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ABSTRACT 

The NSD subfamily of lysine methyl transferases are compelling oncology targets due to the 

recent characterization of gain-of-function mutations and translocations in several 

haematological cancers. To date these proteins have proven intractable to small molecule 

inhibition. Here we present initial efforts to identify inhibitors of MMSET (aka NSD2 or 

WHSC1) using solution phase and crystal structural methods. Based on 2D NMR 

experiments comparing NSD1 and MMSET structural mobility, we designed an MMSET 

construct with five point mutations in the N-terminal helix of its SET domain for 

crystallisation experiments and elucidated the structure of the mutant MMSET SET domain 

at 2.1 Å resolution. Both NSD1 and MMSET crystal systems proved resistant to soaking or 

co-crystallography with inhibitors. However, use of the close homologue SETD2 as a 

structural surrogate supported the design and characterization of N-alkyl sinefungin 

derivatives which showed low micromolar inhibition against both SETD2 and MMSET. 
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INTRODUCTION 

Over the past decade the large family of chromatin modifying enzymes have emerged as 

promising targets for new anticancer therapy 1. Among them, several protein lysine 

methyltransferases have been characterized as drivers in specific patient subgroups 

harbouring activating mutations or translocations, spurring concerted drug discovery efforts 2. 

Multiple myeloma (MM) is a genetically unstable malignancy of postgerminal center B-

lineage cells that frequently results in bone destruction, bone marrow failure, and death 3. 

Some 15-20% of multiple myeloma (MM) patients possess a t(4;14) chromosomal 

rearrangement that is are associated with a poor prognosis 4 5. This unique translocation 

results in a simultaneous overexpression of the multiple myeloma SET domain (MMSET, aka 

NSD2 or WHSC1) and fibroblast growth factor receptor 3 (FGFR3).  The expression of 

FGFR3 does not appear to influence the survival of the t(4;14)+ MM patients 6 7, suggesting 

that MMSET plays the dominant role in the oncogenic transformation caused by the t(4;14) 

translocation 8. 

MMSET is expressed as several splice variants: MMSET type I (647 aa), MMSET type II 

(1365 aa), and a third isotype (RE-IIBP) with a 584 aa protein identical to the carboxy-

teminal region of MMSET type II 4 9. Overexpression of MMSET in MM cells results in a 

switch in methylation of histone H3 from K27 (repressive) to K36 (activating) 10 8, leading to 

altered expression of a wide range of cell cycle, apoptosis, DNA repair and adhesion 

regulators 11 12 13 14. Knockdown of MMSET using shRNA or active site directed 

mutagenesis in KMS11 cells possessing the t(4;14) translocation caused a significant loss of 

H3K36 methylation accompanied by antiproliferative effects, which were reversed by rescue 

transfection with wild-type MMSET II, confirming the driver role of MMSET in these cells 

10. 
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MMSET has been implicated in a range of other cancers beyond MM. Recently a E1099K 

point mutation in MMSET was shown to enhance its methyltranferase activity and lead to 

altered global chromatin methylation in lymphoid malignancies including pediatric acute 

lymphoblastic leukemia 15, 16. MMSET overexpression has been reported in some solid 

tumours including lung, prostate, neuroblastoma and bladder 17 18 19. 

In addition to MMSET, the closely related homologues NSD1 and NSD3 (aka WHSC1L) are 

also subject to translocations in acute leukaemia resulting in fusion proteins 3, 20, and NSD3 

amplifications occur in breast cancer 21. Taken together, these findings present a compelling 

case for inhibitors of MMSET and its close homologues as potential personalized cancer 

therapies.  

Inspired by recent successes in identifying clinical candidates for the lysine 

methyltransferases EZH2 22 and DOT1L 23 as well as chemical tool inhibitors for G9a 24, 

SMYD2 25 and SET7/9 26, we set out to discover selective inhibitors of MMSET using a 

structure-guided design approach. As to date no structure of MMSET has been reported, we 

initiated efforts to elucidate its structure by X-ray crystallography, while in parallel exploring 

the potential of recently published crystal structures of the homologues NSD1 and SETD2 as 

surrogates for MMSET inhibitor design. 

The NSD family predominantly mono- and di- methylate H3K36 in vivo 27, 28.  The SET 

domain in which the methyltransferase activity resides is located close to the C-terminus in 

all three family members, preceded by several Plant Homeodomain (PHD) domains and a 

Pro-Trp-Trp-Pro (PWWP) domain 29. Crystal structure analyses of the SET domains of NSD1 

and the closely related protein SETD2 have provided valuable insights into the architecture of 

the cofactor and substrate binding sites, as well as potential conformational changes required 

for substrate binding 30, 31. The catalytic core of the SET domain is sandwiched between a 
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pre-SET region (also referred to as the AWS domain) and a post-SET domain. The post-SET 

region (~20 residues) is composed of a conserved zinc binding motif and a so-called 

autoregulatory loop whose conformation regulates accessibility to the substrate binding site, a 

mechanism also characterized in the methyltransferase ASH1L 32. The structure of NSD1-

SET 30 shows the post-SET loop (PSL) in a closed conformation which occludes the substrate 

binding site, and suggests a conformational rearrangement is required for substrate binding to 

occur. The flexibility of the PSL is confirmed by the structural characterisation of SETD2 31: 

depending on the presence of SAM or a derivative of the fungal metabolite sinefungin in the 

cofactor binding site, the PSL adopt a respective inactive or active conformation. In addition 

to the design of cofactor binding site inhibitors, the observation that the PSL of SETD2 can 

adopt open, active conformations upon ligand binding provides an additional opportunity to 

target the substrate binding site using structure based drug design (SBDD) methods, which is 

not available using the published NSD1 structure. Whether access to the substrate binding 

site of other SET domains is also regulated by conformational flexibility of the PSL is still to 

be determined. 
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RESULTS AND DISCUSSION 

Solution Phase Characterisation and Construct Design 

Despite high sequence homology between MMSET and NSD1, our initial efforts to 

crystallize MMSET using SET domain constructs analogous to the one used to determine the 

NSD1 structure 30 were unsuccessful. To characterize solution state differences in the 

behaviour of the two proteins, we carried out a back-bone assignment of the NSD1 and 

MMSET SET domains (NSD1-SET, residues 1852-2082; and MMSET-SET, residues 973-

1203) in the presence of the co-factor SAM 33. The NMR derived secondary structure 

assignment of NSD1-SET was consistent with the published crystal structure of NSD1. The 

backbone assignment of MMSET-SET revealed a secondary structure very similar to that of 

NSD1, with a core SET domain motif composed of three beta sheets with an alpha-helix 

adjacent to the second beta sheet (Figure S1) 33. This core SET domain is flanked by an N-

terminal helix adjacent to beta sheet 1 and the AWS domain at the other end, adjacent to beta 

sheet 3.  

1H-NMR and 1H,15N-NMR fingerprints of MMSET-SET demonstrated a large degree of 

ordering upon addition of co-factor SAM (Figure S3). LC/MS experiments showed that 

during the purification of the NSD1-SET and MMSET-SET proteins, extensive washing 

reduced the SAM content in MMSET-SET, but not in NSD1-SET, consistent with a higher 

degree of conformational mobility in MMSET allowing for a more facile removal of SAM. 

Moreover, native MS experiments on MMSET SET domain also suggested a highly 

conformationally mobile structure evidenced by a broad distribution of charge states (Figure 

S2). The differences in solution phase dynamics between NSD1-SET and MMSET-SET upon 

co-factor binding prompted us to identify specific regions of conformational mobility which 

could be modified to generate crystallisable MMSET constructs. 
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In the search for early tool inhibitors, we conducted a screen of recently published inhibitors 

of other lysine methyltransferases that might show off-target activity against MMSET. We 

observed weak inhibition of MMSET (77% inhibition at 300 µM) by the G9a/GLP 

methyltransferase inhibitor UNC0638 34, while interestingly no inhibition of NSD1 could be 

measured. ITC measurements allowed determination of a Kd of 134 µM for UNC0638 vs 

MMSET-SET, while the Kd value vs NSD1-SET was very weak (>1mM) and could not be 

calculated accurately (Fig. 1a). This differential binding of UNC0638 towards MMSET 

compared with NSD1 prompted us to use further 2D-NMR experiments to explore potential 

differences in dynamics between the two proteins upon binding of UNC0638.  

Analysis of the 2D-NMR spectrum of MMSET-SET in the presence of 1 mM UNC0638 

identified regions of the protein which are perturbed upon ligand binding (Figure 1b). In 

particular, the N-terminal helix of MMSET-SET (residues L974-E982) was observed to 

undergo significant changes upon UNC0638 binding, as evidenced by the chemical shift 

changes and/or intensity changes for resonances assigned to Q975, R979, T981, R986, and 

K987 on the helix itself, and W1075, T1115 and F1139 which are close to the helix based on 

equivalent residues in NSD1. By contrast, changes in this region were not observed for 

NSD1-SET on incubation with 1 mM UNC0638 (Figure S4), consistent with the lack of 

interaction observed by bioassay and ITC experiments. Structural analysis of this region in 

NSD1 identified a cluster of leucine residues (L-1585, L-1588 and L-1681) which forms a 

local hydrophobic core stabilising the interaction between the N-terminal helix and the loop 

comprising residues T1680-W1685 that forms one side of the SAM binding site and precedes 

the highly conserved Gly-Trp-Gly motif found in many SET domains (Figure 2a). Sequence 

analysis confirmed that none of the three Leucine residues residues are conserved in 

MMSET, where the corresponding residues are hydrophilic and not able to form a similar 

hydrophobic interaction (Figure 2b). In addition in NSD1 two residues Q1682 and R1683 in 
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the T1680-W1685 loop which engage in polar interactions with the body of the protein are 

not conserved in MMSET. We hypothesised that these five residues could play a role in the 

observed differences between NSD1-SET and MMSET-SET in UNC0638 binding and in 

local conformational flexibility. Accordingly, to  reduce conformational flexibility in this 

region of the protein and encourage crystallization, an MMSET-SET construct incorporating 

five point mutations was made to replace the wild type MMSET amino acids with the 

corresponding residues found in NSD1 (MMSET numbering - Q975L, A978L, D1071L, 

G1072Q, K1073R). This construct was used for crystallisation studies and biophysical 

characterisation. 

 

MMSET Crystal Structure 

Post SET loop and SAM binding site  

The crystal structure of mutant MMSET-SET was solved at 2.1 Å resolution and shares the 

common SET domain architecture observed in the structures of NSD1 and SETD2 (Fig. 3). 

The PSL of MMSET is in a closed conformation similar to the auto-inhibited conformation 

observed in NSD1, albeit with a slight deviation around residues 1180-1182 (Fig. 4(a)). The 

binding site of the SAM co-factor is largely conserved between all three proteins, with the 

majority of hydrogen-bonding interactions with SAM mediated by the protein backbone. The 

adenine ring of SAM interacts via hydrogen bonds between N1 and the main-chain NH of 

Arg1192, between the 6-NH2 and the carbonyl of His1142, and between N7 and the main-

chain NH of His1142 (Fig. 4 (a)). In addition the face of the adenine ring forms close van der 

Waals contacts with the side chain of Leu1202. The ribose O2 oxygen interacts with the main 

chain carbonyl of Thr1115, and with the side chain of His1116, while the ribose O3 oxygen 

interacts with the main chain C=O of Phe1117 and the side chain of Asn1186, which serves 
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to anchor the end of the PSL. The amino acid group of SAM interacts with the main chain 

NH and carbonyl of Trp1075 and with the phenolic OH side chain of the conserved Tyr1118.  

Comparison of the SAM binding pocket of MMSET with NSD1 shows a high degree of 

conservation: His 1116 represents the only change in an amino acid side chain directly 

contacting the SAM, replaced by Asn1186 in NSD1 which undergoes very similar interaction 

with the ribose O2 oxygen (Fig. 4c)). The majority of MMSET SAM site interactions are also 

conserved in SETD2: in this case the only amino acid side chain change is Asn1186, replaced 

by Ala1675 in SETD2 – here the key interaction with the ribose O3 is mediated by the 

adjacent Gln1676 side chain. 

Comparison of the channel leading from the SAM methyl group to the substrate site also 

shows high sequence and structural conservation between MMSET and NSD1: all five 

hydrophobic amino acid side chains lining the channel are identical (Fig. 4e). In SETD2 two 

amino acid side chains in this channel are different: Leu1120 is replaced by Met1607 in 

SETD2, while Leu1163 is replaced by the more bulky Phe1650 in SETD2. This feature is 

somewhat counterintuitive given that unlike MMSET and NSD1, SETD2 is able to methylate 

H3K36Me2 to generate the more bulky H3K36Me3. It is possible that methylation state 

specificity arises not through steric selection, but due to the two key residue changes in 

SETD2 being better able to stabilize the cationic quaternary ammonium group of H3K36Me3 

through Π-cation and sulfur-cation interactions with Phe1650 and Met1607 respectively, 

which are not possible with the two Leu residues present in these positions in MMSET and 

NSD1. However it is also possible that the static view provided by these structures masks a 

difference in plasticity which might allow the substrate channel to open more widely in 

SETD2 to accommodate its larger substrate (see below). 
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N-terminal helix region 

Although the mutation strategy led to successful crystallization of MMSET, and the overall 

structures of mutant MMSET-SET and NSD1-SET are similar, the N-terminal helix 

unexpectedly adopts a significantly different orientation (Figure 5a), forming a short helix 

located ~18Å above the SAM binding site which is not engaged in intra-molecular 

interactions with the body of the protein. The electron density for this helix is sufficiently 

resolved (particularly molecule A) to place main chain atoms; however, exact side chain 

conformations for some residues within the helix are not clearly defined. Analysis of the 

crystal packing shows that this helix is involved in crystal contacts within the crystal lattice 

unlike the corresponding regions of NSD1 and SETD2, which make intra-molecular 

interactions but no crystal contacts within their respective crystal systems. Given the 

significant differences in the solution phase mobility of this helix between NSD1 and 

MMSET and its different solid phase orientations for all three proteins, it is tempting to 

speculate that the helix may play a functional role in the activation of the protein. However it 

should be noted that the available structures of all three proteins comprise significantly 

truncated SET-domain constructs which may not represent the endogenous, full length 

situation. In particular, these constructs lack a number of additional chromatin binding 

domains which are likely to contribute to the activation mechanism.  

 

SETD2-Inhibitor Co-crystal Structures  

Despite the post-SET loop of MMSET appearing unencumbered by crystal contacts, we were 

unable to obtain co-structures of sinefungin derivatives by co-crystallization or soaking, 

hampering structure-based design efforts targeting the co-factor binding site. We were also 

unable to obtain co-structures with the close homologue NSD1 which could be envisaged as a 
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surrogate for MMSET. The closed conformation of the substrate binding site in the structures 

of both proteins also prevented structure-based design or in silico docking of potential 

inhibitors binding in this site. Since SETD2 is the next closest structural homologue of 

MMSET, we developed conditions to evaluate the use of SETD2 as a surrogate for the design 

of MMSET inhibitors. SETD2-sinefungin co-crystals were reproduced according to the 

published conditions 31. We then solved SETD2 co-structures with several N-alkyl sinefungin 

derivatives by either back-soaking out sinefungin from SETD2-sinefungin co-crystals or by 

co-crystallizing SETD2 with an N-alkyl sinefungin derivative. Back soaking sinefungin co-

crystals with an N-alkyl sinefungin derivative maintained the same crystal packing observed 

in the SETD2-sinefungin co-crystal structure. However, co-crystallization of apo SETD2 

with N-alkyl sinefungin derivatives resulted in a different crystal packing not previously 

observed with the SETD2 crystal system. We generated the SETD2-N-propyl sinefungin 

derivative crystal structure in both crystal forms and an overlay of the two crystal forms 

revealed no significant conformational differences in residues lining the SAM binding site.  

This gave us confidence that either crystal form would be suitable for an in-depth analysis of 

inhibitors bound in the SAM site of SETD2. 

 

Conformational analysis of the Post SET Loop  

High resolution structures of SETD2 with both sinefungin and N-propyl sinefungin (3) 

showed a similar overall protein structure; however, key differences between the two protein-

inhibitor structures were observed in the PSL. In the SETD2-sinefungin structure the PSL is 

open and disordered: electron density was particularly weak for residues Gln1667-Glu1674; 

while in the SETD2-N-propyl sinefungin structure the PSL is open and ordered. An overlay 

of the two structures revealed different orientations for residues Asp1665 and Tyr1666 at the 
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beginning of the PSL, which may have an impact on the ordering of the loop.  Although our 

SETD2-N-propyl sinefungin structure is very similar to that published by Zheng et al., we 

observed a significant difference in the orientation of Arg1670, a residue shown by 

mutational analysis to play a pivotal role in enzyme catalysis and substrate recognition 31.  

Zheng et al., report Arg1670 pointing into the SAM binding site in the SETD2-SAH co-

structure (Fig. S5(a)); in their N-propyl sinefungin co-structure Arg1670 is shifted by ~15 Å 

to point out of the substrate groove, presumably in order to accommodate the N-propyl 

moiety (Fig. S5(b)). However, in our N-propyl sinefungin co-structure we observed clear 

electron density showing Arg1670 some 10 Å away from the Zheng et al. structure, pointing 

into the substrate binding site and holding the PSL in an open and ordered conformation 

through interactions with the backbone carbonyls of Asn1601 and Ile1602 (Fig. S5(c)). These 

observations highlight the dependence of flexibility of the SETD2 PSL on the chemical 

structure of the ligand bound in the SAM binding site.  Additional SETD2 structures in 

complex with various N-alkyl sinefungin derivatives further demonstrate the mobility of the 

SETD2 PSL (see below).   

 

Sinefungin analogues as MMSET inhibitors 

The natural product sinefungin (2) has been widely reported as a non-selective inhibitor of 

SET-domain containing KMTs 35. Sinefungin is a close structural analogue of the co-factor 

SAM, in which the sulfonium atom is replaced by a carbon atom and the reactive methyl 

group by a basic NH2 group which, when protonated, mimics the incipient positive charge on 

the methyl group as it is transferred to the lysine ε-nitrogen atom of its substrate. The position 

of the nitrogen appears important: isosteric analogues in which the nitrogen is in the position 

of the sulfonium atom of SAM are generally much weaker inhibitors of SET-domain 
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containing KMTs - see for example 36, 37 (although for protein arginine methyltransferases 

(PRMTs) and the phylogenetically related KMT DOT1L this isostere appears favourable 23). 

A number of groups have pursued analogues of sinefungin as KMT inhibitors, including 

Zheng et al who explored N-substituted sinefungin derivatives as inhibitors of SETD2 31. 

These authors proposed that the N-alkyl substituent could mimic the substrate lysine side 

chain, potentially bridging between the co-factor and substrate binding sites on opposite sides 

of the protein. This led to the characterization of  inhibitors such as N-propyl sinefungin (3) 

and N-benzyl sinefungin (9) which showed sub-micromolar inhibition of SETD2 and, 

somewhat surprisingly, promising selectivityagainst a panel of 13 other KMTs. 

Noting the relatively close homology between SETD2 and MMSET, we explored the 

potential of N-substituted sinefungin analogues to inhibit MMSET. This required 

establishment of a synthetic route allowing late-stage functionalization of the amino group 

with a manageable number of steps. An assessment of published syntheses of sinefungin 

suggested that of Geze et al 38 to be most suited for adaptation to N-substitution (Scheme 1). 

The readily available starting material adenosine acetonide (21) was protected by N,N-

dibenzoylation, followed by conversion to the 5-iodo-5-deoxy derivative 22 via the tosylate. 

Displacement of the iodide by diethyl cyanomethylphosphonate led to a mixture of the 

monobenzoylated phosphonate ester 24 and its dibenzoylated analogue – both could be 

transformed to the desired monobenzoylated alkene 27 by Wittig reaction with the aldehyde 

26, itself prepared by Dess-Martin oxidation of N-Boc homoserine methyl ester (25). 

Magnesium reduction of the conjugated alkene in 27 followed by partial hydrolysis of the 

nitrile afforded the primary carboxamide 28, which was transformed to the primary amine 29 

using iodosobenzene bis-trifluoroacetate. Acidic deprotection of 29 afforded sinefungin as a 

mixture of 6’-epimers; alternatively, reductive amination with aldehydes and NaBH3CN 

followed by deprotection gave the N-substituted sinefungin derivatives 3-9 as mixtures of 6’-
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epimers which were used for SAR and structural studies. The corresponding analogues of N-

propyl sinefungin 3 lacking either the terminal carboxyl (10) or amino groups (11) were 

prepared by condensation of the cyanophosphonate 24 with the corresponding aldehydes, 

followed by a similar sequence of nitrile hydrolysis, degradation to the primary amine, 

reductive amination and deprotection (Scheme 2). 

To determine inhibitory structure-activity relationships for compounds against MMSET and 

SETD2, we used assays in which the catalytic methylation of H3K36 by each enzyme is 

measured by selective antibody detection. For SETD2 a short peptide containing the 

H3K36Me2 was used as substrate with H3K36Me3 product detection in ELISA format. The 

assay for MMSET was performed using a protein construct containing additional C-terminal 

residues (aa 941-1240), with recombinant nucleosomes containing unmodified H3K36 as 

substrate and a H3K36Me2 antibody for product detection by AlphaScreen. Inhibition and 

binding constant data are summarized in Table 1. Sinefungin (2) shows a modest IC50 of 26 

µM vs MMSET, consistent with the previously published value of 30 µM using a 3H-SAM 

turnover assay 35; a similar level of inhibition was measured against SETD2. The N-propyl 

derivative 3 showed more potent inhibition of both enzymes: an IC50 of 3.3 µM was 

determined in the MMSET bioassay, consistent with a Kd of 1.6 µM as determined by ITC 

(Table 1; Figure 6). Encouraged by these results, we explored the effects of growing further 

into the substrate binding channel. The structure of 3 in complex with SETD2 suggested 

opportunities for modification of the propyl group in several ways. The propyl group inserts 

into the channel formed by hydrophobic side chain residues from the PSL (Y1666, F1664) 

and the body of the enzyme (residues M1607, Y1579, F1650) (Figure 7a). The presence of a 

small pocket adjacent to the propyl group suggested branching to give the sec-butyl 

derivative 4: this resulted in a modest increase in affinity against both enzymes (Table 1). The 

structure of 4 in complex with SETD2 shows good steric complementarity as the small 
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pocket is filled by the additional methyl group (Figure 7b-c). The inhibitors were further 

elaborated to target the hydroxyl groups of the nearby Y1579 and Y1666. Substitution of the 

n-propyl with a hydroxyl group at the 2-position to give the secondary alcohol 5 resulted in a 

significant loss in potency, despite a clear hydrogen bond to the hydroxyl group of Y1579 in 

the SETD2 complex structure (Figure 7d). Similarly the 3-substituted primary alcohol 6 

incurred a significant potency loss despite three new H-bonds observed between the inhibitor 

hydroxyl group and the hydroxyl groups of Y1579 and Y1666 and the backbone carbonyl of 

F1606 (Figure 7e). Incorporation of a basic group in this region of the molecule to give 

secondary amine 7 also resulted in a significant loss of potency. These results suggested that 

this region of the pocket prefers hydrophobic groups. Indeed, replacement of the n-propyl 

with n-pentyl (8) was tolerated, with only a modest loss of potency against both enzymes. 

The SETD2 structure in complex with 8 shows the extended alkyl chain tucked under the aryl 

ring of Tyr1579 in a similar region to the branched alkyl group of the sec-butyl derivative 4. 

In contrast, replacement of the propyl with the more bulky benzyl group (9) was tolerated in 

SETD2 but not in MMSET. The structure of 9 in complex with SETD2 shows the benzyl 

group filling the lipophilic pocket created by the side chains of Tyr1579 and 1666 and by 

Phe1650 and 1664, with the side chain of Met1607 forming a lid (Figure 7f). This complex 

shows only modest structural rearrangements compared with the SETD2 structure in complex 

with the n-propyl derivative 3. By contrast, in the SAM-bound MMSET structure, the side 

chain of Tyr1092, the corresponding residue of Tyr1579 in SETD2, is shifted to partially 

occupy this pocket, reflecting differences between the two proteins in the positioning of the 

PSL and the β-sheet comprising residues 1575-1585 (SETD2 numbering; 1088-1098 in  

MMSET). These findings suggest that the SETD2 substrate channel overall is more 

conformationally flexible, provide a rationale for its ability to accommodate this more bulky 

derivative compared with the less flexible channel in MMSET. 
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Finally we explored the effects of changes to the amino acid terminus of 3 which mimics the 

methionine moiety of SAM/SAH. Removing either the carboxy group to give 10 or the amino 

group to give 11 resulted in a dramatic loss in affinity vs MMSET, underscoring the 

importance of these groups in the molecular recognition of the co-factor. 

 

CONCLUSIONS 

The crystallization of the MMSET SET domain proved highly challenging despite the 

precedence of structures of the closely related homologues NSD1 and SETD2. By comparing 

NSD1 and MMSET SET domain solution structures and dynamics using 2D-NMR 

techniques, we identified regions of increased conformational mobility in MMSET. We 

developed a hypothesis for a cluster of amino acid residues underlying these conformational 

differences, and expressed mutant constructs designed to restrict conformational mobility in 

MMSET. This work led to the identification of a construct of MMSET SET domain which 

crystallized and allowed structure determination at 2.1 Å resolution. In parallel, we used 

biochemical and biophysical assays to characterize N-propyl sinefungin as a low micromolar 

inhibitor of MMSET. Despite the post-SET loop appearing unencumbered by crystal 

contacts, we were unable to obtain a co-structure of N-propyl sinefungin by co-crystallization 

or soaking. The similarity of the MMSET structure with that of SETD2 indicated that the 

latter protein might be a valid surrogate for structure-based design of inhibitors. We 

developed robust conditions which allowed soaking of N-alkyl sinefungin derivatives into 

SETD2 crystals, allowing the structural characterization of a number of derivatives which 

inhibited both SETD2 and MMSET with varying degrees of selectivity. The data indicated 

that there is some useful overlap between the two proteins in terms of inhibitor design, but 

also some divergence arising both from amino acid differences in the substrate binding 

channel and also apparent differences in the plasticity of the post-SET loop and SET domains 
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of the two proteins, such that SETD2 can accommodate larger groups in this region. 

Nonetheless we believe our findings provide a helpful foundation for further hypothesis-

driven design of selective inhibitors of MMSET and/or SETD2, to allow deeper exploration 

of the roles of these epigenetic modulatory proteins in diseases including cancer. 
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EXPERIMENTAL 

Protein expression and purification of MMSET 

The gene encoding the SET domain of MMSET (residues 973-1203) was cloned into pET28b 

(Clontech). Site directed mutagenesis was performed using the QuikChange site-directed 

mutagenesis system (Agilent Technologies) to incorporate point mutations at the following 

positions - Q975L, A978L, D1071L, G1072Q, K1073R. For protein expression, transformed 

BL21 DE3 E.coli cells were grown in 2XYT media at 37°C until mid log phase. The 

temperature was reduced to 18°C and expression was induced by the addition of Isopropyl β-

D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were incubated at 

18°C overnight.  Cell pellets were harvested by centrifugation at 4000rpm. Cell pellets were 

resuspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl) and lysed by sonication. 

Lysate was clarified by centrifugation at 20000 rpm for 30 mins. Clarified lysate was applied 

to a 5 ml HisTrap FF Crude column (GE Healthcare) attached to an AKTA PURE 

chromatography system (GE Healthcare). The column was washed with lysis buffer + 50 mM 

imidazole and fractions containing MMSET were eluted with lysis buffer + 250 mM 

imidazole. To generate SAM free MMSET for biophysical characterisation, MMSET bound 

to the HisTrap column was washed with 1L of lysis buffer + 50 mM imidazole at a flow rate 

of 1ml/min prior to elution. The vector derived N-terminal hexahis tag was removed by 

incubating the protein with Thrombin (Sigma) overnight at 4°C whilst dialysing against 50 

mM Tris pH 8.0, 300 mM NaCl, 5 mM DTT. The protein sample was then applied to a 

Superdex75 16/60 gel filtration column pre-equilibrated in 50 mM Tris pH 8.0, 300 mM 

NaCl, 5 mM DTT. Fractions containing MMSET were pooled and used for crystallisation 

studies. 
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Isothermal titration calorimetry 

ITC experiments were performed on a Microcal VP-ITC (Malvern Instruments Ltd) at 25°C 

in a buffer comprising 50 mM Hepes, 100 mM NaCl, 1 mM TCEP and 5% DMSO at pH 7.5. 

The protein construct used corresponded to human MMSET residues 973 – 1203 or human 

NSD1 residues 1852-2082. For all experiments compound was in the syringe and protein was 

in the sample cell. Data analysis was performed using Origin 7.0 software. Heats of dilution 

were estimated using the final injections of each individual titration and subtracted before 

data analysis. 1mM UNC0638 was titrated into 34 µM MMSET in the presence and absence 

of a 10-fold molar excess of SAM. In the absence of SAM the binding isotherm revealed that 

UNC0638 was binding but the data quality prevented unambiguous interpretation of the 

UNC0638 binding affinity. The ITC data quality was improved in the presence of SAM 

allowing an estimate of the UNC0638 binding affinity for the MMSET:SAM complex. 

Identical conditions were used for titration of 1mM UNC638 into 40 µM NSD1. The titration 

for n-propyl sinefungin 3 was performed with 400µM 3 in the syringe and 20µM MMSET 

was in the cell. 

 

Expression and purification of 
15

N labelled MMSET 

15N labelled MMSET (residues 973-1203) was produced using the isotope labelling method 

described by Li et al 39. Several colonies of transformed BL21 DE3 E.coli were transferred 

into 50 ml of non-inducing media and incubated overnight at 30°C. The overnight culture 

was used to inoculate the inducing media with a starting OD600 of 0.02, incubated at 25°C 

for 4-5 hr and left at 18°C for another 48 hr. The final OD600 reached 14. Cells were then 

harvested, resuspended in lysis buffer (50 mM Hepes, 300 mM NaCl, 200 µM PMSF at pH 

8) and lysed in a cell disruptor at 30 psi (2 passes). Lysate was centrifuged at 100,000 g and 
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the supernatant was supplemented with 10mM imidazole and batch bound to NiNTA resin 

overnight at 4°C. After extensively washing the resin in lysis buffer containing 20 mM 

imidazole, MMSET was eluted in lysis buffer containing 250 mM imidazole. MMSET 

fractions were pooled and dialysed overnight at 4°C into gel filtration buffer (50 mM Hepes, 

150 mM NaCl, 2 mM DTT at pH 7.5) in the presence of thrombin (Sigma) to remove the N-

terminal histidine tag. Protein was then applied to a Superdex75 26/60 gel filtration column 

equilibrated in gel filtration buffer. MMSET containing fractions were pooled and 

concentrated to ~ 10 mg/ml. The protein was then applied to a desalting column prior to 

loading onto a Q-sepharose column equilibrated in 50 mM sodium phosphate and 10 mM 

NaCl at pH 7.5. The Q-sepharose bound protein was extensively washed in the running buffer 

to facilitate the removal of any residual SAM associated with MMSET. The protein was 

eluted from the Q-sepharose column by applying a 10-500 mM NaCl gradient. MMSET 

containing fractions were pooled, concentrated and snap frozen in liquid nitrogen. 

 

NMR spectroscopy  

All NMR experiments were carried out at 310 K, using a Bruker AvanceIII 500 MHz 

spectrometer equipped with a cryoprobe. NMR spectra were processed using TOPSPIN and 

analysed using TOPSPIN 3.1. Each NMR sample at a protein concentration of 200 µM and 

saturating concentration of the co-factor SAM of 2 mM was made up to a volume of 160 µl in 

a 2.5 mm capillary which was placed in a standard 5 mm NMR tube. The NMR buffer was 

sodium phosphate 50 mM pH 7, NaCl 450 mM, TCEP 2 mM, SAM 2 mM, NaN3 0.01% w/v, 

D2O 10% v/v. Binding of UNC0638 was measured by monitoring chemical shift and shape 

changes of 1H and 15N resonances as a function of compound concentration. Each sample 
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contained 200 µM MMSET-SET protein and increasing concentrations of UNC0638 up to 

1000 µM. 

 

Crystallisation and structure determination of MMSET 

Prior to crystallisation, MMSET protein was incubated with 1mM SAM (Sigma) dissolved in 

gel filtration buffer and the pH readjusted to pH7.5. Protein was then concentrated to 

~7mg/ml. Broad crystallisation screens were set up including the JCSG Core Suite (Qiagen). 

Crystals of MMSET grew from conditions containing 16-20% PEG3350, 0.2M ammonium 

chloride at 20°C. Plate-like crystals grew overnight and were cryo-protected in 30% 

PEG3350 prior to being flash frozen in liquid nitrogen. Data were collected at 100K on 

beamline ID29 at ESRF and processed using XDS 40. Data was scaled and merged using 

SCALA 41 from the CCP4i suite of programs 42. The structure of MMSET was solved by 

molecular replacement using AMORE (CCP4i) 43 using NSD1 as the template model (PDB: 

3OOI). The protein structure was rebuilt and refined using COOT 43 and REFMAC 44 

respectively. 

MMSET crystallised in space group P212121 with two molecules in the asymmetric unit. All 

residues present in the protein construct were clearly resolved in electron density for 

molecule A. In molecule B, there are breaks in electron density for residues Gln982-Arg986 

and Cys1018-Pro1025. Side chains where specific rotamer conformations were ambiguous 

due to poor electron density were trimmed back to the carbon-β atom position. 

 

Protein expression and purification of SETD2 
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The gene encoding the SET domain of SETD2 (residues 1433-1711) was a gift from 

Structural Genomics Consortium, Toronto.  Protein expression and purification of SETD2 

broadly followed the published methods 31.  

Typically, protein expression was performed using transformed BL21 DE3 Codon plus RIL 

E.coli cells (Agilent Technologies) grown at 37°C  in Terrific Broth (Sigma) until mid log 

phase. The temperature was lowered to 18°C and expression was induced by the addition of 

isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were 

incubated over night at 18°C prior to harvesting by centrifugation at 4000 rpm. Cells were 

resuspended in Lysis buffer (50 mM Hepes, pH 8.0, 500 mM NaCl, 1.6 mM β-

mercaptoethanol) and lysed by sonication. Lysate was clarified by centrifugation at 14,000 

rpm for 30 mins. The supernatant was incubated with ~10 ml of Nickel NTA resin (Qiagen) 

and incubated at 4°C for 1 hr. The resin was washed with ~200 ml of lysis buffer and SETD2 

protein was eluted in ~50 ml of lysis buffer + 200 mM imidazole. The N-terminal hexahis tag 

was removed by incubating SETD2 with rTEV protease (Sigma) whilst dialysing against 20 

mM Hepes pH7.3, 5 mM DTT. This sample was then applied to a 5 ml HiTrap SP FF ion 

exchange column (GE Healthcare) equilibrated in 20 mM Hepes pH 7.3, 5 mM DTT. A 

linear salt gradient was applied over 20 column volumes using 20 mM Hepes pH 7.3, 500 

mM NaCl, 5 mM DTT. Fractions containing SETD2 were pooled and applied to a Hiprep S-

200 26/60 gel filtration column (GE Healthcare) equilibrated in 20 mM Hepes pH 7.3, 150 

mM NaCl,  5 mM DTT. Fractions containing SETD2 were pooled and concentrated to 1 

mg/ml. 

 

Crystallisation of SETD2 

Page 23 of 43

ACS Paragon Plus Environment

ACS Chemical Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23 

 

For co-crystallisation of SETD2, protein at 1 mg/ml was incubated with sinefungin or the 

compound of interest to a final concentration of 1.5 mM. The protein was then concentrated 

to ~10 mg/ml for crystallisation. 2 µl of protein solution was mixed with 2 µl of reservoir 

solution containing 0.1 M Hepes pH 7.3, 0.1 M KSCN, 25-30% MPEG2000 at 20°C. 

Crystals grew using the hanging drop vapour diffusion method, appeared overnight and took 

~1 week to grow to full size.  For the SETD2–compound complexes obtained via compound 

exchange, SETD2-sinefungin co-crystals were soaked in a solution containing 5 mM of the 

compound of interest for 24 h at 20°C to exchange sinefungin for the compound of interest. 

All crystals were cryoprotected in a solution containing 35% PEG3350, 0.1 M KSCN, 0.1 M 

Hepes pH 7.3 prior to flash freezing in liquid nitrogen for data collection. 

 

MMSET Bioassay 

MMSET activity was measured using an AlphaScreen assay. Each well contained a final 

concentration of 10 nM MMSET enzyme (MMSET, aa 953-1240), 12.5 µM nucleosomes 

(New England Biolabs, NEB), 0.5 µM S-adenosyl-methionine (NEB) and 3% v/v DMSO in 

reaction buffer (50 mM Tris pH 8.5, 5 mM MgCl2, 1 mM DTT, 0.01% Tween-20). Initial 

reactions were performed for 60 mins at room temperature, protected from light. 1 nM Bio-

antiH3 (PerkinElmer), 20 µg/ml mouse IgG beads, 1 nM H3K36Me2 antibody (Active Motif) 

and 20 µg/ml Strepavidin donor beads (PerkinElmer anti-mouse IgG kit) in detection buffer 

(50 mM Tris pH 7.5, 900 mM NaCl, 0.01% Tween-20 and 0.001% Poly-L-lysine) was then 

added and incubated overnight in the dark at room temperature before reading using the 

Pherastar FS (BMG), Ex680 nm/Em615 nm. IC50 values were determined by fitting the data 

to a four parameter logistic fit using GraphPad Prism 6.0. 
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SETD2 Bioassay  

SETD2 activity was measured using an AlphaScreen assay. Reactions were set up using a 

SETD2 chemiluminescent kit (BPS Bioscience). The method was as described in the product 

protocol with the exception that SAM from NEB was used. Luminescence was measured 

using a Pherastar FS (BMG). IC50 values were determined by fitting the data to a four 

parameter logistic fit using GraphPad Prism 6.0. 

 

SAM quantitation by LC/MS 

SAM content in MMSET was quantified by LC/MS using an HP1100 (Agilent Technologies) 

with diode array UV detection connected to a Bruker Esquire 3000 plus Ion Trap MS (Bruker 

Corporation). LC conditions: column - Hypercarb 100x3 mm, 3 µm (Thermo Scientific, part 

number 35005-103030) at 40 °C, aqueous solvent (A) - 100% water / 0.1% formic acid, 

organic solvent (B) - 95% acetonitrile / 5% water / 0.1% formic acid.  Solvent gradient – 0 

min (5% B), 0.5 min (5%B), 2 min (95% B), 4 min (95% B), 4.1 min (5% B), 7 min (5% B), 

flow rate = 1 ml/min with all flow to the UV detector then to the MS.  SAM levels were 

quantitated from the UV data (summed 265 nm to 350 nm) and the extracted ion 

chromatogram (XIC) for the (M+H)+ of SAM (m/z 399.1). SAM standards for UV and MS 

calibration curves were prepared from 100 mM SAM in 100 mM ammonium acetate, pH 7.4 

and serially diluted in 80:20 1 M KOH:TFA to give 250 µM, 12.5 µM and 0.625 µM stock 

solutions.  The average peak areas from duplicate injections of the standard solutions for m/z 

399.1 and the corresponding UV peak areas were plotted against amount injected in nMoles 

to give calibration plots; from the MS data of 6.25 pM (LOQ) to 0.125 nM (R2 = 0.9995) and 

from UV absorption data of 25 pM (LOQ) to 0.5 nM (R2 = 0.9995).  Preparation of SAM 

from MMSET samples was according to the following procedure: 5 µL of MMSET protein 
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was diluted with 10 µL of solvent A and 2 µL of 100% TFA was added to precipitate the 

protein, the sample was aspirated a number of times and centrifuged for 5 minutes at 13000 

rpm to pellet the protein.  The supernatant containing SAM was removed (approximately 17 

µL) and 8 µL of 1 M KOH added giving a 1 in 5 dilution of the original sample at a final 

volume of 25 µL. Injection volumes were between 0.5 µL to 10 µL depending on the original 

protein concentration. 

Accession Codes 

MMSET-SAM: tbc; SETD2-sinefungin: tbc; SETD2-3: tbc; SETD2-4: tbc; SETD2-5: tbc; 

SETD2-6: tbc; SETD2-9: tbc.   
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ABBREVIATIONS 

Boc2O, di-tert-butyl dicarbonate; BzCl, benzoyl chloride; DCM, dichloromethane; DMF, 

dimethylformamide; DMSO, dimethylsulfoxide; DOT1L, DOT1-like histone H3K79 

methyltransferase; DTT, dithiothreitol; EZH2, enhancer of zeste 2; IPTG, isopropyl β-D-1-

thiogalactopyranoside; ITC, isothermal calorimetry; KMT, protein lysine methyltransferase; 

MM, multiple myeloma; MMSET, multiple myeloma SET-domain containing; NSD1, 

nuclear receptor binding SET domain protein 1; PHD, plant homeodomain; PMSF, 

phenylmethanesulfonyl fluoride; PRMT, protein arginine methyltransferase; PSL, post-SET 

loop; SAM, S-adenosyl methionine; SBDD, structure-based drug design; SET, Su(var)3-9 

Enhancer of zeste Trithorax; SETD2, SET domain containing 2; SET7/9, SET domain 

containing 7/9; SMYD2, SET and MYND domain containing; TCEP, tris(2-

carboxyethyl)phosphine; TEA, trimethylamine; TFA, trifluoroacetic acid; TLC, thin layer 

chromatography; TMSCl, trimethylsilyl chloride; TsCl, tosyl chloride.  
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TABLES 

Table 1. Structure-activity relationships of sinefungin analogues vs MMSET and SETD2 

catalytic SET domain constructs. IC50 values were generated using AlphaScreen assays for 

both proteins. For MMSET recombinant nucleosomes were used as substrate with 

H3K36Me2 antibody detection of product formation. For SETD2 a H3K36Me2 peptide was 

used as substrate with H3K36Me3 antibody detection of product. Kd values for MMSET were 

generated by isothermal titration calorimetry. 

 

Compound R1 R2 R3 
IC50 / µM (n)* Kd / µM 

MMSET SETD2 MMSET 

SAH - - - 54% @ 30 (1) 33% @ 1 (1) - 
Sinefungin 

(2) 
H CO2 NH2 26±4.5 (3) 71% @ 30 (1) 35 

3 nPr CO2 NH2 3.3±1.0 (4) 0.49 (1) 1.6 
4 sBu CO2 NH2 1.8±0.4 (2) 0.29 (1) - 
5 CH2CH(OH)Me CO2 NH2 48% @ 300 (1) 46% @ 30 (1) - 
6 (CH2)3OH CO2 NH2 69 (1) 36% @ 30 (1) - 
7 (CH2)2NHMe CO2 NH2 63% @ 1000 (1) - - 
8 nPent CO2 NH2 20±11 (4) 3.9±0.2 (2) - 
9 PhCH2 CO2 NH2 52% @ 1000 (1) 1.2 (1) - 

10 nPr H NH2 55% @ 300 (1) - - 
11 nPr CO2 H 9% @ 1000 (1) - - 

       

*IC50 values are quoted as geometric means of the number of replicates n in parentheses. Where an IC50 curve 

could not be fitted, the concentration giving closest to 50% inhibition is indicated for comparative purposes. 
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FIGURES  

Figure 1. a) Structure of UNC0638. b)-c) Isothermal calorimetry traces for UNC0638 vs 

MMSET and NSD1 SET domains respectively: a Kd of 134 µM was determined vs MMSET, 

while binding to NSD1 was too weak to determine a Kd. d) 15N-1H HSQC 2D-NMR spectrum 

of labelled MMSET-SET domain showing chemical shift perturbations in MMSET signals 

(blue) observed by upon incubation with 1mM UNC0638 (red). Residues showing significant 

changes in chemical shift or intensity are highlighted. 

a) 
 

 

 
d) 
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Figure 2: a) Three Leu residues in NSD1 (yellow) that form a hydrophobic interface between 

the N-terminal helix and a loop region (Gln1682 and Arg1683 coloured in red) adjacent to 

the SAM binding site. b) Sequence alignment of NSD1 and MMSET in these two regions 

showing that these residues are not conserved in MMSET. Dashed blue line - region of N-

term helix of NSD1, red triangles – residues mutated in MMSET to corresponding residues in 

NSD1. 

a) 
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Figure 3. Overlay of novel MMSET structure (magenta) with previously published NSD1 

structure (green)30 showing the difference in orientation of the N-terminal α-helix. 
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Figure 4. a) Analysis of the SAM binding site of MMSET. H-bonding interactions are 

observed between: SAM N1 and R1192 main chain NH; SAM 6-NH2 and H1142 main chain 

C=O; SAM N7 and H1142 main chain NH; SAM 2’-OH and T1115 main chain C=O and 

H1116 side chain; SAM 3’-OH and H1116 main chain NH and N1186 side chain NH2. The 

SAM-methionine amino group interacts with the W1075 main chain C=O and the N1141 side 

chain C=O; and the SAM-methionine carboxy group interacts with the W1075 main chain 

NH and Y1118 side chain OH. The SAM purine ring system makes good van der Waals 

contacts with the side chain of L1202. b) Despite being unoccluded by crystal contacts, the post-

SET loop of MMSET (magenta) is in a closed conformation similar to the auto-inhibited 

conformation observed in NSD1 (green), albeit with a slight deviation around residues 

Asn1180-Cys1183 (residues coloured brown). c)-f) Superposition of cofactor and substrate 

channel for MMSET (magenta) with NSD1 (green) or SETD2 (yellow): c) SAM site, 

MMSET vs NSD1: Key amino acids with side chains contacting the SAM cofactor are 

conserved with the notable exception of H1116 (N in NSD1). d) SAM site, MMSET vs 

SETD2: Key amino acids with side chains contacting the SAM cofactor are conserved with 

the notable exception of N1186 (A in SETD2, interaction with SAM ribose 3’OH is 

functionally replaced by Q1676). e) Channel leading from the SAM methyl group to the 

substrate site, MMSET vs NSD1: all five amino acid side chains are identical. f) Channel 

leading from the SAM methyl group to the substrate site, MMSET vs SETD2: Y1092, F1177 

and Y1179 are identical; L1120 is replaced by the sterically similar M1607 in SETD2, and 

F1163 is replaced by the less bulky F1650 in SETD2, creating a larger channel consistent 

with its ability to accommodate its H3K36Me3 product, while MMSET (and NSD1) are not 

able to methylate beyond H3K36Me2. 
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Figure 5. (a-b) The orientation of the N-terminal helix of MMSET-SET (magenta) differs 

considerably from those of NSD1 (green) and SETD2 (yellow). This helix is involved in 

crystal contacts within the crystal lattice unlike the corresponding regions of NSD1 (3ooi) 

and SETD2 (3h6l), which make intra-molecular interactions but no crystal contacts within 

their respective crystal systems. The molecular surface for SAM bound to MMSET is shown 

in blue gridlines for reference. 

(a) (b) 
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Figure 6. a) IC50 determination for n-propyl sinefungin (3) vs MMSET-SET domain.  Data 

were generated using an AlphaScreen assay with recombinant nucleosomes as substrate and 

H3K36Me2 antibody detection of product formation. b)-c) Kd determinations by ITC for 

sinefungin (1) and n-propyl sinefungin (3) respectively vs MMSET-SET domain.  
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Figure 7. Crystal structures of SETD2 – N-alkyl sinefungin complexes. (a) The propyl group 

of 3 inserts into a channel formed by hydrophobic side chain residues from the post-SET loop 

(Y1666, Y1664) and body of the enzyme (M1607, Y1579, F1650). (b) Electron density map 

for 4 in complex with SETD2. (c) The structure of 4 in complex with SETD2 shows good 

steric complementarity as the small hydrophobic pocket formed by Y1579, F1650 and F1664 

is filled by the additional methyl group (protein surface shown in magenta). (d) The 

secondary alcohol 5 engages in a hydrogen bond to the hydroxyl group of Y1579. (e) The 3-

substituted primary alcohol 6 interacts via three new H-bonds between the inhibitor hydroxyl 

group and the hydroxyl groups of Y1579 and Y1666 and the backbone carbonyl of F1606. (f) 

The benzyl group of 9 fills the lipophilic pocket created by the side chains of Y1579 and 

1666 and by F1650 and 1664, with the side chain of M1607 forming a lid.  
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SCHEMES 

Scheme 1. Synthetic route to N-substituted sinefungin derivatives exemplified by N-

propyl sinefungin (3). 

 

Reagents and conditions: a) TMSCl, py, 0°C, then BzCl, 68%; b) TsCl, DCM, py, 0°C, 

76%; c) NaI, acetone, 75%; d) (EtO)2P(O)CH2CN, NaH, DMSO, 81%; e) Dess-Martin 

periodinane, DCM, 74%; f) Mg(OH)2, MeOH, 0°C, 59%; g) Mg, MeOH, 69%; h) H2O2, 

NaOH, DMSO, MeOH, 55°C, 47%; i) PhI(CF3COO)2, H2O, DMF, py, 29%; j) EtCHO, 

NaCNBH3, MeOH, then TFA, H2O, 16%. 
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Scheme 2. Synthesis of N-propyl sinefungin derivatives 10-11. 

 

Reagents and conditions:  

a) Mg(OH)2, MeOH, 0°C; b) Mg, MeOH, 36% over 2 steps; c) H2O2, NaOH, DMSO, MeOH, 

55°C, 84%; d) PhI(CF3COO)2, H2O, DMF, py, 48%; e) EtCHO, NaCNBH3, MeOH, then 

TFA, H2O, 3%; f) Mg(OH)2, MeOH, 0°C; g) Mg, MeOH, 35% over 2 steps; h) H2O2, NaOH, 

DMSO, MeOH, 55°C, 29%; i) PhI(CF3COO)2, H2O, DMF, py, 15%; j) EtCHO, NaCNBH3, 

MeOH, then TFA, H2O, 30%. 
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