer. Studies from Schanar-Tooley et al. indicated that NTMT1 and 2 share the same 

X-P-K recognition motif, but suggested that NTMT2 acts as a monomethylase to prime 

monomethylated substrates for NTMT1.22 Recent structural studies from us and Li et al. 

substantiate that NTMT1 prefers an X-P-K/R (X can be any residue type other than D/E) 
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motif.23,24 Although co-crystal structures of NTMT1 in a ternary complex with varying 

peptide substrates and SAH are now available, there is scarce knowledge of NTMT2 

except the initial report in 2013.22 One reason for the scarcity is the limited stability of 

recombinant full-length NTMT2; therefore, no structural information of NTMT2 is currently 

available.  Recently, a third N-terminal methyltransferase has been discovered in yeast.  

Elongation factor methyltransferase 7 (Efm7) has shown to methylate eukaryotic 

elongation factor 1A (eEF1A), a protein that delivers aminoacyl-tRNAs to ribosome, in 

vitro.  Additionally, studies verified that overexpression of Efm7 resulted in an increase in 

N-terminal methylation while knockdown resulted in a loss of methylation in vivo. 

Interestingly, Efm7 does not target the traditional X-P-K recognition motif and solely 

methylates an N-terminal Gly residue and the adjacent Lys.  However, the adjacent Lys 

is methylated only after the N-terminal Gly is fully saturated.  Nonetheless, Efm7 is the 

only known methyltransferase that methylates the N-terminus and an adjacent Lys 

residue of a single protein.  Currently, eEF1A is the only known substrate of Efm7; 

however, there are 35 other yeast proteins with a beginning G-K sequence that have the 

potential to be substrates.25 

 Among the N-terminal methyltransferase family, only the structure of NTMT1 has 

been extensively studied.  NTMT1 is highly conserved from yeast to humans182 and many 

co-crystal structures of NTMT1 in complex with peptide substrates and the cofactor S-

adenosyl homocysteine (SAH) have been determined.7,23,24  The crystal structures show 

that NTMT1 folds as a single domain and include a Rossman fold that contains seven-

strand β sheets and five α helixes which is common of methyltransferases.  However, 

NTMT1 also comprises an N-terminal extension containing a 310 helix and two α helixes, 
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and a β hairpin inserted between strand β5 and helix α7, which is unique from other 

methyltransferases.  The crystal structures also revealed that the peptide substrates all 

bind in a similar manner through a negatively charged channel connected to the cofactor 

S-adenosyl methionine (SAM) binding site.  The N-terminal amine of the peptide substrate 

is pointing toward the SAM methyl donor.24  This is distinct from other methyltransferase 

enzymes, which commonly have their peptide binding site on the surface and only insert 

the Lys or Arg side chain to be modified into a narrow channel pointing toward the SAM 

binding site.190  The structural information gained from the crystal structure supported the 

selectivity NTMT1 has for the N-terminus over free amino side chains.  Homology 

modeling of NTMT2 has also been performed and overlayed over the NTMT1 cyrstal 

structure (PDB: 2EX4). The NTMT1 crystal structure is shown in green with SAH shown 

in blue while the NTMT2 homology model is shown in yellow (Figure 9).  The main 

distinction between the crystal structure and the model is the N-terminal 60-amino acid 

domain of NTMT2, which is not present in NTMT1.   

 Although the only endogenous substrates verified to be methylated in vivo begin 

with S/P/A/G, NTMT1 was found to methylate peptides beginning with F/Y/C/M/K/R/N/Q 

and H in vitro.24  The tolerance for a variety of amino acids at the first position of the 

substrate can be explained by the spacious binding pocket surrounding the first position 

side chain.  From the crystal structure, a hydrogen bond is shown between the S1 side 

chain and the main chain of Met30 from NTMT1.24  This binding site is large enough to 

accommodate bulky aromatic residue Tyr and is substantiated by enzymatic binding 

data.24  On the other hand, the negatively charged channel prevents negatively charged 

amino acids, like D and E, at the S1 position.7, 24,182  Additionally, a vital hydrogen bond 
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is found between the carbonyl oxygen of the first residue of the NTMT1 substrate and the 

carboxamide side chain of Asn168.  Mutation of Asn168 to Lys resulted in a ~36-fold loss 

in Km, indicating the importance of this interaction between NTMT1 and its peptide 

substrate. The second residue P2 is in a hydrophobic pocket formed by residues  Leu31, 

Ile37, and Ile214.24  It also forms a stacking interaction with the indole of Trp136. 

Mutagenesis of Trp136 or substitution of the Pro to any other amino acid resulted in a 

loss of enzymatic activity.24,182 The third residue K3 forms two key hydrogen bonds with 

side chains Asp177 and Asp180 of NTMT1.  NTMT1 can tolerate Lys or Arg residues at 

the third position of the peptide substrate.7, 24,191  All known protein substrates contain the 

X-P-K initial sequence besides CENP-A, which contains an X-P-R motif. The amino acids 

found at the fourth position of NTMT1 substrates are Arg, Lys and Thr. The fourth residue 

Figure 9. Homology model of NTMT2 (yellow) having the same overall fold as NTMT1 

crystal structure (green; PDB code 2EX4). SAH molecule in the NTMT1 crystal 

structure is shown in blue.22 
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is adjacent to a negatively charged substrate binding channel.24 The fifth and sixth 

residues, such as I5 and A6, only form a few backbone hydrogen bonds with NTMT1.24 

 NTMT1 catalytic transfer of methyl groups onto protein substrates takes place 

through a random-ordered bi-bi kinetic mechanism.192  A ternary complex comprised of 

NTMT1, the cofactor SAM, and the protein substrate is formed with either substrate 

binding to NTMT1 first.192  The key residues involved are the highly conserved Asp180 

and His140 which act as general bases to enable the deprotonation of the α-amino group 

of the N-terminus.  The deprotonated amino group can then undergo a SN2 reaction and 

attack SAM to enable the transfer of the methyl group onto the peptide substrate.  

Additionally, crystal structures were also resolved with monomethylated peptide 

substrates and they had the same orientation as the unmethylated substrates.24  These 

results support the understanding that NTMT1 follows a distributive mechanism and has 

no significant preference for unmethylated or monomethylated substrates.192   

 NTMT1 methylates damaged DNA-binding protein 2, which is crucial for DNA 

repair.184 Knockdown of NTMT1 results in mitotic defects and sensitizes 

chemotherapeutic agents in breast cancer cell lines like MCF-7 and LCC9, while NTMT1 

knockout mice showed premature aging.183,193 Additionally, NTMT1 has been shown to 

be overexpressed in a variety of cancer cell lines and patients’ tumor tissues including 

colorectal, melanoma, carcinoid, lung and liver according to data from ProteinAtlas.194 

Additionally, methylation of regulator of chromosome condensation 1 (RCC1) is essential 

to stabilize its interaction with chromatin throughout mitosis for proper division.185,186 
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Given that NTMT1 forms a ternary complex, bisubstrate inhibitors which target 

both binding sites have been proven to be an effective strategy to increase selectivity and 

potency (Figure 10). This technique has been applied in many enzymes with two binding 

sites including histone acetyltransferases (HATs) and protein Arg methyltransferases 

(PRMTs).54,195,196 The first generation NTMT1 bisubstrate inhibitor is compound 17.  The 

NAM portion of this bisubstrate inhibitor is a SAM analog; however, the sulfonium atom 

is replaced with a nitrogen to increase stability.  The peptide portion of the inhibitor is the 

beginning six amino acids of RCC1.  There is a triazole linker that was utilized due to its 

optimum size in coupling both substrate portions together.  This optimum linker size was 

determined based on the distance found in docking studies between the sulfonium atom 

in SAM and the free amine of the peptide substrate. Through fluoresnce-based assays 

and MALDI methylation assays, the IC50 of this compound was found to be 0.81 μM.  To 

verify specificity of this inhibitor, two other methyltransferases were also tested.  Inhibitor 

Figure 10. Bisubstrate strategy to inhibit methylation  
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17 showed less than 15% inhibition against PRMT1 and less than 50% inhibition against 

protein Lys methyltransferase G9a at 50 μM.  Lineweaver Burke plots also illustrated that 

this inhibitor competes at both sides confirming the bisubstrate strategy was effective.197 

The second generation of bisubstrate inhibitors were also synthesized utilizing alkyl 

linkers in replace of the triazole in order to probe varying distances between the substrate 

portions.  A series of inhibitors were synthesized and the most potent compound, 18, had 

a propylene linker and an IC50 of 0.94 μM.  Selectivity studies against PRMT1 and G9a 

were also carried out and the bisubstrate inhibitor showed no significant inhibition at 30 

μM against either enzyme.198  These inhibitors are the first bisubstrate inhibitors which 

target NTMT1 (Figure 11).  

 Bisubstrate inhibitors have been a successful strategy among methyltransferases 

given that they typically have higher selectivity and potency for their target.  Nevertheless, 

bisubstrate inhibitors are often too large, not cell-permeable or drug-like.  Therefore, there 

is a need for small molecule inhibitors to elucidate information about downstream process 

of protein α-N-terminal methylation. While there are many reports that imply the 

importance of α-N-terminal methylation, the function of protein α-N-terminal 

Figure 11. NTMT1 inhibitors and their respective IC50 values197,198 
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methylation is still in its infancy. Little progress has been made in characterizing 

the recognition motif and readers responsible for specifically recognizing this 

modification and translating it into a biological signal. Lack of such knowledge has 

greatly limited our understanding of its functions from a systematic viewpoint.   

Given that the NTMT family has two binding sites, a small molecule inhibitor may 

target the SAM cofactor binding site or the peptide substrate binding site.  Since SAM is 

a common cofactor for many methyltransferases, targeting the peptide binding site should 

achieve higher selectivity.  Therefore, the intention of this project is to design potent and 

selective peptide inhibitors for NTMT1.  Herein, we report the design and synthesis of the 

first series of selective photoaffinity probes for the NTMT family. Additionally, one 

approach to identify proteins which write a methyl group onto the N-terminus of proteins 

or recognize a methylated N-terminus of proteins is photoaffinity labeling.  Photolabeling 

targets the active site of a specific protein where the covalent labeling is driven by specific 

recognition. A series of unmethylated photoaffinity probes which taget the NTMT family 

and a series of methylated photoaffinity pobes which target proteins downstream from the 

NTMTs have been synthesized.  These photoaffinity probes have sucessfully labeled 

spiked-in NTMT1 in a complex cell mixture.  Additionally, these probes have revealed 

novel information about substrate preferences among NTMT1 and NTMT2. These 

photoaffinity probes have the ability to identify information about the function of protein α-

N-terminal methylation. 
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2. Results and Discussion 

 

2.1 NTMT1 Peptidomimetic Inhibitors 

2.1.1 Design 

 The ultimate goal of this project was to develop potent inhibitors that specifically 

inhibit NTMTs. Based on our crystal structures, the first amino acid at the N-terminus 

mainly interacts with N168 through the carbonyl amide bond and is tolerable towards 

NTMT1 recognition, which is substantiated by the wide range of amino acids which exist 

at the first position.24 Given the mechanism of methylation, the α-N-terminal amine is 

essential to serve as a nucleophile to attack SAM, but it is not critical for binding. 

Therefore, we hypothesized that NTMT1 peptidomimetic inhibitors can be developed 

through the removal of the N-terminal amine of peptide substrates. We initiated our efforts 

by incorporating carboxylic acids onto a tripeptide to mimic the Pro, Gly, Ser, or Tyr at the 

first position (Table 4). We also introduced a benzyl group at the first position to explore 

the importance of the first amide group.  

 In addition, we also explored the modifications at the second, third and fourth 

position in an attempt to increase inhibitory activity, as well as to enhance stability since 

peptide-based inhibitors are susceptible to degradation and peptidases. Pro is known to 

undergo ci-trans isomerization. From our crystal structures, Pro has only shown the trans 

conformation24; therefore, we hypothesized that the trans conformation is favorable to 

interact with NTMT1. Literature has stated that although alpha-methyl-Pro has the ability 
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to exist as a trans or cis conformation, the cis conformation is the overwhelming 

majority.199  Therefore, an alpha-methyl-Pro was designed at the 2nd position to lock its 

cis conformation and probe inhibition differences with changes at the P2 position. Arg has 

been detected at the 3rd or 4th position in NTMT1 substrates, so it was synthesized at 

either position to evaluate the inhibitory activity. Likewise, Thr was incorporated at the 4th 

position. Additionally, trimethylated Lys and D-Arg were designed to increase cell 

permeability and stability, respectively.200 To investigate the optimal length for inhibitory 

activity, we also synthesized one peptidomimetic to mimic tripeptides and five to mimic 

hexapeptides. 

 

 

Table 4. Summary of modifications at 1st position for tetramer inhibitors  
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2.1.2 Docking Studies 

 To support our hypothesis and validate the binding mode of our designed 

inhibitors, docking studies of the inhibitors were performed using the NTMT1 co-crystal 

structure (PDB id: 5E2B) using the program Gold53.  The NTMT1 binding site was defined 

by a sphere of 6.0 Å where the substrate MePPKRIA was extracted and the inhibitors 

were docked into that site.  The compounds for docking were prepared using SYBYL X2.1 

and the energy was minimized using the external Tripos force field. The ChemPLP score 

from the Gold53 docking program was considered to determine the most likely docking 

conformations and top inhibitors. 

 The majority of the inhibitors overlaid well with the peptide substrate (MePPKRIA) 

in the binding pocket of NTMT1. The docking studies verified that there is a large site at 

the first position of the inhibitors which allowed for bulkier amino acid analogs at that 

position. The docking studies also indicated that electrostatic interactions could occur if 

an electronegative atom and hydrogen were introduced at the para position of the phenyl 

ring at the first position.  This supported our design to incorporate a hydroxy phenyl and 

amino phenyl compound at the first position, which were substantiated by potent IC50 

values.  The peptide inhibitors, BM-30, BM-32, BM-34, BM-36 and BM-28 overlayed the 

peptide substrate, MePPKRIA, are shown in Figure 12. 
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2.1.3 Synthesis 

The peptides were synthesized following the standard Fmoc solid-phase synthesis 

on Rink amide resin using a CEM Liberty microwave peptide synthesizer.  The 

peptidomimetics that have carboxylic acids at the first position were prepared through the 

standard amino acid coupling reaction except for BM-45 which has a trimethylated Lys at 

its 4th position. First, alloc protected Lys was manually coupled on to the Rink amide resin 

Figure 12. Superimposed structures of peptide inhibitors (atom color) with substrate 

peptide MePPKRIA (cyan) in the complex of NTMT1 (grey). (PDB: 5E2B) SAH is 

shown in orange (A) BM-30; (B) BM-32; (C) BM-34; (D) BM-36; (E) BM-28. 

A B 

C 
D 

E 
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following the standard Fmoc strategy.  Next, orthogonal deprotection of the alloc group 

was performed using 3eq of I2 in 4:1 ACCN:H2O and shaken for 48 hours.201 followed by 

trimethylation on the Lys side chain amine202 with an 80% yield after HPLC purification. 

Then the remaining amino acids were coupled following standard coupling procedure 

through the automatic peptide synthesizer (Scheme A1). For BM-26 and BM-27, the two 

peptidomemetics with a benzyl group at the first position, benzyl bromide was used as 

the starting material and added to the PKR and PKT tripeptide on resin through an SN2 

reaction (Scheme A2). All compounds were cleaved from the solid support in a solution 

of trifluoroacetic acid/2,2’-(ethylenedioxy)diethanethiol/H2O/triisopropylsilane 

(94:2.5:2.5:1). All peptide inhibitors were purified by reverse-phase HPLC (Waters) and 

characterized my mass spectrometry (Figure A1).   

2.1.4 MALDI-MS Studies 

To determine if the peptide inhibitors were possible substrates, the inhibitors 

underwent a methylation progression study monitored via MALDI-MS as described 

before.203 NTMT1 was incubated with the peptide inhibitors, and after 5 min, SAM was 

added to initiate methylation. The reaction was quenched after one hour and the 

compounds were analyzed through MALDI-MS and processed in Data Explorer.  The 

peptide inhibitors BM-11, BM-30, BM-32, BM-34, BM-39, and BM-42 were subjected to 

NTMT1 methylation and none showed any methylation, indicating that they are not 

NTMT1 substrates.    
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To validate our inhibition values obtained from our fluorescence-based 

methyltransferase assay, a MALDI-MS methylation progression assay was performed 

following a similar procedure as described above.  NTMT1 was incubated with RCC1-6 

and the peptide inhibitors BM-11, BM-30, BM-34, BM-46 and BM-47 at two concentrations 

(1 µM and 25 µM).  After 5 min, SAM was added to initiate methylation of RCC1-6. The 

reaction was quenched after one hour.203 The methylation progression was monitored via 

MALDI-MS and data was analyzed in Data Explorer by quantifying the area under the 

curve to determine the percentage of inhibition.203  The peptide inhibitors tested showed 

similar inhibition values in this MALDI-MS methylation inhibition assay compared to the 

fluorescence-based methyltransferase assay.  Figure 13 shows the MALDI-MS 

methylation progression after the addition of the two concentrations of BM-30.  The 

inhibition values found in this assay are the same or comparable to the inhibition values 

Figure 13. MALDI-MS methylation inhibition assay for peptide inhibitor BM-30 
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found in the fluorescence assay.  The four other peptide inhibitors tested are shown in 

Figure A2-A5. 

2.1.5 Inhibition Studies 

All synthesized peptidomimetics were evaluated in our established SAH-coupled 

fluorescence assay.192 The Km values for both peptide substrate and SAM were 

determined as described before. The assay was performed at 100 µM of SAM and at the 

Km value of peptide substrate. Initial screening was carried out at the concentration of 5 

µM and 30 µM of each compound. Those compounds that exhibited more than 50% of 

inhibition at 30 µM were subjected to IC50 studies. Percentage of inhibition is calculated 

by subtracting the slope of [SAH] production vs. time for each concentration of inhibitor 

from the slope of [SAH] production vs time of the positive control with no inhibitor present. 

IC50 studies were carried out by ranging the inhibitor concentration from 0.14 µM – 100 

µM in a three-fold dilution.  They were incubated with 0.1 µM NTMT1 and the reaction 

was initiated with the peptide substrate, RCC1-6 at Km value. Fluorescence intensity was 

monitored for 15 min and the rates were fit to the log[inhibitor] vs response model using 

least squares nonlinear regression. A summary of the kinetic data for the peptide 

inhibitors is shown in Table A1 and IC50 curves are shown in Figure A6.  

Table 5 shows all modifications made at the first position followed immediately by 

a P-K-R sequence. The X groups consisted of many Pro mimics including cyclopentane, 

cyclopentane, cyclohexane, phenyl and a benzyl moiety.  Smaller groups to mimic Gly 

and Ser were also incorporated in the X position.  Finally, a larger aromatic group, a 

quinolone, was also added to probe steric hindrances at the X position. All of these 
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inhibitors also contained 0 CH2 groups between the carbonyl and X position.  Interestingly, 

none of these inhibitors showed inhibition toward NTMT1 at 100 µM.  To explore the 

importance of the carbonyl at the first position, it was removed in compounds BM-26 and 

BM-27, and neither inhibitor showed any inhibitory activity at 100 µM.  This lack of 

inhibition may be an indicator of the significance of the hydrogen bond with the carbonyl 

in that position or may be due to the distance of the X group.   

On the other hand, introducing methylene or ethylene between the carbonyl and X 

position led to a significant increase in inhibition (Table 6). While BM-2 showed no 

inhibition at 100 µM, the addition of one more CH2 group in BM-9 led to an IC50 value of 

33 µM.  This was also observed in BM-41 and BM-42 which increased in inhibition after 

the addition of a methylene group.  The increase in inhibition from an extra CH2 group 

Table 5. Peptide inhibitors with 0 CH2 groups between carbonyl and X position 
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may indicate the need for more flexibility or distance at the first position. Alternatively, an 

ethylene group led to a decrease in inhibition compared to the methylene analogs.  BM-

32 had a 4.5-fold loss in inhibition after the incorporation of two CH2 groups compared to 

BM-30.  Similarly, BM-36 had a 3-fold loss in inhibition compared to BM-34.  Therefore, 

these results suggest that the optimum inhibitor for the NTMT1 binding site should have 

a methylene group.  Inhibitors which contain no CH2 groups may not have the distance 

or flexibility to attain high inhibitory activity while two CH2 groups may cause steric 

hindrances.   

Table 6. Peptide inhibitors with 1-2 CH2 groups between carbonyl and X position 
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Additionally, a variety of substituents were incorporated at the para position on the 

X position, including a hydroxy group, an amine, a fluoro group and a methoxy group.  

The inhibitors which contained a hydrogen donor at this para position, had the greatest 

inhibitory effects.  An 80-fold decrease in inhibition was found in BM-40, which had a 

methoxy group, compared to BM-30, which had a hydroxy group.  This supports the 

necessity of a hydrogen donor at this first position.  

Only one modification was made at the second position of the peptide inhibitors 

and is shown in Table 7.  Adding an alpha-methyl-Pro at the second position forces the 

P2 to exist in a cis configuration,199 whereas Pro more only exists in the trans 

configuration in our co-crystal structures.24 This modification led to a complete loss of 

Table 7. Structure-Activity-Relationship of modifications at 2nd position 

Table 8. Structure-Activity-Relationship of modifications at 3rd position 
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inhibition for BM-43.  These results substantiate previous findings that a Pro at the second 

position prefers the trans configuration; however, the additional methyl group may also 

be contributed to the loss in inhibiton.  

Many inhibitors were synthesized that had the sequence X-P-K-R and X-P-R-R 

given that Lys and Arg exist in the third position of NTMT1 substrates.  All inhibitors that 

ended in the P-R-R sequence showed less inhibitory activity in the double dose 

screenings compared to the P-K-R sequence.  None of the inhibitors with an Arg at the 

third position were evaluated in an IC50 assay due to low initial screenings.  Table 8 

indicates the preference for Lys over Arg at the third position.   

Table 9. Peptide inhibitors with modifications at 4th position 
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 NTMT1 substrates have Arg and Thr at the fourth position; therefore, inhibitors 

were synthesized with both amino acids at this position and are shown in Table 9.  Every 

inhibitor that ended in an Arg residue had greater inhibitory activity compared to its Thr 

anolog.  The inhibitors ending in Arg had 4- to 25-fold greater inhibition compared to their 

Thr counterparts.  These results indicate the significance of the Arg residue at the fourth 

position.   Eliminating the fourth amino acid entirely and converting the inhibitor to a trimer 

also significantly diminished inhibition, which is shown by BM-44 compared to BM-30.  

Two modifications were also made at the fourth position in attempts to increase 

permeability or stability.  Adding trimethylated Lys at the fourth position (BM-45) was 

performed to increase permeability by adding three additional methyl groups, yet a 

significant loss in inhibitory activity occurred.  Converting L-Arg to the non-natural amino 

acid D-Arg (BM-46) was carried out to increase stability against peptidases; however, 

resulted in a four-fold loss in inhibition. Although there was a decrease in inhibition due 

to this modification, there may be an increase in stability that is worth the loss in inhibition. 

Lastly, the hexamer peptide compounds showed greater inhibition than their tetramer 

analogs. BM-11 had a 12-fold increase in inhibition compared to BM-9, while BM-47 has 

a 3-fold increase compared to BM-30 (Table 10).  These results suggest that increasing 

peptide inhibitor length increases inhibitory activity due to additional binding interactions. 

Table 10. Tetramer and hexamer peptide analogs 
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2.3.6 Selectivity Studies  

Given that there are many methyltransferase enzymes, selectivity among these 

inhibitors is critical.  For example, G9a is a methyltransferase that transfers a methyl to 

Lys side chains while PRMT1 is a methyltransferase that transfers methyl groups to Arg 

side chains.  Both enzymes also share the conserved SAM binding site with NTMT1.  

Therefore, selectivity of these compounds for NTMT1 is vital.  The top five inhibitors with 

IC50 values lower than 5 µM were tested against G9a and PRMT1 to ensure selectivity.  

All peptide inhibitors except BM-46 showed >70 µM IC50 values against G9a and all the 

inhibitors showed greater than >100 µM IC50’s against PRMT1.  The results indicate that 

Table 11. Summary of selectivity data for top peptide inhibitors  
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the inhibitors have 3- to 300-fold selectivity for NTMT1 over these other two 

methyltransferases.  The selectivity data is summarized in Table 11.  

2.3.7 Inhibition Mechanism  

An inhibition mechanism study of one of the top inhibitors, BM-30, was performed 

to verify which binding site the peptide inhibitor competes.  Figure 14 shows the inhibitor 

is acting through competitive inhibition with respect to the peptide substrate.  This is 

demonstrated by the linear dependence of the IC50 value relative to the increase in 

peptide substrate concentration.  Alternatively, BM-30 was noncompetitive with respect 

to SAM, indicated by the flat line that minimally fluctuates based on SAM concentration. 

 

Figure 14. BM-30 is a SAM-noncompetitive, peptide-competitive inhibitor of NTMT1.  
BM-30 is competitive with the RCC1-6 peptide substrate, as the IC50 increases 
linearly with with compound concentration.  BM-30 does not compete with cofactor 
SAM, as the IC50 was not affected by the compound. 
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2.2 Photoaffinity Probes 

2.2.1 Design 

The goal is to identify the reader for α-N-terminal methylation to provide insight into 

the NTMT1-regulated downstream pathway. Until now, there is no known interacting 

partner that has been identified to recognize α-N-terminal methylation, except the NTMT 

enzymes that install this methylation. Photoaffinity labeling has been used as an attractive 

approach to identify binding partners, delineate drug-protein binding interactions, and 

isolate cellular targets.204–207 Hence, we sought to apply a photoaffinity approach to catch 

novel readers for α-N-terminal methylation. A typical photoaffinity probe contains three 

main components: a recognition element, a crosslinker, and a clickable handle (Figure 

15). The recognition element conveys selectivity, the photocrosslinker covalently tethers 

the probe to the targets, and the clickable handle allows for derivations to link a 

fluorescent reporter or biotinylated tag.  

We initiated our efforts by optimizing our photoaffinity probes using NTMT1 which 

is the only known interacting partner as the model system. Probes 1-3 contain an 

unmethylated N-terminus and have the capability of being enzymatically recognized by 

the NTMTs.  Probes 4-6 have a methylated N-terminus and mimic the product of the 

NTMT family and can be recognized by NTMT downstream reader proteins.  Additionally, 

NTMT still recognizes its methylated product; therefore, probes 4-6 can still be optimized 

using NTMT1 as a model.  To achieve specific photolabeling, we aim to position the 

crosslinker close enough to the recognition motif while not interfering with the recognition. 

Based on our co-crystal structures of NTMT1 in complex with substrates, the first four 
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residues of the peptide substrate contribute significantly to the binding while the fifth and 

sixth residues only form backbone hydrogen bonds with NTMT1 and are solvent-

exposed.24 Hence, we decided to only incorporate the first four residues from selected 

protein substrates as the specific recognition element and attached the crosslinker at 

either the fifth or sixth position on our designed probes 1-6 (Figure 15). Among all tested 

peptide substrates, substrate peptides starting with P-P-K have the highest binding affinity 

for NTMT1 (1.5 nM) and can be efficiently methylated to the fully methylated state by 

recombinant NTMT1.24, 191,203 Such substrate proteins include tumor suppressor RB1, 

mouse RCC1, ribosomal subunits S25 and L12, and histone H2B; therefore, we initiated 

our efforts by incorporating a P-P-K-T peptide that is derived from RB1 protein into probes 

1, 2, 4, and 5 as the recognition element. In addition, we incorporated A-P-K-R that is 

derived from oncoprotein SET as an alternative recognition element for probe 3 and 6 

Figure 15. Structure of photoaffinity probes 1-6 
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since validated substrates like oncoprotein SET, DDB2, and PARP3 contain the 

sequence APK at their N-termini.  

We initially selected a benzophenone as our crosslinker considering its 

commercial availability, high stability and its preferential reaction with unreactive 

C-H bonds.208 However, the benzophenone bulky size may also cause low labeling 

efficiency and lead to nonspecific labeling. Therefore, we also synthesized photo-

Met to investigate the effect of a diazirine crosslinker,209 which is smaller in size. 

The diazirine has high labeling efficiency and consequently increases the 

sensitivity of the probe, although the reactive diazirine intermediate could also lead 

to nonspecific labeling.210–212 Both crosslinkers were placed at either the fifth or 

sixth amino acid position of the probe, which is after the recognition portion. Again, 

this design was to minimize interference with the affinity of the recognition element 

while still positioned in close enough proximity that it would specifically bind to the 

target. One Gly linker was introduced right after the crosslinker (Probe 1) or one 

on either side of the crosslinker (Probes 2-6) to allow conformational flexibility and 

possibly prevent possible steric hindrance from interactions.213 A propargyl group 

was used as a clickable handle and added to the C-terminal of the peptide through 

a Backbone Amide Linker (BAL) or propargylglycine.  

2.2.2 Docking Studies 

To support our design and further validate that the crosslinkers did not affect 

binding within the active site, docking studies of the probes was performed using the 

NTMT1 co-crystal structure (PDB id: 5E2B). The NTMT1 binding site was defined by a 
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sphere of 6.0 Å where the substrate MePPKRIA was extracted and probes 1-3 were 

docked into that site.  The compounds for docking were prepared using SYBYL X2.1 and 

the energy was minimized using the external Tripos force field. The ChemPLP score from 

the Gold53 docking program was considered to determine the most likely docking 

conformations and top inhibitors.  Probe 1 overlaid well with the peptide substrate 

(MePPKRIA) in the binding pocket of NTMT1. The benzophenone crosslinker and the 

alkyne portion pointed away from the surface of the protein. Probe 2 bound in a similar 

A 

B 

C 

Figure 16. Superimposed structures of probe 1-3 (yellow) with substrate peptide 

MePPKRIA (cyan) in the complex of NTMT1 (grey). (PDB: 5E2B) SAH is shown in 

orange (A) Probe 1; (B) Probe 2; (C) Probe 3. 
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manner as probe 1 and the diazirine crosslinker still pointed to the surface of the protein.  

Surprisingly, probe 3 displayed slightly different binding mode from the MePPKRIA 

peptide, with the N-terminus in closer proximity to SAH.  Nevertheless, the crosslinker 

moieties of all three probes imposed minimal interference on binding to NTMT1 (Figure 

16).  

2.2.3 Synthesis 

 All probes were synthesized on solid phase via standard Fmoc peptide 

coupling procedure. Briefly, the synthesis of photoaffinity Probe 1 is illustrated in 

Scheme 1. The commercially available BAL handle was loaded onto Rink amide 

resin first to yield 7.214 Compound 7 was converted to the alkyne, 8, after reductive 

amination with propargylamine and sodium cyanoborohydride.214 Next, a Gly linker 

was manually coupled to yield 9 followed immediately with a manual coupling of 

Fmoc-4-benzoyl-L-phenylalanine to yield 10. The N-terminal amino acids of PPKT 

Scheme 1. Synthesis of photoaffinity probe 1 a) piperidine, HOBt, DMF, rink amide 

resin, 2x10 min; HOBt, HBTU, DIPEA, NMP, 12 hr; Ac2O, DCM, 2x5 min;  b) 

propargylamine, NaBH3CN, AcOH, MeOH, 2x12 hr;  c) Fmoc-Gly-OH, DIC, NMP, 

DCM, 2x90 min; Ac2O, DCM, 2x5 min;  d) piperidine, HOBt, DMF, 2x10 min; Fmoc-4-

Bpa-L-phenylalanine, HOBt, DIC, DMF, 12 hr;  e) automated iterative synthesis, µW, 

Gly, Thr, Lys, Pro, Pro;  f) trifluoroacetic acid, 2,2’-(ethylenedioxy)diethanethiol, 

Triisopropylsilane, H2O, 4 hr. 
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were added via a CEM Liberty microwave automatic peptide synthesizer to 

produce 11 and followed by cleavage from resin to yield probe 1. Cleavage from 

resin using trifluoroacetic acid (TFA) also cleaves the BAL linker from the probe.  

The probe was verified by mass spectrometry with a detected mass of 787.5989 

(predicted mass 787.4137).  The synthesis of photoaffinity probe 4 is very similar 

as the synthesis of probe 1, except the BAL linker is not cleaved after the addition 

of TFA. Additionally, probe 4 was dimethylated using methyl iodide and potassium 

carbonate.201  Probe 4 was cleaved and was verified by mass spectrometry with a 

detected mass of 1035.5136 (predicted mass 1035.5304). 

The syntheses of probes 2, 3, 5, and 6 were completed in a similar fashion except 

Fmoc-propargylglycine was purchased from ChemImpex and manually coupled onto the 

Rink amide resin.  This step eliminated the incorporation of the Bal linker and the reductive 

amination reaction. After successful coupling of the Fmoc-propargylglycine, manual 

coupling of Fmoc-glycine and Fmoc-benzophenone or Fmoc-Photo-Met followed as 

described above. The Fmoc-Photo-Met was synthesized as described in Yang, et al.209   

The remaining amino acids were coupled using the automatic peptide synthesizer. 

Probes 5 and 6 were then dimethylated or trimethylated and were also verified by mass 

spectrometry with a detected mass of 817.4768 (predicted mass 817.4685) and 860.6093 

(predicted mass 860.5219), respectively. Probes 2 and 3 were also verified by mass 

spectrometry with a detected mass of 789.4373 (predicted mass 789.4366) and 930.4953 

(predicted mass 930.4945), respectively.  All six photoaffinity probes were purified by 

reverse-phase HPLC (Waters) and characterized by mass spectrometry (Figure A7-A8). 
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2.2.4 Recognition Studies  

To validate the specific recognition of the probes, we first examined if our 

unmethylated probes could be recognized and methylated by NTMT1 through a MS-

based study. Briefly, photoaffinity probe 1 (5 µM) was incubated with NTMT1 (0.2 µM) 

and SAM (50 µM) as reported previously.192,203 The reaction was monitored at various 

time points via MALDI-MS. As shown in Figure 17, the photoaffinity probe was fully 

methylated within five minutes in the presence of SAM as only dimethylated peak 

([M+2Me]+ = 815.9542) was detected. This phenomenon indicates minimal interference 

of the benzophenone with NTMT1 recognition and catalysis.  This experiment was also 

repeated with probe 3; however, after 15 min, there was a mixture of un-, mono-, and 

dimethylated product (Figure A9).  

In addition, we characterized the steady-state kinetic parameters of probes 1-3 for 

methylation using an SAH hydrolase-coupled fluorescence assay, previously described 

by Richardson, et al.192 The Km values of probes 1, 2 and 3 were found to be 4.9 ± 0.7 

µM, 2.3 ± 0.1 µM and 0.7 ± 0.07 µM, respectively (Figure 18a-c, Table A2).  To understand 

Figure 17. MALDI-MS of probe 1 (theory m/z: 787.4143, detected m/z: 787.5989) 

(left). MALDI-MS confirming photoaffinity probe 1 is fully dimethylated by NTMT1 in 

the presence of S-adenosyl methionine (SAM) after 5 minutes (theory m/z: 815.4456, 

detected m/z:  815.9542) (right). 
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how the crosslinker of the probes affects NTMT1 methylation, we also determined the Km 

values of the RB1-10 (PPKTPRKTAA) and SET1-10 (APKRQSPLPP) peptides to be 0.9 

Figure 18. Steady-state kinetics of His-NTMT1 activity as detected by fluorescence 

assay. Varied concentration of (a) probe 1, (b) 2, (c) 3, (d) RB1-10, and (e) SET1-10 

peptide with SAM at 100 µM. 

a b 

c

 

d 
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± 0.2 µM and 1.9 ± 0.2 µM, respectively (Figure 18d-e). Hence, the comparable Km values 

of our probes and peptide substrates validate our design strategy.                                                                            

2.2.5 Photoaffinity Labeling  

To investigate the effect of probe concentration on labeling efficiency, NTMT1 (4 

µM) was directly incubated with varying concentrations of the probes (0 µM to 16 µM) on 

ice for 10 min and followed by irradiation for 30 min at 312 nm.215 Tetramethylrhodamine 

(TAMRA) azide and the “click” reagents were then added and incubated in the dark for 

one hour. Then the samples were quenched with SDS loading dye and analyzed after 

electrophoresis. In order to remove the excess fluorophore and eliminate background 

noise from unreacted probes, the SDS-PAGE gels were washed with destaining buffer216 

before the samples were quantified through fluorescence imaging analysis (Figure 19). 

Figure 19. Concentration-dependence photolabeling of NTMT1 by (a) probe 1, (b) 

probe 2, (c) probe 3, (d) probe 4, (e) probe 5 and (f) probe 6. 
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The results showed that all six probes display a concentration-dependent manner 

given that the amount of fluorescent labeling increases as the concentration of the probes 

increases.  The optimal concentration based on the signal-to-noise ratio and background 

fluorescence was determined to be 8 µM for the probes which contain a benzophenone 

(probes 1, 3 and 4) and 4 µM for probes which have a diazirine crosslinker (probes 2, 5 

and 6). These concentrations of photoaffinity probes are used for all following studies.   

A time-dependent study was performed to determine the optimal UV dosage for 

efficient photocrosslinking. NTMT1 (4 µM) was incubated with benzophenone 

photoaffinity probes 1, 2 and 4 (8 µM)  on ice for 10 min then irradiated for 0, 10, 20, 30, 

40 or 50 min at 312 nm.215 The diazirine crosslinker has been reported to have a much 

faster crosslinking time; therefore, the time used for probes 2, 5 and 6 was 0, 2.5, 5, 7.5, 

10 and 12.5 min or 0, 5, 10, 15 and 20 min.209 The results indicated that an optimal 

Figure 20. Time-dependence photolabeling of NTMT1 by (a) probe 1, (b) probe 2, (c) 

probe 3, (d) probe 4, (e) probe 5 and (f) probe 6. 
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labeling was reached at approximately 30 min for the benzophenone probes 1, 3 and 4 

(Figures 20a,c,d) and 10 min for the diazirine probes 2, 5 and 6 (Figure 20b,e,f).   

To investigate if the labeling is specifically directed by recognition, we performed 

NTMT1 labeling in the presence of an RB1-10 substrate peptide, which served as a 

competitor to bind to NTMT1. NTMT1 (4 µM) was incubated with either competitor peptide 

RB1-10 (0, 25, 50, 75 and 100 µM) or S-adenoyslhomocysteine (SAH) (0, 25, 50, 75 and 

100 µM) on ice for 10 min to allow for any possible interaction. Next, photoaffinity probe 

1 (8 µM) was added and incubated on ice for an additional 10 min to allow the probe to 

compete with any of the possible interactions with NTMT1. Compared to the control, total 

fluorescent labeling for probe 1 decreased over three-fold in the presence of 25 µM RB1-

10, but did not significantly change in the presence of SAH (Figure 21). Since SAH binds 

at the SAM binding site of NTMT1, our results validate that our designed photoaffinity 

probes bind in the peptide binding pocket, revealing that the labeling is driven by specific 

recognition.    

Experiments were also carried out with RB1-10 and SAM at physiological 

concentrations to evaluate if the photoaffinity probes still effectively label NTMT1.  

Physiological concentrations of RB1 protein and SAM is reported to be 45 nM and 0.15 

Figure 21. Competition studies. (a) Cross-linking reactions of probe 1 with 

recombinant NTMT1 in the presence of RB1-10 peptide at 0, 25, 50, 75, and 100 μM. 

(b) Cross-linking reactions of probe 1 with recombinant NTMT1 in the presence of SAH 

at 0, 25, 50, 75, and 100 μM. 
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µM, respectively.  Therefore, NTMT1 (4 µM) was incubated with RB1-10 (0, 10, 25, 50, 

75 and 100 nM) or cofactor SAM (0, 0.05, 0.1, 0.15, 0.2, and 0.25 µM) on ice for 10 min 

to allow for any competition. Next, photoaffinity probe 2 (4 µM) was added and incubated 

on ice for an additional 10 min to allow the probe to label NTMT1. Compared to the 

control, total fluorescent labeling for probe 2 did not decrease in the presence of RB1 or 

SAM (Figure 22).  These results validate that these photoaffinity probes would be effective 

in labeling NTMTs against physiological concentrations of competitors. 

Competition experiments were also performed with the probes 4-6 and a 

methylated RB1-10 competitor.  NTMT1 (4 µM) was incubated with either competitor 

peptide Me2RB1-10 (0, 10, 20, 30, 40 or 100 µM) on ice for 10 min to allow for any possible 

interaction. Next, the photoaffinity probes (8 or 4 µM) were added and incubated on ice 

Figure 22. NTMT1 labeling with probe 2 at physiological concentrations of competitors 

(a) Probe 2 with recombinant NTMT1 in the presence of RB1-10 peptide at 0, 10, 25, 

50, 75, and 100 nM. (b) Probe 2 with recombinant NTMT1 in the presence of SAM at 

0, 0.05, 0.1, 0.15, 0.2 and 0.25 μM. 
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for an additional 10 min to allow the probe to compete with any of the possible interactions 

with NTMT1. Compared to the control, total fluorescent labeling for probe 4 decreased 

over five-fold in the presence of 100 µM Me2RB1-10 (Figure 23a). Total percentage of 

labeling of NTMT1 by photoaffinity probe 5 also decreased to 20% after introducing 10 

µM of the Me2RB1-10 competitor (Figure 23b). Finally, total percentage of labeling by 

probe 6 only decreased to 60% after introducing 10 µM of Me2RB1-10 (Figure 23c).  

These results validate that our reader photoaffinity probes bind in the peptide binding 

pocket, revealing that the labeling is driven by specific recognition.    

Figure 23. Competition studies. (a) Cross-linking reactions of probe 4 with 

recombinant NTMT1 in the presence of Me2RB1-10 peptide at 0 and 100 μM. (b) 

Cross-linking reactions of probe 5 with recombinant NTMT1 in the presence of 

Me2RB1-10 peptide at 0, 10, 2, 30 and 40 μM. (c) Cross-linking reactions of probe 6 

with recombinant NTMT1 in the presence of Me2RB1-10 peptide at 0, 10, 2, 30 and 40 

μM. 
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Selectivity of the probes is critical for their applications in labeling specific 

interactions. We assembled a pilot five-member panel of proteins including NTMT1, 

bovine serum albumin (BSA), SAH hydrolase (SAHH), and two other protein 

methyltransferases including euchromatic histone-Lys N-methyltransferase 2 (G9a) and 

protein Arg methyltransferase 1 (PRMT1).  We performed the photoaffinity labeling 

experiment for each member with our probes. Figure 24 show that probe 1 and probe 3 

efficiently labeled NTMT1 more than 4- and 5-fold, respectively, over the other tested 

proteins. 

Although the photoaffinity probes inferred selectivity among a panel of 

methyltransferases, we wanted to ensure the photoaffinity probes were selective in a 

complexed context like the cell lysate. Here, we incubated probes 1-3 (8 µM) with HeLa 

cell lysates (1 mg/mL) that were spiked in with either NTMT1 or NTMT2 (4 µM) in the 

Figure 24. Selectivity studies. (a) Cross-linking reactions of probe 1 for a panel of five 

recombinant enzymes. (b) Cross-linking reactions of probe 3 for a panel of five 

recombinant enzymes. 
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presence of a competitor peptide at various concentrations (0-50 µM). Within the whole 

cell lysate, the photoaffinity probes specifically labeled NTMT1 and NTMT2 and did not 

show labeling for any other proteins. For probe 1, the total fluorescent labeling for NTMT1 

decreased to 4% and 2% in the presence of RB1-10 at 25 µM and 50 µM, respectively 

(Figure 25a left). However, probe 1 labeling of NTMT2 only decreased to 66% and 34% 

in the presence of 25 µM and 50 µM RB1-10, respectively (Figure 25a right). More 

effective competition of RB1-10 peptide against probe 1 for NTMT1 over NTMT2 infers 

that RB1-10 binds better to NTMT1 over NTMT2. The same substrate preference was 

observed in the competition experiments with probe 2. Total labeling of NTMT1 

decreased to 9% when incubated with 25 µM RB-10 and 4% when incubated with 50 µM 

RB1-10 (Figure 25b left), while labeling of NTMT2 only decreased to 74% when incubated 

with 25 µM RB-10 (Figure 25b right). Similar experiments were carried out with probe 3 

with the addition of incorporating an APKRIA substrate competitor.  After incubating 25 

µM of RB1-10 or APKRIA, photoaffinity labeling of NTMT1 decreased to 25% and 60%, 

respectively (Figure 25c left).  Interestingly, labeling of NTMT2 decreased to 86% and 

40%, respectively (Figure 25c right).  These results imply that NTMT1 has a substrate 

preference for PPKT over APKR which is substantiated by the kinetic analysis of these 

two substrates shown in Figure 18 and Table A2. Furthermore, these results suggest that 

NTMT2 prefers APKR substrate over PPKT.  
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Figure 25. Photoaffinity labeling of probes 1-3 in HeLa cell lysates. (a) Probe 1 

labeling in spiked cell lysates with NTMT1 (left) and NTMT2 (right) in presence of 

competitor RB-10 peptide at 0, 25, and 50 μM.  (b) Probe 2 labeling in spiked cell 

lysates with NTMT1 (left) and NTMT2 (right) in presence of competitor RB-10 peptide 

at 0, 25, and 50 μM (c) Probe 3 labeling in spiked cell lysates with NTMT1 (left) and 

NTMT2 (right) without or with 25 μM RB-10 peptide or 25 μM APKRIA peptide. 
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3. Conclusions 

 

The first series of peptide-based inhibitors have been synthesized that target 

NTMT1.  All 47 inhibitors were synthesized via solid-phase and an extensive structure-

activity-relationship (SAR) has been developed.  The compounds with the greatest 

inhibitory activity contain a hydrogen donor, like a hydroxy or amino group, at the first 

amino acid in the para position.  The optimum length between the first position and the 

carbonyl of the second position Pro is one CH2 group.  Pro at the P2 position is preferred 

to alpha-methyl-Pro given its preference for the trans conformation.  The inhibitors with a 

Lys at the third position and an Arg at the fourth position are preferred for highest 

inhibition.  Among all synthesized tetrapeptidomimetics, our top inhibitor displays an IC50 

of 1.02 μM. Finally, extending the compound length from a tetramer to a hexamer, also 

led to a 3- to 10-fold increase in inhibition.  Thusly, seven inhibitors have IC50 values of 

less than 5 µM and our top inhibitor has an IC50 value of 0.32 µM.  Many of our top peptide 

inhibitors were subjected to a MALDI-MS methylation inhibition assay and the results 

substantiated the inhibitory values found from the fluorescent-based methyltransferase 

assay.  The inhibitor BM-30, also underwent an inhibition mechanism assay to validate 

which NTMT1 binding site it is targeting.  BM-30 was found to target the peptide substrate 

binding site and not the SAM binding site.  Lastly, the top five inhibitors underwent 

selectivity studies with Lys methyltransferase, G9a, and Arg methyltransferase, PRMT1.  
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All five inhibitors exhibited 3- to 300-fold selectivity for NTMT1 over the other 

methyltransferases.   

We have also designed, synthesized and characterized the first series of 

photoaffinity probes that selectively label protein α-N-terminal methylation writers. A 

critical issue in the design of photoaffinity probes is the positioning of the photoreactive 

group and the selection of the recognition element, since it is imperative that the labeling 

is regulated by specific recognition. Guided by our co-crystal structures and canonical X-

P-K motif, we have focused on incorporating an initial four amino acids; hence, we varied 

two different recognition elements that were derived from protein substrate RB1 and SET. 

Our photoaffinity probes have exhibited in a dose- and time-dependent manner to label 

NTMT1/2. Additionally, labeling has proven to be driven by specific recognition given that 

the photoaffinity probes can be enzymatically methylated by NTMT1 in a MS-based 

methylation assay, and competitively inhibited in the presence of substrate peptide, RB1-

10. Alternatively, probe labeling did not decrease in the presence of physiological 

concentrations of RB1 or SAM, validating that the probes can be effective in a cellular 

context. The designed probes also selectively label NTMT1 among a panel of enzymes 

including other methyltransferase enzymes, G9a and PRMT1. Different labeling of 

NTMT1 and NTMT2 by photoaffinity probes 1-3 in the presence of two substrate 

competitors provides the first information to shed light on possible structural differences 

or recognition preferences between NTMT1/2, which could aid in the design of selective 

inhibitors for either NTMT family member. Furthermore, probes 1-3 have demonstrated 

selectivity for NTMT1/2 in HeLa cell lysates, suggesting immense potential of utilizing 

photoaffinity probes with a methylated α-N-terminus in the characterization of the protein 
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α-N-terminal modification network. We anticipate using this strategy as a guide to design 

the first probes to map the interacting protein partners of α-N-terminal methylation.  
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4. Future Directions 

 

 Thus far, the peptidomimetic inhibitors have shown a lot of promise.  The next step 

is to determine stability and permeability of these inhibitors given that peptide-based 

compounds are susceptible to peptidases and degradation in vivo.  An LC-MS study can 

be performed to verify stability of the compounds and a Caco-2 study can be carried out 

to test permeability.  Based on the results of these studies, new inhibitors can be 

synthesized with modifications to increase stability and permeability.  Although eliminating 

the amide bond between the first and second position resulted in no inhibitory activity, 

elimination of the amide bond at the other positions should be attempted.  Alternatively, 

the amide bonds can also be methylated to increase stability. Incorporating more non-

natural amino acids like D-Arg, D-Lys, β-Arg, or β-Lys would also make these inhibitors 

less prone to degradation.  In order to increase permeability, lipophilic groups like can be 

added to side chains of polar residues.  Finally, the inhibitors need to be tested in cell-

based and animal studies and inhibition of protein α-N-terminal methylation needs to be 

evaluated at a cellular level.   

 The photoaffinity probes have been optimized for an NTMT1 model and have 

demonstrated competitive labeling for NTMT1.  Probes 1-3 have exhibited selective 

labeling of spiked-in NTMT1 in a complex cell mixture.  However, the next step is to 

successfully pull-down NTMTs from a complex cell mixture without spiking-in the NTMTs. 



 
 

69 
 

Identifying the NTMT writer proteins within the cell is critical to verify that the photolabeling 

technique is effective at a cellular level.  After successful optimization of pulling-down the 

NTMT family using probes 1-3, the methylated photoaffinity probes (probes 4-6) can be 

utilized to identify novel downstream proteins.  Therefore, optimization of this approach 

in a cellular context is critical.   
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5. Methods 

 

5.1 Materials and Reagents 

All chemicals and reagents were used as purchased without further purification. 

Most chemicals were purchased from Aldrich, Fisher, VWR, EMD, Calbiochem and 

Chem-Impex. 

5.2 Instruments 

 The peptide-based inhibitors and probes were synthesized on a CEM Liberty 

microwave automatic peptide synthesizer.  The compounds were purified by a C18 

reverse-phase HPLC column (Waters).  The compounds were characterized by an 

Applied Biosystems Voyager MALDI time-of-flight mass spectrometer in reflector mode 

or by a Perkins Elmer ESI time-of-flight mass spectrometer in positive mode.  

Visualization of the SDS-PAGE gel experiments was carried out by an Amersham gel 

imager 600 at wavelength 520 and 630 nm. 

5.3 Chemistry 

5.3.1 Photoaffinity Probes  

Probes 1-3 were prepared following the standard Fmoc strategy by solid-phase 

synthesis on Rink amide resin. Fmoc removal was performed with 20% (v/v) piperidine in 

DMF and 0.1M HOBt (2 x 10 min). After deprotection and coupling, the resin was washed 
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with DMF (2x5 min), NMP (2x5 min), CH2Cl2 (2x5 min) and MeOH (2x5 min). Coupling of 

a BAL linker (4 eq) was performed with HOBt (4 eq), HBTU (4 eq) and DIPEA (10 eq).214 

Reductive amination was performed with propargylamine (20 eq) and sodium 

cyanoborohydride (20 eq).214 For the probes without a BAL linker, coupling of Fmoc-

propagylglycine (2 eq) was performed with HOBt (2 eq) and DIC (2 eq).  Coupling of 

Fmoc-glycine (10 eq) was performed with DIC (5 eq) and HOBt (5 eq) and the coupling 

of Fmoc-Bz or Fmoc-Dz209 (2 eq) was performed with HOBt (2 eq) and DIC (2 eq) in DMF. 

Coupling of the sequence PPKT, APKRG or PPKTG was then performed using a CEM 

Liberty microwave peptide synthesizer. The compounds were cleaved from the solid 

support in a solution of trifluoroacetic acid/2,2’-

(ethylenedioxy)diethanethiol/H2O/triisopropylsilane (94:2.5:2.5:1) and confirmed by mass 

spectrometry. 

Probes 4-6 followed the same procedure as above.  The methylation of the N-

terminal amine occurred through the addition of iodomethane (5 eq) and K2CO3 (6 eq) in 

DMF.202  The compounds were cleaved from the solid support in a solution of 

trifluoroacetic acid/2,2’-(ethylenedioxy)diethanethiol/H2O/triisopropylsilane (94:2.5:2.5:1) 

and confirmed by mass spectrometry. 

5.3.2 Peptide Inhibitors 

The peptides and peptide inhibitors were prepared following the standard Fmoc 

strategy by solid-phase synthesis on Rink amide resin.  All amino acid derivatives at the 

first position were carboxylic acids to ensure that the standard amino acid coupling 

reaction would still occur.  Fmoc removal was performed with 20% (v/v) piperidine in DMF 

and 0.1M HOBt (2 x 10 min). After deprotection and coupling, the resin was washed with 
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DMF (2x5 min), NMP (2x5 min), CH2Cl2 (2x5 min) and MeOH (2x5 min). Synthesis of the 

peptides and peptide inhibitors was performed using a CEM Liberty microwave peptide 

synthesizer.  

Three peptide inhibitors had a varying protocol from the one described above.  The 

first is inhibitor BM-45 had a trimethylated Lys residue at the fourth position.  Alloc 

protected Lys was coupled on to the Rink amide resin following the standard Fmoc 

strategy.  Next, orthogonal deprotection of the alloc group was performed using I2 (3 eq) 

in 4:1 ACCN:H2O, shaken for 48 hours.201  Next, trimethylation of the Lys side chain amine 

occurred through the addition of iodomethane (5 eq), K2CO3 (6 eq), 18-crown-6 (0.1 eq) 

in DMF.202 Then, standard coupling of the remaining amino acids occurred through the 

automatic peptide synthesizer. 

 The other two peptide inhibitors synthesized with varying protocol from the 

standard synthesizer were BM-26 and BM-27.  Benzyl chloride (2 eq) and Cs2CO3 (2 eq) 

in DMF were added to the PKR and PKT resin through an SN2 reaction. All compounds 

were cleaved from the solid support in a solution of trifluoroacetic acid/2,2’-

(ethylenedioxy)diethanethiol/H2O/triisopropylsilane (94:2.5:2.5:1) and confirmed by mass 

spectrometry. 

5.4 Purification 

5.4.1 Enzymes 

His-NTMT1 was purified as previously described by Richardson, et al.192 The gene 

of NTMT2 (58-278) was cloned into pET28-MKH8SUMO vector, NTMT2 was 

overexpressed in Escherichia coli BL21 (DE3) cells by induction with 0.2mM IPTG at 
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16°C overnight.  The cells were harvested and purified by Ni-NTA, The SUMO tag was 

removed by TEV protease, and the protein was further purified by ion-exchange column 

and Superdex 200 gel filtration column. The gel filtration buffer contains 20mM Tris-HCl, 

pH 7.5, 150mM NaCl and 1mM DTT. Enzymes G9a and PRMT1 were expressed in E. 

Coli BL21 (DE3) codon plus RIL cells in LB medium in the presence of 50 µg/ml of 

kanamycin, respectively.217,218 

5.4.2 Chemical Probes and Inhibitors 

All peptides, peptide inhibitors, and peptide-based photoaffinity probes were purified 

by a C18 reverse-phase HPLC column (Waters). The compounds were characterized by 

an Applied Biosystems Voyager MALDI time-of-flight mass spectrometer in reflector 

mode or by a Perkins Elmer ESI time-of-flight mass spectrometer in positive mode. A 

table of the predicted and detected masses can be found in Table A3. 

5.5 MALDI-MS Methylation Studies 

5.5.1 Methylation of Probe 1 and 3 

NTMT1 (1 µL of 4 µM) was incubated with the photoaffinity probe (2 µL of 50 µM) 

in Tris (2 µL of pH 7.5, 250 mM), KCl (2 µL of 500 mM) and 12 µL of H2O at 37°C.  After 

5 min, SAM (1 µL of 1 mM) was added to initiate methylation. The reaction was quenched 

in a 1:1 ratio with quenching solution (50% MeCN:20 mM ammonium phosphate:0.4% 

TFA) at 5, 10,  and 15 min.203 α-Cyano-3-hydroxycinnamic acid (CHCA) was  

recrystallized and dissolved to a final concentration of 2 mg/mL in matrix solution (10mM 

NH4H2PO4, 0.2% (v/v) TFA in 1:1 acetonitrile/water).  Samples (1 µL) were directly 

spotted with 1 µL of CHCA matrix solution.  An average of five acquisitions were 
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performed for each well. The methylation progression was monitored via MALDI-MS and 

data was processed in Data Explorer as described before.203 Final concentrations are 

NTMT1 (0.2 µM), probe (5 µM), Tris (pH 7.5, 25 mM), KCl (50 mM) and SAM (50 µM).   

5.5.2 Methylation of Peptide Inhibitors 

NTMT1 (1 µL of 4 µM) was incubated with the peptide inhibitors (2 µL of 50 µM) in 

Tris (2 µL of pH 7.5, 250 mM), KCl (2 µL of 500 mM) and 12 µL of H2O at 37°C.  After 5 

min, SAM (1 µL of 1 mM) was added to initiate methylation. The reaction was quenched 

with quenching solution (50% MeCN:20 mM ammonium phosphate:0.4% TFA) at 60 

min.203 The methylation progression was monitored via MALDI-MS and data was 

processed in Data Explorer as described before.203 Final concentrations are NTMT1 (0.2 

µM), inhibitors (5 µM), Tris (pH 7.5, 25 mM), KCl (50 mM) and SAM (50 µM).   

5.5.3 Methylation Progression of Substrate when Incubated with Inhibitors 

NTMT1 (1 µL of 4 µM) was incubated with RCC1-6 (2 µL of 50 µM) in Tris (2 µL of 

pH 7.5, 250 mM), KCl (2 µL of 500 mM) and 10 µL of H2O at 37°C.  The peptide inhibitors 

BM-11, BM-30, BM-34, BM-44, and BM-46 were then added at two concentrations (2 µL 

of 10 µM or 250 µM).  After 5 min, SAM (1 µL of 1 mM) was added to initiate methylation 

of RCC1-6. The reaction was quenched with quenching solution (50% MeCN:20 mM 

ammonium phosphate:0.4% TFA) at 60 min.203 The methylation progression was 

monitored via MALDI-MS and data was analyzed in Data Explorer by quantifying the area 

under the curve to determine the percentage of inhibition for each time point.203 Final 

concentrations are NTMT1 (0.2 µM), RCC1-6 (5 µM), Tris (pH 7.5, 25 mM), KCl (50 mM), 

SAM (50 µM) and inhibitors (1 µM and 25 µM).   
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5.6 Docking Studies 

All chemical probes and peptide inhibitors were docked into the NTMT1 co-crystal 

structure (PDB id: 5E2B) using the program Gold53.  The NTMT1 binding site was defined 

by a sphere of 6.0 Å where the substrate MePPKRIA was extracted and the probes and 

inhibitors were docked into that site.  The compounds for docking were prepared using 

SYBYL X2.1 and the energy was minimized using the external Tripos force field. The 

ChemPLP score from the Gold53 docking program was considered to determine most 

likely docking conformations and top inhibitors. 

5.7 SDS-PAGE Gel Studies 

5.7.1 Concentration-dependence 

NTMT1 (2 µL of 1 mg/mL) was incubated in 96-well plates with the photoaffinity 

probes at varying concentrations (2 µL of 0 µM, 10 µM, 20 µM, 40 µM, 80 µM, and 160 

µM) in Tris (2 µL pH 7.5, 250 mM) and KCl (2 µL of 500 mM) and 12 μL of H2O on ice for 

10 min for a total volume of 20 µL.  The final concentrations are NTMT1 (0.1 mg/mL), 

probes (0 µM, 1 µM, 2 µM, 4 µM, 8 µM, and 16 µM), Tris (pH 7.5, 25 mM) and KCl (50 

mM). This solution was then irradiated for 10 min (for probes containing a diazirine 

crosslinker) or 30 min (for probes containing a benzophenone crosslinker) at 312 nm and 

4 °C. TAMRA azide (1 µL of 4.2 mM), aminoguanidine (9 µL of 12 µM), THPTA (4.5 µL 

of 0.5 µM), CuSO4 (0.9 µL of 12 µM) and 35.6 µL of H2O were then premixed and 8.5 µL 

of the mixed solution was aliquoted into individual Eppendorf tubes.  The 96-well plate 

solutions were then added to the premixed solution in the Eppendorf tubes, followed by 

the addition of sodium ascorbate (1.5 µL of 100 µM) for a total volume of 30 µL and 

reacted for one hour in the dark. The final concentrations are TAMRA azide (200 µM), 
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aminoguanidine (5 µM), THPTA (0.1 µM), CuSO4 (0.5 µM) and sodium ascorbate (5 µM). 

The reaction was quenched by the addition of 7.5 µL of 5x SDS loading dye. 20 µL of 

each sample was loaded into an SDS-PAGE gel well and the reaction was analyzed on 

SDS-PAGE gels (12%) at 180V for 50 min. The SDS-PAGE gels were washed with 

destaining buffer (45% H2O:45% MeOH:10% AcOH) for one hour to remove excess 

fluorescent reagents, followed by washing with water (3 x 1 min).  Fluorescence was 

detected with Amersham gel imager 600 at wavelength 520 and 630 nm. Next, the gel 

was stained with Coomassie Blue R-250 for 1 hour, followed by destaining with 100% 

destaining buffer for 1 hour and then 50:50 destaining buffer:H2O overnight.  The gels 

were quantified using BioRad software by taking the ratio of the fluorescent band density 

over the Coomassie band density to account for any inconsistencies in protein loading on 

the gel. Studies were performed in duplicate.   

5.7.2 Time-dependence 

NTMT1 (2 µL of 1 mg/mL) was incubated in 96-well with the photoaffinity probes 

(2 μL of 80 µM for probes with benzophenones, 2 μL of 40 μM for probes with diazirines) 

in Tris (2 µL pH 7.5, 250 mM) and KCl (2 µL of 500 mM) and 12 μL of H2O on ice for 10 

min for a total volume of 20 µL. The final concentrations are NTMT1 (0.1 mg/mL), probes 

(8 or 4 µM), Tris (pH 7.5, 25 mM) and KCl (50 mM). Photoaffinity probes 1 and 3 were 

then irradiated for 0 min, 10 min, 20 min, 30 min, 40 min or 50 min at a wavelength of 312 

nm at 4 °C. Probe 2 was irradiated for 0 min, 2.5 min, 5 min, 7.5 min, 10 min or 12.5 min. 

Probe 4 was irradiated for 0, 10, 20, 30 and 40 min while probes 5 and 6 were irradiated 

for 0, 5, 10, 15, or 20 min. The click chemistry reaction and gel analysis was performed 

as described above. Studies were performed in duplicate. 
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5.7.3 Competition with Recombinant Protein 

NTMT1 (2 µL of 1 mg/mL) was incubated in 96-well plates with the competitor RB1-

10 (2 µL of 0, 250, 500, 750 or 1000 µM), RB1-10 (2 µL of 0, 100, 250, 500, 750, 1000 

nM), Me2RB1-10 (2 µL of 0, 100, 200, 300 or 400 µM), SAH (2 µL of 0, 250, 500, 750 or 

1000 µM) or SAM (2 µL of 0, 0.5, 1, 1.5, 2, 2.5 µM) in Tris (2 µL pH 7.5, 250 mM), KCl (2 

µL 500 mM) and 8 µL of H2O for a total volume of 18 µL on ice for 10 min. Next, 

photoaffinity probes with benzophenone crosslinkers (2 µL of 80 µM) or diazirine 

crosslinkers (2 µL of 40 µM) were added for a final volume of 20 µL. The final 

concentrations are NTMT1 (0.1 mg/mL), photoaffinity probes with benzophenone 

crosslinkers (8 µM) or diazirine crosslinkers (4 µM), RB1-10 (0, 25, 50, 75 or 100 µM), 

RB1-10 (0, 10, 25, 50, 75, 100 nM), Me2RB1-10 (0, 10, 20, 30 or 40 µM), SAH (0, 25, 50, 

75 or 100 µM), SAM (0, 0.05, 0.1, 0.15, 0.2, 0.25 µM), Tris (pH 7.5, 25 mM) and KCl (50 

mM). The photoaffinity probes were then irradiated for 30 min (probes with benzophenone 

crosslinkers) or 10 min (probes with diazirine crosslinkers) at 312 nm and 4 °C. The 

following click reaction and gel analysis was performed as described previously in the 

time- and concentration-dependent studies. Studies were performed in duplicate.  

5.7.4 Selectivity with Recombinant Protein 

Each enzyme (BSA, NTMT1, G9a, SAHH PRMT1; 2 μL of 1 mg/mL) was incubated 

in 96-well plates with photoaffinity probes 1 and 3 (2 μL of 80 µM) in Tris (2 μL of pH 7.5, 

250 mM) and KCl (2 μL of 500 mM) and 12 µL of H2O for a total volume of 20 μL on ice 

for 10 min then irradiated for 30 min at 312 nm and 4 °C. Final concentrations are 

enzymes (0.1 mg/mL), photoaffinity probes 1 and 3 (8 µM), Tris (pH 7.5, 25 mM) and KCl 
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(50 mM). The click chemistry reaction and gel analysis was performed as described 

above. Studies were performed in duplicate. 

5.7.5 Cell Lysate Studies 

NTMT1 or NTMT2 (2 µL of 1 mg/mL) was spiked in to HeLa cell lysates (2 µL of 10 

mg/mL) and incubated in 96-well plates with RB1-10 (2 µL of 0, 250, 500 µM) or APKRIA 

(2 µL of 0, 250 µM) in Tris (2 µL of pH 7.5, 250 mM) and KCl (2 µL of 50 mM) and µL of 

H2O for a total of 18 µL on ice for 10 min. Photoaffinity probes 1 and 3 (2 µL of 80 µM) 

were then added on ice for 10 min and irradiated for 30 min at 312 nm and 4 °C, while 

photoaffinity probe 2 (2 µL of 40 µM) was added on ice for 10 min and irradiated for 10 

min at 312 nm and 4 °C. Final concentrations are NTMT1/2 (0.1 mg/mL), HeLa cell lysate 

(1 mg/mL), photoaffinity probes 1 and 3 (8 µM) or photoaffinity probe 2 (4 µM), RB1-10 

(0, 25, 50 µM) or APKRIA (0, 25 µM) in Tris (pH 7.5, 25 mM) and KCl (50 mM).  The 

following click reaction and gel analysis was performed as described previously. Studies 

were performed in duplicate. 

5.8 Kinetic Analysis of Compounds 

5.8.1 Photoaffinity Probes 

Kinetic characterization of the probes were determined using an SAH hydrolase-

coupled fluorescence assay, which assess the production of SAH.192 Probes 1 and 3 were 

incubated with NTMT1 (0.5 µL of 20 µM), while probe 2 was incubated with NTMT1 (0.5 

µL of 10 µM).  The reagents of the well-solution were added in the following order; H2O, 

buffer (10 µL of 250 mM Tris, pH 7.4 and 500 mM KCl), SAM (1 µL of 10 mM), SAH 

hydrolase (5 µL of 10 mg/mL), NTMT1 and ThioGlo1 (1 µL of 1.5 mM). After 10 min of 
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incubation at 37 °C, the reaction was initiated with varying concentrations of each 

photoaffinity probe in a two-fold dilution series (10 μL of 0 μM – 32 μM) for a total volume 

of 100 µL. The final concentrations are buffer (25 mM Tris, pH 7.4 and 50 mM KCl), SAM 

(100 µM), SAH hydrolase (10 µM), NTMT1 (0.1 or 0.05 µM), probe (0 – 32 μM) and 

Thioglo1 (15 µM). Fluorescence intensity was monitored using a ClarioStar microplate 

reader (Ex = 370 nm, Em=500 nm) at 37 °C for 15 min. The rates were fit to the Michaelis-

Menten model using least squares nonlinear regression through GraphPad Prism 7 

software.  All experiments were performed in triplicate. 

5.8.2 Peptide Inhibitors 

Kinetic characterization of the peptide inhibitors were determined using a similar 

protocol as described abobe.192 The inhibitors ranging in concentration (1 μL of 0.014 mM 

– 10 mM) and following a three-fold dilution were incubated in the well-solution that was 

added in the following order: H2O, buffer (10 µL of 250 mM Tris, pH 7.4 and 500 mM KCl), 

SAM (1 µL of 10 mM), SAH hydrolase (5 µL of 10 mg/mL), NTMT1 (0.5 µL of 40 µM) and 

ThioGlo1 (1 µL of 1.5 mM). After 10 min of incubation at 37 °C, the reaction was initiated 

with 10 μL of 50 µM RCC1-6 for a total volume of 100 µL. The final concentrations are 

buffer (25 mM Tris, pH 7.4 and 50 mM KCl), SAM (100 µM), SAH hydrolase (10 µM), 

NTMT1 (0.2 µM), inhibitors (0 – 100 μM), RCC1-6 (5 µM) and Thioglo1 (15 µM). 

Fluorescence intensity was monitored using a ClarioStar microplate reader (Ex = 370 nm, 

Em=500 nm) at 37 °C for 15 min. The rates were fit to the log[inhibitor] vs response model 

using least squares nonlinear regression through GraphPad Prism 7 software.  All 

experiments were performed in triplicate. 

5.8.3 Inhibition Mechanism 
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Kinetic analysis of one of the top inhibitors, BM-30, was performed to verify the 

inhibition mechanism using the fluorescent-based assay described above.192,219  Six 

independent IC50 studies of BM-30 were performed in triplicate with varying 

concentrations of substrate peptide, RCC1-6 and SAM at its Km value. The inhibitors 

ranging in concentration (1 μL of 0.14 µM – 10 mM) and following a three-fold dilution 

were incubated in the well-solution that was added in the following order: H2O, buffer (10 

µL of 250 mM Tris, pH 7.4 and 500 mM KCl), SAM (1 µL of 10 µM), SAH hydrolase (5 µL 

of 10 mg/mL), NTMT1 (0.5 µL of 40 µM) and ThioGlo1 (1 µL of 1.5 mM). After 10 min of 

incubation at 37 °C, the reaction was initiated with each concentration of RCC1-6 (10 μL 

of 5, 10, 15, 20, 40, 80 μM) for a total volume of 100 µL. The final concentrations are 

buffer (25 mM Tris, pH 7.4 and 50 mM KCl), SAM (1 µM), SAH hydrolase (10 µM), NTMT1 

(0.2 µM), inhibitors (0 – 100 μM), RCC1-6 (0.25Km, 0.5Km, 0.75Km, Km, 2Km, and 4Km, 

0.5, 1, 1.5, 2, 4, 8 μM, respectively) and Thioglo1 (15 µM). Fluorescence intensity was 

monitored using a ClarioStar microplate reader (Ex = 370 nm, Em=500 nm) at 37 °C for 

15 min. The rates were fit to the log[inhibitor] vs response model using least squares 

nonlinear regression through GraphPad Prism 7 software.  The average IC50 value of 

each independent triplicate study was then plotted against the concentration of the 

[RCC1-6]/Km.   

Next, the same experiment was repeated with six IC50 studies of BM-30 in triplicate 

at varying concentrations of SAM and RCC1-6 at its Km value. The inhibitors ranging in 

concentration (1 μL of 0.14 µM – 10 mM) and following a three-fold dilution were 

incubated in the well-solution that was added in the following order: H2O, buffer (10 µL of 

250 mM Tris, pH 7.4 and 500 mM KCl), SAM (1 µL of 31.25, 62.5, 125, 250, 500, and 
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1000 µM), SAH hydrolase (5 µL of 10 mg/mL), NTMT1 (0.5 µL of 40 µM) and ThioGlo1 

(1 µL of 1.5 mM). After 10 min of incubation at 37 °C, the reaction was initiated with each 

concentration of RCC1-6 (10 μL of 20 µM) for a total volume of 100 µL. The final 

concentrations are buffer (25 mM Tris, pH 7.4 and 50 mM KCl), SAM (0.3125Km, 0.625Km, 

1.25Km, 2.5Km, 5Km, and 10Km, 0.3125, 0.625, 1.25, 2.5, 5, 10 μM, respectively), SAH 

hydrolase (10 µM), NTMT1 (0.2 µM), inhibitors (0 – 100 μM), RCC1-6 (2 μM) and Thioglo1 

(15 µM). Fluorescence intensity was monitored using a ClarioStar microplate reader (Ex 

= 370 nm, Em=500 nm) at 37 °C for 15 min. The rates were fit to the log[inhibitor] vs 

response model using least squares nonlinear regression through GraphPad Prism 7 

software. The average IC50 value of each independent triplicate study were plotted 

against the concentration of the [SAM]/Km.    

5.9 Selectivity studies 

5.9.1 G9a 

To determine selectivity, kinetic analysis of the peptide inhibitors were also carried 

out using the SAH hydrolase-coupled fluorescence assay against G9a. The inhibitors 

ranging in concentration (1 µL of 0 µM – 10 mM) and following a three-fold dilution were 

incubated with a reaction mixture containing H2O, PBS buffer (10 µL of 10x buffer), SAM 

(1 µL of 10 mM), SAH hydrolase (5 µL of 10 mg/mL), G9a (1 µL of 2.5 µM) and ThioGlo1 

(1 µL of 1.5 mM). After 10 min of incubation at 37 °C, the reaction was initiated with 10 

μL of 200 µM of H3-15.217 The final concentrations are buffer (1x PBS), SAM (100 µM), 

SAH hydrolase (10 µM), G9a (25 nM), inhibitors (0 – 100 μM), H3-15 (20 μM) and 

Thioglo1 (15 µM).  Fluorescence intensity was monitored using a ClarioStar microplate 

reader (Ex = 370 nm, Em=500 nm) at 37 °C for 15 min. The rates were fit to the 
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log[inhibitor] vs response model using least squares nonlinear regression through 

GraphPad Prism 7 software.  All experiments were performed in triplicate. 

5.9.2 PRMT1 

To determine selectivity, kinetic analysis of the peptide inhibitors were also carried 

out using the SAH hydrolase-coupled fluorescence assay against PRMT1. The inhibitors 

ranging in concentration (1 µL of 0 µM – 10 mM) and following a three-fold dilution were 

incubated with a reaction mixture containing H2O, buffer (10 µL of 25 mM HEPES, 250 

mM NaCl, 250 µM EDTA, 500 µM TCEP), SAM (1 µL of 10 mM), SAH hydrolase (5 µL of 

10 mg/mL), PRMT1 (2 µL of 10 µM) and ThioGlo1 (1 µL of 1.5 mM). After 10 min of 

incubation at 37 °C, the reaction was initiated with H4-12 (10 µL of 1 mM).218 The final 

concentrations are buffer (2.5 mM HEPES, 25 mM NaCl, 25 µM EDTA, 50 µM TCEP), 

SAM (100 µM), SAH hydrolase (10 µM), PRMT1 (0.2 µM), inhibitors (0 – 100 μM), H4-12 

(100 μM) and Thioglo1 (15 µM). Fluorescence intensity was monitored using a ClarioStar 

microplate reader (Ex = 370 nm, Em=500 nm) at 37 °C for 15 min. The rates were fit to 

the log[inhibitor] vs. response model using least squares nonlinear regression through 

GraphPad Prism 7 software.  All experiments were performed in triplicate. 
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Appendix 

 

 

 

Scheme A1. Synthesis of BM-45 1 a) piperidine, HOBt, DMF, rink amide resin, 2x10 

min; Fmoc-Lys(alloc)-OH, HOBt, DIC, DMF, 12 hr;  b) I2, ACCN, H2O, 48hr;  c) MeI, 

K2CO3, 18-crown-6, DMF, 12 hr;  d) automated iterative synthesis, µW, Lys, Pro, 4-

hydroxyphenylacetic acid;  e) trifluoroacetic acid, 2,2’-(ethylenedioxy)diethanethiol, 

Triisopropylsilane, H2O, 4 hr. 

Scheme A2. Synthesis of BM-26 1 a) automated iterative synthesis, µW, Arg, Lys, 

Pro;  b) piperidine, HOBt, DMF, rink amide resin, 2x10 min;  c) benzyl chloride, 

CS2CO3, DMF, 12 hr  d) trifluoroacetic acid, 2,2’-(ethylenedioxy)diethanethiol, 

Triisopropylsilane, H2O, 4 hr.  
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Figure A1. MALDI-MS and ESI-TOF-MS characterization of all peptide inhibitors  
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Figure A2. MALDI-MS methylation inhibition assay for peptide inhibitor BM-47 

Figure A3. MALDI-MS methylation inhibition assay for peptide inhibitor BM-11 
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Figure A4. MALDI-MS methylation inhibition assay for peptide inhibitor BM-46 

Figure A5. MALDI-MS methylation inhibition assay for peptide inhibitor BM-34 
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  IC50 (µM) 

Name Structure NTMT1 G9a PRMT1 

     

BM-1 

 

>100   

BM-2 

 

>100   

BM-3 

 

>100   

BM-4 

 

>100   

BM-5 

 

>100   

BM-6 

 

>100   

Table A1. Kinetic data for peptide inhibitors  
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BM-7 

 

>100   

BM-8  

 

>100   

BM-9  

 

33 ± 1.5   

BM-10  

 

>100   

BM-11  

 

2.7 ± 0.7 ~70 >100 

BM-12 

 

>100   

BM-13 

 

>100   

BM-14 

 

>100   
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BM-15 

 

>100   

BM-16 

 

>100   

BM-17 

 

>100   

BM-18 

 

>100   

BM-19 

 

>100   

BM-20 

 

>100   

BM-21 

 

>100   

BM-22 

 

>100   
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BM-23  

 

>100   

BM-24  

 

>100   

BM-25  

 

>100   

BM-26 

 

>100   

BM-27 

 

>100   

BM-28  

 

14 ± 2.5   

BM-29  

 

>100   

BM-30 

 

1.0 ± 0.13 >100 >100 
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BM-31 

 

4.8 ± 0.31   

BM-32 

 

4.5 ± 0.47   

BM-33 

 

>100   

BM-34 

 

4.3 ± 0.28 >100 >100 

BM-35 

 

>100   

BM-36 

 

12 ± 1.4   
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BM-37 

 

48 ± 2.0   

BM-38 

 

>100   

BM-39 

 

12 ± 2.9   

BM-40 

 

~80   

BM-41 

 

>100   

BM-42  

 

~80   

BM-43 

 

>100   
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BM-44 

 

~90   

BM-45 

 

~35   

BM-46 

 

4.2 ± 1.2 13 ± 4.1 >100 

BM-47  

 

0.32 ± 0.06 >100 >100 
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Figure A6. IC50 curves of (A) BM-9; (B) BM-11, (C) BM-28; (D) BM-30; (E) BM-31; (F) 

BM-32; (G) BM-34; (H) BM-36; (I) BM-37; (J) BM-39; (K) BM-42; (L) BM-46; (M) BM-

47  
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Figure A7. Mass spectrum of (A) probes 1 (predicted m/z: 787.4137, detected m/z: 

787.5989), (B) 2 (predicted m/z: 789.4366, detected m/z: 789.4373) and (C) 3 

(predicted m/z: 930.4945, detected m/z: 930.4953). 
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+
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2+
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+
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Figure A8. Mass spectrum of (A) probes 4 (predicted m/z: 1035.5304, detected m/z: 

1035.5136), (B) 5 (predicted m/z: 817.4685, detected m/z: 817.4768) and (C) 6 

(predicted m/z: 860.5219, detected m/z: 860.6093). 
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Figure A9. MALDI-MS of probe 3 (predicted m/z: 930.4903, detected m/z: 930.4177) 

(top). MALDI-MS of mixture of unmethylated (predicted m/z: 930.4903, detected m/z:  

930.3553), mono- (predicted m/z: 944.5112, detected m/z:  944.3607), and 

dimethylated (predicted m/z: 958.4503, detected m/z:  958.3816) photoaffinity probe 3 

by NTMT1 in the presence of S-adenosyl methionine (SAM) after 15 minutes (bottom). 



 
 

132 
 

 

 

 

Compound Predicted m/z Detected m/z 

BM-1 448.2555 448.2563 

BM-2 503.3088 503.3101 

BM-3 531.3150 531.3234 

BM-4 454.3024 454.7672 

BM-5 509.3558 509.8295 

BM-6 537.3620 537.8239 

BM-7 707.4563 707.4590 

BM-8 462.2711 462.7081 

BM-9 517.3245 517.7918 

BM-10 545.3207 545.3402 

Table A2. Michaelis-Menten constants for probes 1-3 and substrates RB1-10 and 

SET1-10. 

Table A3. Predicted and detected masses of peptide inhibitors and photoaffinity 

probes 
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BM-11 701.4457 701.4629 

BM-12 440.2868 440.2871 

BM-13 495.3402 495.3469 

BM-14 523.3463 523.3361 

BM-15 693.4406 693.4441 

BM-16 438.2711 438.2702 

BM-17 493.3245 493.3200 

BM-18 521.3307 521.3370 

BM-19 677.4457 677.4526 

BM-20 416.2404 416.2469 

BM-21 471.3038 471.3032 

BM-22 499.3099 499.3249 

BM-23 402.2347 402.2354 

BM-24 457.2881 457.2916 

BM-25 485.2943 485.3022 

BM-26 489.3296 489.3294 

BM-27 434.2762 434.2785 

BM-28 567.3402 567.3431 

BM-29 512.2868 512.2907 

BM-30 533.3194 533.3295 

BM-31 478.2660 478.2631 

BM-32 547.3351 547.3435 

BM-33 492.2817 492.2858 
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BM-34 532.3354 532.3393 

BM-35 477.2820 477.2833 

BM-36 546.3511 546.3712 

BM-37 491.2976 491.2973 

BM-38 532.3301 532.7223 

BM-39 535.3193 535.7662 

BM-40 547.3387 547.3602 

BM-41 554.3128 554.8645 

BM-42 568.3392 568.8913 

BM-43 531.3365 531.9072 

BM-44 377.2183 377.2165 

BM-45 547.3608 547.3923 

BM-46 533.3194 533.3492 

BM-47 717.4406 717.5842 

Probe 1 787.4137 757.5989 

Probe 2 789.4366 789.4373 

Probe 3 930.4945 940.4953 

Probe 4 1035.5305 1035.5136 

Probe 5 817.4685 817.4768 

Probe 6 860.5219 860.6093 
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