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Abstract

Nuclear receptor-binding SET domain protein 2 (NSD2) is a histone H3 lysine 36 (H3K36)-

specific methyltransferase enzyme that is overexpressed in a number of cancers, including 

multiple myeloma. NSD2 binds to S-adenosyl-L-methionine (SAM) and nucleosome substrates to 

catalyze the transfer of a methyl group from SAM to the ε-amino group of histone H3K36. 

Equilibrium binding isotope effects and density functional theory calculations indicate that the 

SAM methyl group is sterically constrained in complex with NSD2, and that this steric constraint 

is released upon nucleosome binding. Together, these results show that nucleosome binding to 

NSD2 induces a significant change in the chemical environment of enzyme-bound SAM.

Methylation of lysine residues by protein lysine methyltransferase (PKMT) enzymes is an 

essential protein post-translational modification involved in transcriptional regulation, DNA 

damage response, and chromatin remodeling.1,2 In humans, nearly all of these enzymes 

contain a catalytic SET domain that is responsible for the site-specific transfer of the methyl 

(Me) group of S-adenosyl-L-methionine (SAM) onto the ε-amino group of protein lysine 

residues.3 Despite the structural similarity of their catalytic domains, these enzyme differ in 

both substrate specificity and the number of Me groups transferred.4,5 In particular, the 

human PKMT nuclear receptor-binding SET domain 2 (NSD2) catalyzes dimethylation of 

histone H3 lysine 36 (H3K36) of nucleosome substrates.6,7 Recently, it was shown that basic 

C-terminal post-SET extension of NSD2 is required for the methylation of H3K36 in 

nucleosome substrates.8 Similar to the homologous histone H3K36 PKMT enzyme NSD1, 

the NSD2 post-SET extension is attached to the catalytic SET domain via an autoinhibitory 

loop region, which occupies the peptide substrate-binding site in the available structure of 

NSD1 (PDB code: 3OOI; Figure 1a).9 NSD2 is overexpressed in a number of cancers, 
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including multiple myeloma,10,11 making it a potential target for new cancer therapeutics. 

Despite interest in NSD2, there is a lack of structural information, specifically regarding 

how binding of nucleosome might influence the catalytic activity of NSD2 or the binding 

environment of the SAM substrate.

We recently determined the transition-state structure for the reaction catalyzed by NSD2 via 

the measurement of multiple kinetic isotope effects (KIEs).12 Such V/K KIEs measured 

under competitive conditions can include contributions from all isotope-sensitive steps, up to 

and including the first irreversible step, which includes changes in bonding environment 

resulting from substrate-binding interactions. To better understand the substrate-binding 

interactions required for SAM binding to NSD2, we use equilibrium binding isotope effect 

(BIE) measurements and computational modeling to investigate changes in the chemical 

environment of NSD2-bound SAM resulting from the binding of nucleosome substrate.

Equilibrium BIEs directly report on differences in the bonding environment experienced by 

enzyme substrates in the free and enzyme-bound states.13 Specifically, BIEs result from the 

preferential binding of either a light or heavy isotope containing substrate to the protein, in 

competitive binding measurements. Preferential binding to the light-isotope-labeled 

substrate results in a normal BIE (>1.0) and indicates that the isotope-substituted bond is 

weaker in the bound complex, while binding to the heavy isotope results in an inverse BIE 

(<1.0), indicating a strengthening of the substituted bond in the bound state. Thus, 

measuring equilibrium BIEs allows us to distinguish between changes in bonding occurring 

in the enzyme−substrate complex and changes in bonding at the TS.

Here, tritium BIEs for [Me-3H3]SAM and [5′−3H2]SAM binding to NSD2 were measured 

via internal competition with [8-14C]SAM, which contains a remote 14C to track light 1H 

isotopes at the Me and C5′ positions (Figure 1b). Equilibrium BIE values were measured 

for the NSD2·SAM binary complex and an NSD2·SAM·Nucleosome pseudo-ternary 

complex via rapid equilibrium dialysis, as previously used to measure BIEs for 

dihydropteroate synthase (DHPS).14 For this method, BIEs are determined from the ratio of 

light-to-heavy isotope-labeled substrate bound to NSD2 compared to the ratio of isotopes in 

the unbound substrate.

A large inverse equilibrium BIE of 0.65 ± 0.02 (35% inverse; Table 1) was observed for the 

binary complex of NSD2 with [Me-3H3]SAM. By contrast, the binary complex of NSD2 

with [5′−3H2]SAM resulted in a smaller inverse BIE of 0.973 ± 0.009 (2.7% inverse). In 

both cases, the equilibrium BIE values are more inverse than V/K KIEs, i.e., 0.77 ± 0.03 

(23% inverse) and 1.05 ± 0.01 (5% normal),12 measured for the methylation of HeLa cell 

nucleosome using the same isotope substitutions. These BIEs indicate that the bonding 

environment experienced by SAM differs substantially in the enzyme’s substrate-bound 

complex compared to the enzyme’s transition-state complex or substrate free in solution.

It is important to note that BIE measurements for the binary complex may not reflect 

changes in bonding directly related to enzyme catalysis. Any substrate-binding interactions 

that contribute to catalysis should be maintained in the ternary complex and result in similar 

magnitude BIEs. To mimic an NSD2·SAM·Nucleosome ternary complex, we have used 
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recombinant polynucleosome in which the substrate histone H3 lysine 36 residues are 

mutated to methionine (H3K36-MNuc). The substitution of lysine with methionine has 

previously been used in crystal structures of lysine-specific demethylase 1 (LSD1), and 

resulted in increased binding affinity compared to that of the native lysine-containing 

substrate.15 H3K36MNuc binds NSD2 competitively (Ki = 0.63 nM) and with increased 

affinity compared to native H3K36 nucleosome substrate (Km = 14.3 nM) but does not react 

during the course of equilibrium BIE measurements (Figures S1 and S2).

Intriguingly, BIE measurements for this pseudo-ternary complex of NSD2 with SAM and 

H3K36MNuc resulted in a [Me-3H3]SAM BIE of 0.990 ± 0.005 (1.0% inverse), 

significantly less inverse than that of the equivalent binary complex BIE, and a [5′
−3H2]SAM pseudo-ternary complex BIE of 0.982 ± 0.008 (1.8% inverse) that was not 

significantly different with H3K36MNuc added. It is important to note that the total fraction 

of bound SAM did not change upon addition of H3K36MNuc, indicating that the saturation 

of SAM remains constant (Km = 203 ± 13 nM). This indicates that nucleosome binding 

alters the chemical bonding environment of the SAM methyl group C−H bonds, while 

leaving the C5′−H bonding environment relatively unchanged.

To better understand the changes in bonding environment contributing to observed BIEs, 

density functional theory (DFT) calculations were employed to model environmental and 

bonding changes experienced by SAM in binary and pseudo-ternary complexes with NSD2. 

Specifically, we considered the effects of (1) SAM conformation, (2) protein dielectric 

environment, (3) interactions with active-site amino acids, and (4) restriction C−H bond 

lengths on the vibrational frequencies of the Me C−H bonds. In each case, equilibrium BIEs 

were calculated from scaled vibrational frequencies of optimized structures (Gaussian 09,16 

M062X/6–31g(d) theory) of SAM in the “free” and predicted “bound” conformations. Initial 

coordinates for SAM from the crystal structure of NSD1 (PDB code: 3OOI)9 were used for 

calculations of the NSD2 “bound” state, and the low-energy conformation of SAM from 

PubChem 3D17 (PubChem CID 34756) was used to model the “free”-state solution 

conformation of SAM, including water as an implicit solvent model. This conformation is 

consistent with nuclear magnetic resonance (NMR) measurements for SAM in aqueous 

solution,18 which predict an extended SAM conformation with little restriction of the 

methionine group conformation,19 and it has previously been used to calculate SAM KIEs 

for the methylation of H3K36 catalyzed by NSD2,12 and the methylation of DNA by DNA 

methyltransferase 1 (DNMT1).20

SAM in crystal structures of SET domain PKMTs adopts a “folded” conformation, 

restricting the position of the adenosine ribose and methionine groups (Figure 1a).3 When 

we investigated the impact of this conformational change on SAM equilibrium, BIEs 

predicted small inverse [Me-3H3]SAM and [5′−3H2]SAM BIEs of 0.994 (0.6% inverse) and 

0.964(3.6% inverse), respectively, that agree within error with observed pseudo-ternary 

complex BIEs. This change in SAM conformation upon NSD2 binding is sufficient to 

explain the pseudo-ternary complex BIEs observed in the presence of H3K36MNuc without 

any other changes in bonding; however, it is unable to explain the large inverse 

[Me-3H3]SAM BIE observed in the binary complex.
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The change in dielectric environment between water and the protein active site has been 

shown to influence the value of predicted BIEs.14 As a result, the influence of protein 

dielectric environment on [Me-3H3]SAM BIEs was examined using DFT calculations of the 

SAM “bound” state using implicit solvent models (polarizable continuum model, PCM) 

shown in Figure S3 to mimic the NSD2 active-site dielectric. Changing the solvent dielectric 

between water (ε = 78.3) and chlorobenzene (ε = 5.7) did not significantly alter the 

magnitude of the predicted [Me-3H3]SAM BIE (0.984 and 0.999 in water and 

chlorobenzene, respectively; Table S1). These models indicate that the protein dielectric 

environment cannot sufficiently explain the large [Me-3H3]SAM BIEs for the binary 

complex.

DFT calculations from our laboratory used to predict human brain hexokinase BIEs found 

that interactions with either hydrophobic side-chain residues or carbonyl oxygen of amino 

acid backbones predict inverse BIEs.21 It is therefore possible that the inverse 

[Me-3H3]SAM BIE for the SAM·NSD2 binary complex results from specific active-site 

interactions. Specifically, the SET domain of PKMT enzymes contains a structurally 

conserved “methyltransfer pore” composed of amino acid residues in direct contact with the 

SAM methyl group and lysine ε-amino group.3 NMR studies of SET7/9 indicate the 

presence of nonclassical C−H⋯O hydrogen-bonding interactions between the oxygen atoms 

of two backbone carbonyls and one tyrosine side chain in the “methyltransfer pore” and the 

SAM methyl group hydrogens.22,23 We observed no similar 1H chemical shift change in 

heteronuclear single quantum coherence NMR spectroscopy measurements of the bound 

complex (Figure S4); however, we did observe a significant decrease in SAM Me C−H 

signal intensity with increasing concentration of NSD2. Since no new signal was observed, it 

is possible that the SAM binding/release is in slow to intermediate exchange on the NMR 

time scale or that intermediate exchange between multiple bound conformations suppresses 

the SAM methyl group signal. Therefore, we investigated the impact of C−H⋯O 

interactions on predicted BIEs computationally by including two N-methylacetamide and p-

hydroxytoluene in DFT calculations to mimic the conserved backbone carbonyls of F1117 

and R1138 and side chain of Y1179, respectively. The crystallographic position of these 

residues, determined from the structure of NSD1 (PDB code: 3OOI), was used as the 

starting point for DFT calculations (Figure 2a). Without constraints on the H⋯O distance, 

this model predicts a 1.021 (2.1% normal) [Me-3H3]-SAM BIE that is inconsistent with the 

inverse BIEs observed for both binary and pseudo-ternary complexes. For SET7/9, it was 

shown that the “methyltransfer pore” region can contract as the result of substrate binding.23 

Thus, we looked at the relationship between average H⋯O distance and predicted 

[Me-3H3]SAM BIE shown in Figure 2a. Shortening the H⋯O distance between the SAM 

methyl group hydrogen and the “methyltransfer pore” residues results in increasingly more 

inverse [Me-3H3]SAM BIE values (<1.0). Regardless, the magnitudes of the predicted BIEs 

remain less inverse than those of the observed binary complex BIE, even at a H⋯O distance 

of 1.75 Å. These vibrational frequencies used for BIE measurements were all calculated 

using the harmonic approximation; it is possible that anharmonicity could alter the 

magnitude of these BIEs, but we would expect the trend to remain the same. Given these 

results, it is unlikely that C−H⋯O hydrogen-bonding interactions are solely responsible for 

the magnitude of observed binary complex BIEs.
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Previous work on human brain hexokinase21 and DHPS14 found that restriction of stretching 

vibrational modes of C−H bonds as the result of steric impingement contributed to inverse 

tritium BIEs. We modeled steric imposition by restricting the methyl group C−H bond 

lengths in calculation of the SAM “bound”-state conformation, as previously described for 

DHPS BIE calculations.14 Although these constrained geometries are not true stationary 

points on the energy surface for the free substrate, they mimic the effect of restrictions 

imposed by the enzyme. The effects of constrained geometry on quantum mechanics 

analysis of isotope effects have been analyzed in great detail and found to be within 

experimental errors of isotope effect measurements.24 The results from these calculations 

shown in Figure 2B indicate a symmetric 3% compression of the methyl group C−H bond 

lengths (relative to the equilibrium bond lengths), or 10% compression of a single C−H bond 

length (Table S4), consistent with the [Me-3H3]SAM BIE of 0.65 (35% inverse) observed 

for the binary complex. Thus, steric impingement of the SAM methyl group is consistent 

with the inverse BIEs observed in the SAM NSD2 binary complex. It is possible that this 

steric impingement results from interaction with the “methyltransfer pore” residues, but we 

would expect that these contributions would also be maintained in the ternary complex. 

Instead, it is possible that the steric impingement results from interactions with the NSD2 

autoinhibitory loop that are unrelated to catalysis, and that these interactions are displaced 

by binding of H3K36MNuc. This would be consistent with previous molecular dynamics 

simulations of NSD1 that show that the autoinhibitory loop is displaced during nucleosome 

binding.25

In conclusion, the evidence provided here from the measurement of equilibrium BIEs 

indicates that the methyl group of bound SAM in a binary complex with NSD2 experiences 

a sterically constrained bonding environment compared to that in the 

SAM·NSD2·H3K36MNuc pseudo-ternary complex. DFT calculations indicate that the large 

inverse [Me-3H3]SAM BIE (35% inverse) in the binary complex is consistent with a 

restriction of the Me group C−H bond length due to steric impingement. By contrast, the 

small inverse BIEs observed for [Me-3H3]SAM and [5′−3H2]SAM in the pseudo-ternary 

complex (1.0% and 1.8%, respectively) can be adequately explained by differences in SAM 

conformation between the free and bound states without requiring any additional changes in 

bonding. The structural similarity between H3K36MNuc used in this study and native 

nucleosome substrates of NSD2 gives us confidence that the pseudo-ternary complex BIE 

measurements more accurately reflect the bonding environment experienced by SAM in the 

catalytically active Michaelis complex. This indicates that the changes in bonding for bound 

SAM will not significantly contribute to previously observed V/K KIEs,12 and that V/K 

KIEs report on changes in bonding in the transition-state structure, not in the bound state. 

This study clearly demonstrates the utility of equilibrium BIE measurements for studying 

changes in the bonding environment of enzyme-bound substrates, and shows that 

nucleosome binding to NSD2 alters the chemical environment of the protein-bound SAM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of NSD1 and labeled SAM used for BIE measurement. (a) Structure of NSD1 

(PDB code: 3OOI) bound to SAM (cyan) showing the SET domain, autoinhibitory loop 

(magenta), and post-SET region. (b) BIEs were measured using [Me-3H3]SAM or [5′
−3H2]SAM and [8-14 C]SAM.
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Figure 2. 
Influence of C−H⋯O hydrogen-bonding interactions and geometric constraint on predicted 

[Me-3H3]SAM BIEs. (a) Equilibrium BIEs were calculated at fixed H⋯O distance between 

the methyl group hydrogen and backbone carbonyl oxygen of F1117 and R1138, and the 

side-chain oxygen of Y1179. (b) Calculated BIEs for compression of the average Me group 

C−H bond length. The value of experimentaly observed BIEs for the pseudo-ternary 

complex and binary complex are displayed as dashed lines.
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Table 1.

Equilibrium Binding Isotope Effects for NSD2 Binary and Pseudo-ternary Complexes

isotope label binary complex BIE pseudo-ternary complex BIE V/K KIE
a

[Me-3H3] SAM 0.65 ± 0.02 (5) 0.990 ± 0.005 (6) 0.77 ± 0.01 (9)

[5′−3H2] SAM 0.973 ± 0.009 (9) 0.982 ± 0.008 (6) 1.047 ± 0.004 (6)

a
V/K KIEs were reported previously.12 BIEs and V/K KIEs are reported with ± standard error with the number of replicates presented in 

parentheses. BIE, binding isotope effect; KIE, kinetic isotope effect.
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