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ABSTRACT: S-Adenosylmethionine (AdoMet)-based meth-
ylation is integral to metabolism and signaling. AdoMet-
dependent methyltransferases belong to multiple distinct
classes and share a catalytic mechanism that arose through
convergent evolution; however, fundamental determinants
underlying this shared methyl transfer mechanism remain
undefined. A survey of high-resolution crystal structures
reveals that unconventional carbon−oxygen (CH···O) hydrogen bonds coordinate the AdoMet methyl group in different
methyltransferases irrespective of their class, active site structure, or cofactor binding conformation. Corroborating these
observations, quantum chemistry calculations demonstrate that these charged interactions formed by the AdoMet sulfonium
cation are stronger than typical CH···O hydrogen bonds. Biochemical and structural studies using a model lysine
methyltransferase and an active site mutant that abolishes CH···O hydrogen bonding to AdoMet illustrate that these interactions
are important for high-affinity AdoMet binding and transition-state stabilization. Further, crystallographic and NMR dynamics
experiments of the wild-type enzyme demonstrate that the CH···O hydrogen bonds constrain the motion of the AdoMet methyl
group, potentially facilitating its alignment during catalysis. Collectively, the experimental findings with the model
methyltransferase and structural survey imply that methyl CH···O hydrogen bonding represents a convergent evolutionary
feature of AdoMet-dependent methyltransferases, mediating a universal mechanism for methyl transfer.

■ INTRODUCTION

S-Adenosylmethionine (AdoMet) is a versatile and ubiquitous
enzyme substrate and is the most common methyl group donor
in biology.1,2 AdoMet-dependent methylation is essential to the
metabolism of amino acids, cofactors, hormones, lipids, nucleic
acids, and polysaccharides and has emerged as an important
covalent modification of DNA and proteins, particularly with
respect to epigenetic gene regulation. The enzymes that
catalyze this reaction belong to as many as nine distinct classes
that are unrelated by sequence, structure, or AdoMet binding
modes.3 Despite these differences, AdoMet-dependent methyl-
transferases share a conserved catalytic mechanism wherein the
AdoMet methyl group is transferred to the acceptor substrate
via an SN2 reaction.1,4 This reaction requires a linear alignment
of the acceptor substrate (nucleophile), methyl group (electro-
phile), and the sulfur atom (leaving group) of the product S-
adenosylhomocysteine (AdoHcy).5 During the reaction, the
methyl group inverts its stereochemistry, leading to a partially
positively charged, sp2 planar transition state. Currently, there
are primarily three models as to how methyltransferases achieve
their catalytic power: active site compression,6 selective

transition-state stabilization through hydrogen bonding and
active site electrostatics,7 and formation of a near attack
conformation (NAC) between the electrophile and nucleo-
phile.5 It is conceivable that each of these mechanisms
contributes at least in part to methyl transfer catalysis.
Recently, unconventional CH···O hydrogen bonds were

demonstrated to coordinate the AdoMet methyl group in the
active site of the SET domain class of protein lysine
methyltransferases using NMR spectroscopy.8 These inter-
actions are generally thought to contribute about half the
strength of a conventional hydrogen bond,9 although computa-
tional and experimental studies indicate that the energy of these
interactions can vary greatly and can have strengths equivalent
to conventional hydrogen bonds, especially when the carbon is
highly polarized or part of a charged group.10,11 Although CH···
O hydrogen bonding is ubiquitous in biomolecular structure
and has been implicated in enzyme catalysis,10−16 experimental
evidence for the specific functions or importance of CH···O

Received: July 12, 2013
Published: September 6, 2013

Article

pubs.acs.org/JACS

© 2013 American Chemical Society 15536 dx.doi.org/10.1021/ja407140k | J. Am. Chem. Soc. 2013, 135, 15536−15548

pubs.acs.org/JACS


hydrogen bonding in biology is generally lacking. In the context
of lysine methylation, these hydrogen bonds were hypothesized
to perform several functions in lysine methyl transfer, including
enhancing AdoMet binding, stabilizing the partially positively
charged transition state and aligning the methyl group for
optimal transfer geometry.14 Here, we present data using an
array of biochemical and biophysical approaches demonstrating
that CH···O hydrogen bonds greatly augment AdoMet binding
affinity and transition-state stability to a similar degree and
constrain the motion of the AdoMet methyl group, possibly
contributing to NAC formation.

■ EXPERIMENTAL SECTION
High-Resolution Crystal Structure PDB Survey. All cocrystal

structures of methyltransferases bound to AdoMet with resolution
better than 2.00 Å were downloaded and visually inspected before
inclusion in the AdoMet and protein methyl and methylene CH···O
hydrogen-bond surveys. Duplicate structures were removed, retaining
the highest resolution structure of each methyltransferase. Electron
density from the EDS server was examined to verify model quality
when available.17 Due to ambiguous 2Fo − Fc density corresponding to
the AdoMet methyl group position, several structures (PDB accession
codes 2IGT, 1FPX, 1I9G, 2EGV, 2QE6, 2YQZ, 3H6L, 3EEO, and
4DMG) were omitted from the survey. For certain structures (PDB
accession codes 3UJ7, 1N2X, and 1ZQ9), analysis was restricted to a
single copy of the methyltransferase, due to a lack of interpretable
methyl group density. All other structures with multiple copies within
the PDB file had CH···O hydrogen-bonding acceptor parameters
averaged before analysis. Accession codes 1N2X, 2ZUL and 1V2X
were refined by real space parameters using Coot18 to adjust for model
building and refinement anomalies before inclusion in the survey. In
addition to AdoMet methyl and methylene groups, all protein side
chain methyl and methylene C···O interactions were analyzed using
identical hydrogen-bonding cutoffs to provide a reference point for
analyzing the properties of the AdoMet methyl and methylene CH···O
hydrogen bonds.
As methyl hydrogen positions for these structures were unknown,

methyl group hydrogen bonding was based on van der Waals radii12

and nonhydrogen atom angles. Four separate criteria were used to
determine if methyl groups participated in CH···O hydrogen bonding:
C···O distance, X−C···O angle, and C···O−Y angle, where X and Y are
the nonhydrogen atoms bonded to carbon and oxygen, respectively,
and sp2 oxygen−methyl elevation angle.19 Hydrogen bonding was
determined using two scenarios: (1) For C···O distances <3.25 Å,
which is the sum of the van der Waals radii of carbon and oxygen; and
(2) for distances ≥3.25 Å but <3.70 Å, which is the combined van der
Waals radii of a C−H bond and oxygen arranged in linear geometry.12

In the former scenario, methyl groups were considered to participate
in CH···O hydrogen bonding if the C···O distance was <3.25 Å, the
X−C···O angle was between 60° and 160°, and the elevation angle was
<75°. For the latter scenario, methyl groups were considered to
undergo CH···O hydrogen bonding if the C···O distance was <3.70 Å,
the X−C···O angle was between 85° and 140°, and the elevation angle
was <50°. The C···O−Y angle was required to be >90° or between 75°
and 160° for sp2- or sp3-hybridized oxygen atoms, respectively. In-
house software to measure methyl hydrogen-bonding criteria was
written using MATCH API to manipulate atoms.20 Based on this
criterion, ∼28% of the protein methyl groups surveyed exhibited CH···
O hydrogen bonding. Protein methyl groups clearly favor relatively
long CH···O interactions (mean of 3.8 Å), consistent with previous
investigations of unpolarized methyl CH···O hydrogen bonding in
small molecules.21 Distance and angular distributions were volume
corrected by multiplying the counts by 1/r3 and 1/sin θ, respectively.22

Distributions of angles and distances were analyzed using Origin
(OriginLab).
To calculate whether the AdoMet methyl CH···O hydrogen bonds

were significantly different from that of protein methyl groups, we
examined the average length of each of the two populations. The

difference between the mean lengths of each population was
determined to be 0.31 Å. To establish whether this difference is
significant, we recombined both populations and used the Fisher−
Yates algorithm23 to randomly reorder the data set, followed by
division into two subsets containing the same number of hydrogen-
bonding interactions as the two original populations (127 and 9881
members, respectively) and the difference between average lengths
calculated. This process was repeated 100 000 times, generating a
normal distribution with an average difference of 0.025 Å and standard
deviation of 0.019 Å. These values yield a Z-score of 15.2σ or a
confidence value >99.999%, permitting us to reject the null hypothesis.

In addition to methyl groups, all AdoMet and protein methylene
CH···O hydrogen bonds were measured and volume corrected as
described above for methyl groups, with the exception that hydrogen
atoms were modeled into the riding positions using Chimera24 and
used to define CH···O hydrogen bond angles. In addition to the longer
distance (<3.70 Å) and the same sp2 oxygen angles defined above, the
C−H···O angle was required to be between 110° and 250° for sp3

oxygens and between 100° and 260° for sp2 oxygens, with a maximum
hydrogen elevation angle with the sp2 oxygen plane of 60°.

Synthetic Peptides and Protein Expression and Purification.
TAF10 peptide (Ac-SKSKDRKYTL-amide), TAF10 K189A (Ac-
SKSADRKYTL-amide), and TAF10-biotin peptide (Ac-
SKSKDRKYTLT(KEZLinkSSBiot)-amide) with S−S linker (Pierce)
were obtained from New England Peptides. Peptide concentration was
determined using tyrosine absorbance at 274 nm−1 (ε = 1.399 M/
cm−1). Wild-type (WT) SET7/9 and SET7/9 Y335F were expressed
and purified as described previously.8,25

X-ray Crystallography. WT and Y335F SET7/9 crystals were
grown by hanging drop vapor diffusion at 20 °C, as previously
described26 with the following exceptions: crystallization solution was
mixed in a 1:1 ratio with 10−12 mg/mL enzyme, 6 mM AdoMet or
3.0−4.5 mM AdoHcy, and 2.0 mM of a 10-residue peptide of TAF10
peptide or TAF10 K189A peptide in 20 mM Tris pH 8.0, 100 mM
NaCl, and 2.0 mM Tris(2-carboxyethyl)phosphine. Crystallization
solutions contained 0.86−1.07 M sodium citrate with 100 mM
imidazole, pH 7.6−8.4 and 8.0−18 mM NiCl2. Y335F crystals were
flash frozen in 1.5 M sodium citrate with 1.0 mM AdoHcy, 10−13 mM
NiCl2, and 100 mM imidazole pH 8.2−8.7 after 2 days of
crystallization time. For WT SET7/9, crystals were flash frozen in
the same cryoprotectant, omitting AdoHcy, 16−28 h after setup to
obtain the AdoMet complex and 3−5 weeks after setup for the
AdoHcy complex. Data were collected at the Advanced Photon Source
Synchrotron beamline 21-IDG (LS-CAT), at 100 K and wavelength
0.9786 nm, and were processed using HKL2000.27 The structures
were solved by molecular replacement using MOLREP,28 with the
previously reported protein coordinates of the SET7/9 ternary
complex (PDB accession code 3M53) and AdoMet-bound complex
(PDB accession code 1N6A)26,29 as the search models. Model building
and refinement were carried out using Coot18 and REFMAC,30

respectively. The quality of the final models was verified by
Molprobity.31 CNS was used to generate simulated annealing omit
maps for each of the different structures.32 In the SET7/9 Y335F
structure, K189, Phe-335, and AdoHcy were omitted. In each of the
WT SET7/9 structures, His-293, Gly-264, Tyr-335, AdoMet, and
AdoHcy were omitted. RMSD values were calculated, and structural
figures rendered in PyMOL (Schrödinger, LLC).

Isothermal Titration Calorimetry (ITC). SET7/9 Y335F·TAF10
peptide ITC experiments were performed using a MicroCal VP-ITC
calorimeter (GE Healthcare), as previously described for WT SET7/9
with identical buffer and temperature conditions.26 Stoichiometry
constants were equal to 0.8 for the SET7/9 Y335F·TAF10 peptide
interactions.

Intrinsic Fluorescence Binding Assays. The weak AdoMet and
AdoHcy affinities displayed by the SET7/9 Y335F mutant precluded
analysis of their binding constants by ITC. To measure cofactor
binding to the Y335F mutant, a fluorescence binding assay was
developed that presumably quantifies the change in intrinsic
fluorescence of active site Trp352 that stacks adjacent to the cofactor
adenine ring.29 Dissociation constants for AdoMet and the product
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AdoHcy were calculated using intrinsic fluorescence measurements in
triplicate using a Safire II plate reader (Tecan Group Ltd.) and round-
bottom, black Costar 96-well plates (Corning). Buffer conditions were
identical to previous SET7/9 ligand binding studies by ITC (20 mM
sodium phosphate pH 7.0 and 100 mM NaCl).8 Varying
concentrations of ligand were added to 1.75 μM of SET7/9 Y335F,
and fluorescence monitored between 320 and 390 nm at 37 °C after
excitation at 280 nm. The measured fluorescence change was ∼3−5
fold, depending on the enzyme and ligand used. Resulting fluorescence
profiles were fit to a Gaussian function, and then calculated amplitudes
were plotted as a function of ligand concentration, and dissociation
constants determined by fitting in Prism (GraphPad) and SigmaPlot
11.0 (SigmaPlot). The fraction bound was determined by using the
fitted saturation point of each individual experiment as equal to 1.0.
For certain experiments, nonspecific binding was additionally
observed, as evidenced by a linear trend at high ligand concentration.
This nonspecific binding was subtracted out using a linear fit model.
Resulting binding curves were verified to produce dissociation
constants within error of those calculated using a fitting model with
a linear nonspecific binding term included in the fitting procedure.
When measured separately, neither ligand nor SET7/9 showed
discernible fluorescence change with increasing concentration.
Comparing ITC and fluorescence data, the dissociation constants for
AdoHcy and WT SET7/9 (60 ± 58 and 134 ± 36 μM by ITC and
fluorescence experiments, respectively) differed by only 2-fold.
Differential Scanning Calorimetry (DSC). Melting enthalpy and

temperatures of WT SET7/9 and SET7/9 Y335F were measured
using a nanoDSC calorimeter (TA Instruments), with a scan rate of 1
°C/min from 18° to 100 °C at 3 atm constant pressure and a sample
concentration of 0.9 mg/mL protein. Buffer conditions were identical
to binding assay conditions. Data were analyzed using nanoAnalyze
software (TA Instruments), and the figure was prepared using Origin
8.5 (OriginLab).
NMR Spectroscopy. 2D NMR and spin-relaxation experiments on

WT SET7/9·AdoMet and SET7/9 Y335F·AdoMet were carried out
on a 600 MHz Avance Bruker NMR spectrometer equipped with a
triple resonance cryoprobe at 298 K. The SET7/9 Y335F sample used
for chemical shift determination contained 0.1 mM 13CH3-AdoMet
(generated as previously described)8 and 1.0 mM SET7/9 Y335F to
enable saturation of the cofactor by enzyme. 13CHD2-AdoMet
experiments were performed in: 20 mM sodium phosphate, pH 7.5,
100 mM NaCl, and 0.5 mM TCEP in 98% D2O.

13CHD2-AdoMet was
enzymatically synthesized from 13CHD2-methionine and ATP as
previously described.8 NMR data were processed using NMRPipe/
NMRDraw33 and iNMR (www.inmr.net) and analyzed using Sparky.34

13C relaxation rates were determined using 13CHD2-AdoMet and a
perdeuterated protein sample (see above), with a constant R1ρ spin-
lock power of 3500 Hz to eliminate any Rex contributions. 13C
relaxation rates were measured using pulse sequences35,36 that were
modified to incorporate deuterium decoupling for the duration of the
experiments, as previously described.37 WT SET7/9 correlation time
(21 ns) was calculated from its structure (1N6A)29 using
HYDRONMR38,39 and D2O viscosity of 1.100 cP.40 Relaxation rates
were analyzed as previously described,41 with the exception that the
methyl C−H distance was set to 1.08 Å, based on our quantum
chemistry optimizations of the AdoMet methyl group in the presence
of a CH···O hydrogen-bonding partner, using in-house written
software that incorporates spectral density analysis into an extended
Model-Free formalism.35 Due to the inability to generate stable
perdeuterated SET7/9 Y335F, we were unable to measure relaxation
data on the mutant SET7/9. Relaxation data was fit using Prism 5
(GraphPad).
Order parameters for AdoMet bound in the active site of

methyltransferases were calculated for AdoMet molecules using the
same structures as the PDB survey. AdoMet molecules were aligned by
the sulfur and two adjacent methylene carbon atoms using the
alignment protocol in PyMOL (Schrödinger, LLC). Free AdoMet
order parameters were calculated from a 10 ns MD simulation of
AdoMet previously verified to correctly model the methyl group
electronic environment.8 The AdoMet molecules in the MD

simulation were aligned by the center of mass of the same three
atoms as above, followed by an exhaustive rotation search. Order
parameters were calculated from these ensembles as previously
described.42,43

Radiometric AdoMet Assays. Purified WT SET7/9 (0.06−0.25
μM) and the Y335F mutant (0.3 μM) were used in duplicate steady-
state methyltransferase assays44 with biotinylated TAF10 peptide (2
mM).26 Assays contained 25 mM NaCl, 100 mM bicine pH 9.0, and
various concentrations of [3H-methyl] AdoMet (Perkin-Elmer) diluted
to specific activities from 0.16 to 3.6 μCi/nmole (original specific
activity 55−85 Ci/mmol) with purified AdoMet45 in a final volume of
20 μL and incubated at 37 °C. Assays were terminated at 1 and 2 min
for WT SET7/9 and SET7/9Y335F, respectively (rates measured were
linear over these times), by addition of an equal volume of 7 M acetic
acid prior to addition of a 2-fold molar excess of immobilized
streptavidin resin (UltraLink; Pierce Biotechnology, Inc.). After 30
min at room temperature for binding of the peptide, the resin was
collected in a filter unit by centrifugation, washed three times with 300
mM NaCl, and transferred to a microtube with 0.8 M TRIS, pH 8.0,
and 0.1 M TCEP for overnight vortexing to elute the peptide.
Measurement of tritium incorporation during the assay was performed
the following morning by liquid scintillation spectroscopy. For each
activity determination, two separate control assays (without enzyme
and without peptide substrate) were conducted in concert for
background correction. Data were plotted and then fitted to the
Michaelis−Menten equation using SigmaPlot 11 (Systat Software,
Inc.).

Single turnover assays were performed using identical conditions as
above for assays regarding temperature and processing. Assays were
conducted with 60 μM AdoMet (60 μM; 4.7−6.3 μCi/nmole), 70 or
140 μM enzyme, and 1 or 2 mM biotinylated TAF10 peptide. Under
these conditions, the ternary complex of SET7/9·AdoMet·TAF10
peptide is close to fully saturated, and all of the AdoMet is consumed.
We observed that increasing either the enzyme or peptide
concentration by 2-fold had no significant (≤30%) effect on the rate
constant, suggesting that the maximal single turnover rate constant was
determined. Assays were video recorded to allow frame-by-frame
analysis using a trial version of Smart Cutter for DV and DVB
(FameRing Co. Ltd.; http://www.fame-ring.com/smart_cutter.html)
to determine the exact length of each assay. Data were plotted and
then fitted with the single exponential curve using OriginPro 8.5
(OriginLab).

Quantum Chemistry Calculations. Calculations were carried out
via the Gaussian 09 package46 using the M06-2X variant of density
functional theory47 with a 6-31+G** basis set in gas phase. This
approach was applied in part so as to better characterize intermolecular
interactions of the sort being considered here and has enjoyed good
success in the past.48−56 Structures were identified as minima via the
presence of all positive harmonic frequencies. All interaction energies
were corrected for basis set superposition error by the counterpoise
procedure.57 To gauge the accuracy of M06-2X/6-31+G**, its binding
energies were compared to MP2/aug-cc-pVDZ, which is considered
quite reliable. The SMe3

+ cation, very similar to the SMe(Et)2
+

examined here, was allowed to bind with NMA, in a fully optimized
structure. The binding energy calculated for this complex at the M06-
2X/6-31+G** level was found to be 22.2 kcal/mol, only slightly larger
than the value of 20.1 obtained with the benchmark MP2/aug-cc-
pVDZ calculations. Moreover, prior calculations had suggested that if
the level of theory were to be raised even higher, beyond MP2/aug-cc-
pVDZ58 the binding energy would increase slightly, thus bringing
M06−2X/6-31+G** even closer in line with the best calculations
possible.

■ RESULTS

Methyltransferase Survey. A previous study illustrating
that CH···O hydrogen bonds are conserved in the active sites of
SET domain lysine methyltransferases prompted us to examine
whether CH···O hydrogen bonds are present in other
methyltransferase classes.11,14 A survey of 46 high-resolution
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crystal structures (<2.0 Å resolution) of AdoMet-dependent
methyltransferases using typical CH···O hydrogen-bonding
cutoffs12 (Experimental Section) encompassing all of the
major classes revealed that 44 structures display clear evidence
of at least one CH···O hydrogen bond to the AdoMet methyl
group (Figure 1A−F, Table S1). Notably, the two outstanding
structures had C···O contacts whose distance were either well
within the refinement coordinate error of the survey cutoff
distance (PDB accession code: 1VPT), or missed the strict
angular cutoffs by <1.5° despite having a 3.3 Å C···O contact
distance (4DF3). Of the structures surveyed, one-half exhibit
multiple AdoMet methyl CH···O hydrogen bonds. Many of
these interactions are closer than 3.25 Å, the van der Waals
contact distance between a carbon and an oxygen atom without
an intervening hydrogen atom (Figure 2A). This observation is
unsurprising given that atoms that participate in conventional
hydrogen bonding, such as oxygen and nitrogen, frequently
display hydrogen bond distances shorter than their van der
Waals contact distances.12 Additionally, we found that in every
methyltransferase surveyed, at least one of the AdoMet
methylene groups adjacent to the sulfonium cation engages in
hydrogen bonding (Figure 2B). It is notable that the
distribution of C···O interaction distances for both the AdoMet
methyl and methylene groups are substantially shorter than
equivalent distances derived from protein side chain methyl and
methylene groups analyzed in the same set of structures (Figure
2A,B).
To gain insight into the nature of the AdoMet CH···O

interactions, we compared the stereochemical parameters of
CH···O hydrogen bonding to the AdoMet methyl and
methylene groups to those of protein methyl and methylene
groups in the same set of methyltransferase structures (Figure
2). The distribution of angles for all protein methyl groups
displays a modest tendency toward coplanarity (Figure 2C), in

contrast to the AdoMet methyl group that exhibits stringent
coplanarity (Figure 2C). This observation implies that AdoMet
methyl CH···O hydrogen bonding is stronger than analogous
interactions formed by protein methyl groups. The combina-
tion of short C···O interaction distances and a strong tendency
toward coplanarity observed for AdoMet methyl hydrogen
bonding is inconsistent with typical weak methyl CH···O
hydrogen bonding.66,67 A similar analysis for the AdoMet
methylene groups yielded a different trend. Unlike its methyl
group, the AdoMet methylene groups behave very similarly to
protein methylene groups (Figure 2D). This finding suggests
either that the AdoMet methylene groups do not form uniquely
strong CH···O hydrogen bonds compared to other methylene
groups or that there is a different functional role for the
methylene hydrogen bonds that does not necessitate planarity.
It is also conceivable that this reflects a difference in our
confidence in the positions of the hydrogen atoms in question,
as hydrogen atoms can be less confidently modeled for methyl
groups in contrast to methylene groups that are bonded to two
heavy atoms.

Quantum Mechanical Calculations of CH···O Hydro-
gen-Bond Energies. Having observed AdoMet CH···O
hydrogen bonds uniformly across methyltransferase crystal
structures, we next assessed whether these interactions are
energetically stabilizing. As the most common hydrogen-bond
acceptors found in the survey were backbone carbonyl groups
and tyrosine hydroxyl groups, we used quantum mechanical
(QM) calculations to evaluate the strength of these interactions
with the methyl and methylene groups of the sulfonium cation
in AdoMet. To model these interactions, we employed a
SMe(Et)2

+ cation to mimic the AdoMet hydrogen-bond donors
and either phenol or N-methylacetamide (NMA) for the
oxygen acceptors.

Figure 1. Representative examples from six classes of AdoMet-dependent methyltransferases illustrating inter or intramolecular CH···O hydrogen
bonding (orange dashed lines) to the AdoMet methyl group. The hydrogen-bond donor and methyl C···O interaction distances are labeled in each
enzyme. (A) Class I (Rossmann fold-like): L-isoaspartyl O-methyltransferase (PDB accession code 1JG4);59 (B) Class II: Methionine synthase
reactivation domain (1MSK);60 (C) Class III: CobF precorrin-6A synthase (2NPN); (D) Class IV (SPOUT): TrmH tRNA 2′-O-methyltransferase
(1V2X);61 (E) Class V (SET): SET7/9 lysine methyltransferase (1N6A);29 and (F) Class VI (Radical SAM): RlmN rRNA adenosine
methyltransferase (3RFA).62 Other known methyltransferase classes also appear to have the potential for CH···O hydrogen bonding to AdoMet but
currently lack high-resolution structures in complex with AdoMet.63−65
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When paired with phenol, the SMe(Et)2
+ cation formed

quite a number of different minima when allowed a full
optimization, 26 to be exact. The most stable of these minima is
bound by 13.8 kcal/mol, with the phenolic oxygen forming a
pair of CH···O hydrogen bonds to the ethyl group, both <2.7 Å
in length (Figure S1). The other ethyl group engages in a
CH···π hydrogen bond to the π-cloud of the phenyl ring. A
scan of the other minima on the potential energy surface of this
pair leads to the conclusion that the latter CH···π interaction is
a common theme, along with various different CH···O
hydrogen bonds. This observation is unsurprising in light of

the negative electrostatic potential above the phenyl ring that
would naturally attract the partially positively charged CH
protons. The entire set of minima on the surface range in
binding energy from the maximum of 13.8 to a minimum of 7.8
kcal/mol (Figure S1). Within the set of fully optimized minima,
the one that appeared to have the lowest degree of CH···π
bonding was 24th in energetic order. This structure appears to
derive its binding energy of 9.7 kcal/mol exclusively from the
two (or possibly three) CH···O hydrogen bonds to the
phenolic oxygen atom. Because the structural restraints of the
biological system do not allow the approach of the CH bonds

Figure 2. Distance and angular distribution of methyl and methylene CH···O hydrogen bonding in AdoMet-dependent methyltransferases. Overlay
of normalized histograms of (A) methyl and (B) methylene group-oxygen distances for AdoMet (solid line) and protein methyl groups (dashed line)
that satisfy hydrogen-bonding angular criteria (Experimental Section). Diagrams of elevation angles of (C) methyl and (D) methylene groups with
C···O interaction distances <3.7 Å that satisfy hydrogen-bonding angular criteria (Experimental Section). Inset displays overlapped region between
9.5° and 12.5°.

Figure 3. Optimized CH···O hydrogen-bond distances of model AdoMet, SMe(Et)2
+, to phenol with energy of 7.4 kcal/mol (A) and N-

methylacetamide with energy of 20.5 kcal/mol (B). H···O interaction distances are shown.
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toward the aromatic system, two different sorts of restraints
were imposed. In the first, the θ(S···O−C) angle connecting
SMe(Et)2

+ to the phenol was held at 180°, and the remaining
parameters fully optimized. Without the possibility of a CH···π
interaction, the binding energy is reduced to 7.2 kcal/mol. This
binding can be attributed entirely to the two rather strong
CH···O hydrogen bonds to the phenol oxygen atom. A second
means of ensuring that the binding is purely a matter of CH···O
hydrogen bonding is to hold the far end of the phenol unit (the
C para to OH) at a fixed distance of 7.80 Å from the S atom
(Figure 3A). This distance was chosen to match that observed
in the crystal structure of SET7/9 (PDB accession code 1N6A),
which was previously confirmed to form CH···O hydrogen
bonds to the AdoMet methyl group. Again, a full optimization
of all other parameters led to the structure below, which
contains at least two, and perhaps three, CH···O hydrogen
bonds to the phenol oxygen. The binding energy of this
structure is 7.4 kcal/mol, quite similar to the one above with
the fixed angular constraint. So one can conclude that the
binding of the phenol O to the various CH groups of the
cation, without the benefit of any other attractive forces such as
CH···π, amounts to some 7−9 kcal/mol.
The most common hydrogen-bond acceptor found in the

survey is the carbonyl oxygen atom of peptide bonds and is
modeled here by NMA. As the electrostatic potential of the
latter molecule contains only one negative region, around the
oxygen atom,68 one might expect fewer possible minima than
phenol. Indeed, only four minima were identified on the
surface. All four structures are characterized by CH···O
hydrogen bonds, differing only in a few details. For example,
the most stable (Figure 3B) is bound purely by three CH···O
hydrogen bonds, all ∼2.2 Å in H···O length and C···O
interaction distances of 3.1−3.2 Å. The three participating
protons reside on the methyl group and on the methylenes of
the two ethyl groups. Notably, this orientation of AdoMet to a
backbone carbonyl group was very common in the survey. This
interaction in total amounts to 20.5 kcal/mol, considerably
stronger than the case where phenol serves as proton acceptor.
The next most stable dimer contains only two such CH···O,
again to the two methylene groups, and is only 0.3 kcal/mol
less stable than the global minimum (Figure S2). If, on the
other hand, all CH···O hydrogen bonds derive from the same
ethyl group, there is a loss in stability by some 5−6 kcal/mol.
Even so, the corresponding minimum is still bound by 14.3
kcal/mol.
To place these interaction energies into context, one can

consider the usual paradigm of hydrogen bonding, that between
a pair of water molecules. Using the same computational
procedure of M06-2X/6-31+G**, and again correcting for basis
set superposition error, the binding energy of the water dimer is
computed to be 5.8 kcal/mol. In other words, even without
allowing the phenyl ring to interact with the cation, the CH···O
hydrogen bonds to the phenol O (7−9 kcal/mol) are
considerably stronger than the OH···O hydrogen bond holding
two water molecules together. The cation binds even more
impressively with the peptide oxygen of NMA; its CH···O
hydrogen bonds together produce a binding energy triple that
of the water dimer. The enhanced strength of the binding to
the cation should not be surprising, since it has been
understood for some time that ionic hydrogen bonds are
considerably stronger than their neutral counterparts. Taking
CH···O hydrogen bonds as a particular example, in the case of
neutral dimers, such hydrogen bonds can be small, as in the

case of CH2FH···OH2 where it is perhaps 1.3 kcal/mol
69 or 2.5

kcal/mol for CHF2H···OH2. In protein-type systems, the
binding energy of the CαH of various amino acids lies in the
range of 1.9−2.5 kcal/mol,70 and a similar value is estimated for
each CH···O hydrogen bond between the strands of a β-
sheet;71 however, there is clear evidence that placing a charge
on either subunit significantly enhances the binding energy to
the extent that values exceeding 10 kcal/mol are not
unusual.72−75

Functional Importance of CH···O Hydrogen Bonds in
a Model Methyltransferase. Given the prevalence and
strength of CH···O hydrogen bonds, we sought to understand
the relative importance of the hydrogen bonding to
methyltransferase function. To assess the significance of these
interactions, we selected human SET7/9, a protein lysine
methyltransferase, as a model system. SET7/9 displays two
highly conserved AdoMet methyl CH···O hydrogen bonds that
are conserved in the SET domain methyltransferase class.8,14

One of the hydrogen-bond acceptors is the backbone carbonyl
oxygen atom of His-293, whereas the second acceptor is the
hydroxyl group of Tyr-335, the invariant tyrosine in the active
site of SET domain enzymes (Figure 1E). The tyrosine
hydroxyl group accepts a plethora of CH···O hydrogen bonds
from the AdoMet methyl group, methylene groups, and
adenine C8 atom, in addition to donating a conventional
hydrogen bond to a carbonyl group of Ala-295 in the enzyme
active site (Figure 4A). Previous studies of SET domain
methyltransferases illustrated that the invariant tyrosine is
critical to enzyme function,25,76 but its roles in catalysis and
AdoMet recognition remain unresolved. To investigate the
functional relevance of the Tyr-335-mediated CH···O hydrogen
bonds, we disrupted these interactions by mutating this residue
to a phenylalanine.
Before characterizing the effects of the Y335F mutant, we

first performed a series of experiments to assess the feasibility of
using this mutant to probe AdoMet CH···O hydrogen bonding
by examining its stability, ability to bind protein substrate, and
maintenance of native structure. Isothermal calorimetry experi-
ments on WT SET7/9 and SET7/9 Y335F demonstrated
nearly identical binding affinity for a TAF10 peptide substrate
(Figure 5A, Table 1). Thermal denaturation studies illustrated
that the Y335F mutant was only modestly destabilized,
consistent with the loss of the hydrogen bond between the
Tyr-335 hydroxyl group and the carbonyl group of Ala-295
(Figures 4A and 5B). To further examine the effects of the
mutation on the enzyme’s overall and active site structure, we
determined its cocrystal structures in complex with AdoHcy
and a TAF10 peptide substrate26 (Figure 4B−D and Table S2).
The coordinates of the Y335F complex and the analogous WT
complex superimpose with a Cα RMSD of 0.22 Å, illustrating a
high degree of structural similarity between the WT enzyme
and the mutant. In comparing the two structures, all
conventional hydrogen bonds outside of those between the
enzyme and its ligands, AdoHcy and the TAF10 peptide,
appear to be preserved as well as the conformations and
positions of the active site residues. As prior work
demonstrated that the AdoMet methyl 1H chemical shift is
highly dependent on its hydrogen-bonding state, we analyzed
the AdoMet methyl 1H chemical shift change when bound in
the SET7/9 Y335F active site8 (Figure 5C). Measurement of
the AdoMet methyl 1H chemical shift while bound to the
Y335F mutant yielded a small upfield chemical shift change
(0.1 ppm) relative to the 1H chemical shift measured for the
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WT enzyme, consistent with the loss of the longer CH···O
hydrogen bond between the AdoMet methyl and Tyr-335
hydroxyl groups (Figure 4A and 5C). Together, these results
emphasize that the SET7/9 Y335F mutant retains the native
structure and protein substrate binding properties of the WT
enzyme while abolishing the CH···O hydrogen bonds between
Tyr-335 and AdoMet, thus validating its use in detailed
structure−function comparisons to WT SET7/9.
We next examined whether the Y335F mutant displayed

impaired AdoMet binding using a tryptophan fluorescence
assay that presumably monitors Trp352, which stacks adjacent
to the cofactor adenine group in the enzyme’s AdoMet binding
pocket. The Y335F mutant diminished AdoMet binding affinity
by 3 orders of magnitude, demonstrating that the Tyr-335-
mediated CH···O hydrogen bonding is essential for tight
binding of the cofactor (Figure 6A, Table 1). Further, the
substantial loss of AdoMet binding affinity is consistent with
the quantum calculations illustrating that the network of CH···
O hydrogen bonds between Tyr-335 and AdoMet is highly
stabilizing. We also measured the dissociation constant of the
product AdoHcy and mutant and found that the binding
affinity is modestly decreased compared to WT (Figure 6),
possibly due to the loss of the methylene and adenine C8
hydrogen bonds (Figure 4).
To evaluate the change in catalytic rate of the Y335F mutant,

we measured its catalytic turnover as a function of AdoMet
concentration using a radiometric methyltransferase assay.
Unlike the substantial change observed for the binding
compared with WT, the change in catalytic turnover was
quite small (Table 1). The Y335F mutant exhibited a kcat value
within <2-fold of WT SET7/9 (Figure 7A,B). Single turnover
experiments demonstrated that methyl transfer is at least
partially rate limiting in SET7/9 (Figure 7C). Although the
substantially impaired AdoMet-binding affinity of the Y335F
mutant precluded single turnover assays, the similarities in the
other biochemical properties of the WT enzyme and the Y335F
mutant (e.g., kcat values and AdoHcy and TAF10 peptide
dissociation constants (Table 1) and active site structure
(Figure 4)) suggest that the rate of methyl transfer was virtually
unchanged due to the loss of Tyr-335-mediated CH···O
hydrogen bonding. The comparable turnover numbers imply
that the CH···O hydrogen bonds contribute a similar level of
stabilization to the transition state as to the reactant state in the
active site. Thus, the Tyr-335-mediated CH···O hydrogen
bonds promote tight binding to AdoMet as well as the
transition state but do not differentially recognize these
different states. As such, the CH···O hydrogen bonds formed
by Tyr-335 in SET7/9 do not appear to promote catalysis via
selective transition-state stabilization, instead providing a
similar level of stabilization to the transition state as to the
reactant state.

Restriction of AdoMet Methyl Motion. Although the
Y335F mutation does not appear to alter the methyl transfer
rate of SET7/9, this mutation presumably preserves the CH···O
hydrogen bond between the AdoMet methyl group and the
carbonyl group of His-293. Based upon the NMA modeling
results (Figure 3), the His-293 carbonyl group forms a strong
hydrogen bond to the AdoMet methyl group that would most
likely be the dominant contributor to methyl group positioning
and NAC formation.
When bound to SET7/9, the AdoMet methyl group resides

in an oxygen-lined aperture, termed the methyl transfer pore,
which is composed of the aforementioned hydrogen-bond

Figure 4. Structure of the WT SET7/9 and Y335F mutant bound to
cofactor and the TAF10 peptide. (A) WT SET7/9 (gray carbon
atoms) bound to AdoMet (green carbons) and TAF10 K189A peptide
(yellow carbons). CH···O and OH···O hydrogen bonds are depicted
by orange and cyan dashes with associated distances, respectively. (B)
Overlay of WT SET7/9 (3M53, gray)26 and SET7/9 Y335F (orange),
with Cα RMSD = 0.22 Å. AdoHcy and TAF10 peptide are rendered as
sticks. (C) Active site of SET7/9 Y335F. (D) Fo − Fc simulated
annealing map contoured at 2.0σ for TAF10 K189, AdoHcy, and Phe-
335 in the SET7/9 Y335F crystal structure.
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acceptors and the Gly-264 carbonyl group. To investigate
whether CH···O hydrogen bonds may contribute to NAC
formation by restricting methyl group motion while bound to
the active site, we examined how the geometry of the aperture
of the methyl transfer pore changes as a function of the ligands

bound in various SET7/9 binary and ternary complexes. To
examine these changes, we determined two additional
structures of WT SET7/9 ternary complexes bound to a
nonreactive peptide (TAF10K189A) and either AdoMet or the
product, AdoHcy, to allow comparison of methyl pore size
defined by the triangular area of the oxygen atoms of the Gly-
264 and His-293 carbonyl groups and the Tyr-335 hydroxyl
group (Figure 8). All resulting crystals maintained the same
space group with similar unit cell parameters (Table S2) as
previous SET7/9·TAF10 peptide ternary complexes26,44 and
diffracted to at least 1.7 Å resolution. Based on the SET7/9
structures analyzed, there is a modest ∼15% change in the area
of the methyl transfer pore (Figure 8A). The largest and
smallest pore areas were observed in the SET7/9·AdoMet
binary complex and SET7/9·AdoHcy·TAF10 peptide complex,
respectively, which is presumably due to the opposing
contributions of the peptide substrate that induces active-site
closure in the ternary complex versus the AdoMet methyl
group that braces the pore in a more open state. The SET7/9·
AdoHcy·TAF10 Kl89A and SET7/9·AdoMet·TAF10 Kl89A
peptide complexes exhibit pore areas with intermediate sizes
(Figure 8B−D), consistent with slightly reduced active-site
closure due to the loss of Lys189 side chain interactions with
the enzyme. A plausible explanation for the slightly larger pore

Figure 5. Feasibility tests of the SET7/9 Y335F mutant. (A) ITC analysis of TAF10 binding to SET7/9 Y335F (□). Top panel represents titration
of peptide into SET7/9 Y335F, and bottom panel represents binding isotherm with fitted curve. Previous experiments measured a dissociation
constant of 4.9 ± 0.1 μM for WT SET7/9 and the TAF10 peptide (Table 1).26 (B) Differential scanning calorimetry melting of SET7/9 Y335F (□)
and WT SET7/9 (●). For clarity, 10 points were omitted between each point shown. (C) WT SET7/9·AdoMet and SET7/9 Y335F·AdoMet
methyl 1H chemical shift measurement. WT8 (gray) and Y335F mutant (orange) 13C 2D-HSQC spectra are overlaid. The Y335F mutation, which
removes only the longer methyl CH···O hydrogen bond, causes a small upfield 1H chemical shift change relative to WT SET7/9. The increased line
width and lower signal-to-noise of the AdoMet methyl resonance when bound to the Y335F mutant is likely due to lower stability of the Y335F
mutant precluding long time course experiments and decreased AdoMet concentration to enable saturation by SET7/9 Y335F.

Table 1. Dissociation Constants and Kinetic Parameters of
WT SET7/9 and the Y335F Mutanta

KD (μM)

WT Y335F

AdoMet 0.053 ± 0.003b 52 ± 26c

AdoHcy 134 ± 36c 714 ± 197c

TAF10 peptide 4.9 ± 0.1b 8.8 ± 0.3d

kinetic parameters

WT Y335F

kcat (min
−1) 29.6 ± 0.9 45.2 ± 3.6

kcat/KM (μM−1 min−1) 12.0 ± 1.5 0.31 ± 0.068
aKinetic values reported were measured by varying AdoMet
concentration and using a fixed saturating concentration of TAF10
peptide. bIsothermal titration calorimetry (ITC) values taken from
Horowitz et al.8 and Del Rizzo et al.,26 respectively. cDissociation
constants measured by intrinsic tryptophan fluorescence assay.
dDissociation constants measured by ITC.

Figure 6. Measurement of cofactor binding affinity by intrinsic tryptophan fluorescence. (A) Binding of AdoHcy to WT SET7/9 (●, solid line) and
AdoMet to SET7/9 Y335F (□, dashed line). (B) Binding of AdoHcy to SET7/9 Y335F (■, solid line). All dissociation constants are reported in
mM. WT SET7/9 and AdoMet dissociation constant previously measured as 0.053 ± 0.03 μM by ITC (Table 1).8
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area of the AdoMet complexes is consistent with the
introduction of the AdoMet methyl group’s steric footprint
within the pore. Together, these structures led us to
hypothesize that the size of the methyl transfer pore may
constrain the AdoMet methyl group’s amplitude of motion,
potentially favoring NAC formation during catalysis.
To directly probe this question, we analyzed the motion of

the AdoMet S−Cmethyl bond axis using the generalized order

parameter (S2axis). This parameter specifically measures the
amplitude of motion of the S−C axis on a scale of 0 to 1 and is
insensitive to rotational methyl motion as well as motions
parallel to the S−C axis. Importantly, S2axis can both be back-
calculated from structural ensembles as well as derived using
Model-Free analysis and NMR spin-relaxation experiments. For
a point of reference for our analysis, the average alanine methyl
S2axis in proteins, which shares some stereochemical similarity to

Figure 7. Radiometric methyltransferase assays. Multiple turnover assays with varying AdoMet concentration and a fixed saturating concentration of
the TAF10 peptide. Data points and Michaelis−Menten fits are shown for (A) WT SET7/9 and (B) SET7/9Y335F. All kcat values are listed in
min−1, and AdoMet KM values are reported in mM. (C) WT SET7/9 triplicate single turnover experiments SET7/9 at 37 °C. Average parameters
from three separate fits: kchem = 1.3 ± 0.2 s−1 (78 ± 12 min−1) maximum product produced = 0.72 ± 0.04 nmoles. Open triangles and dotted line
represent 140 μM enzyme concentration. Open and solid squares represent 70 μM enzyme assays.

Figure 8. Methyl transfer pore of SET7/9. (A) View of oxygen-lined methyl transfer pore in SET7/9. AdoMet and lysine are rendered with green
and yellow carbon atoms, respectively. The SET7/9 surface is illustrated using CPK coloring. The model was created using SET7/9·TAF10 K189A·
AdoMet structure superimposed upon the SET7/9·TAF10·AdoHcy structure26 (PDB accession code 3M53). (B) Methyl transfer pore increases as a
function of active site substituent. The size of the pore is defined as the area of the triangle formed by the carbonyl oxygen atoms of His-293 and
Gly264 and the hydroxyl group of Tyr-335. PDB accession codes for the other SET7/9 complexes besides those reported here are, in order of
appearance: 3M5326 and 1N6A.29 (C, D) Simulated annealing omit maps (contoured at 2.5σ) and methyl transfer pore sizes for crystal structures of
SET7/9·TAF10 K189A·AdoHcy and SET7/9·TAF10 K189A·AdoMet, respectively, with the methyl transfer pore triangle shown in red dashes.
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AdoMet due to its relatively fixed sp3 Cα atom, was previously
shown to be 0.8.77 To evaluate the extent of motion of the
AdoMet methyl group when not bound to the methyltransfer-
ase active site, we calculated the S2axis for the free AdoMet using
an MD simulation previously verified to accurately reflect the
level of AdoMet methyl CH···O hydrogen bonding in water8

and found the S2axis = 0.67. To compare the methyltransferase-
bound S2axis with the free AdoMet, we calculated S2axis from the
methyltransferase crystal structures used in the PDB survey
(S2axis = 0.96) (Table S1), demonstrating that the AdoMet
methyl group is fixed in position to a greater degree than for
free AdoMet in solution or for the analogous alanine methyl
groups. Finally, to confirm this observation, we directly
measured the AdoMet methyl motion while bound to WT
SET7/9 in solution by NMR 13C spin-relaxation experiments
(Figure 9). Using the Model-Free formalism,41 the AdoMet
methyl group was observed to have an order parameter (S2axis)
of 1.2 ± 0.2, confirming that the S−C bond axis of the methyl
group experiences little to no motion when bound in the active
site, and substantially less motion than when free in solution.
Although the AdoMet methyl S2axis could not be measured in
the Y335F mutant (Figure 5C), these results indicate that the
methyl transfer pore restricts the motion of the AdoMet methyl
group in the active site, presumably optimizing catalytic
alignment and favoring NAC formation.

■ DISCUSSION
The results presented here illustrate that methyl CH···O
hydrogen bonds are a highly conserved and important
contributor to AdoMet-dependent methylation. In SET7/9,
the CH···O hydrogen bonds formed by the Tyr-335 hydroxyl
group (Figure 4A) are essential for high-affinity AdoMet
binding and transition-state stabilization. Quantum chemistry
calculations of an AdoMet mimic forming CH···O hydrogen
bonds with phenol and NMA illustrate the relative strength of
these interactions as compared to other types of CH···O
hydrogen bonds, due to the charged nature of the interaction

(Figure 3). Further, the methyl transfer pore formed by CH···O
hydrogen-bond acceptors in the active site of SET7/9 (Figure
8) is responsible for limiting the motion of the AdoMet methyl
group (Figure 9), potentially contributing to NAC formation.
Together, the methyltransferase structural survey, computa-
tional, biochemical, crystallographic, and NMR dynamics
results point toward a convergent evolutionary model for
AdoMet-dependent methylation that is contingent upon CH···
O hydrogen bonding (Figure 10). Future studies will be needed
to examine the potential contributions of AdoMet CH···O
hydrogen bonding in catalysis, particularly with respect to
electrostatics, compression, and NAC formation.
In addition to Tyr-335, the carbonyl group of His-293

engages in a CH···O hydrogen bond to the AdoMet methyl
group with an interaction distance shorter than that of the Tyr-
335 hydroxyl group (Figure 4A). Although the function of this
carbonyl group cannot be readily probed by site-directed
mutagenesis, the analysis of the methyl transfer pore and NMR
dynamics as well as the QM calculations provides potential
insights into the functions of the His-293 carbonyl-AdoMet
methyl CH···O hydrogen bond through promoting binding,
transition-state stabilization, and potentially NAC formation.
Notably, the QM calculations suggest that this carbonyl group
engages in substantially stronger CH···O hydrogen bonding to
AdoMet than the tyrosine side chain (Figure 3). This carbonyl-
methyl CH···O hydrogen bond is highly conserved in the active
sites of SET domain methyltransferases (Table S1) with short
interaction distances comparable to that observed in SET7/9
(Figure 4A), consistent with the prediction of strong CH···O
hydrogen bonding. Indeed, the structural survey found that in
all methyltransferases, carbonyl groups constituted the largest
category (52%) of AdoMet methyl CH···O hydrogen-bond
acceptors (Table S1). These carbonyl-mediated hydrogen
bonds may have functions that differ from those formed with
residues bearing hydroxyl groups with respect to binding and
catalysis. Further studies are needed to define the functions of
carbonyl-methyl CH···O hydrogen bonding in AdoMet binding

Figure 9. NMR dynamics analysis of AdoMet bound to SET7/9. (A) R2 and (B) R1
13C spin relaxation fits of 13CHD2-methyl AdoMet bound to

SET7/9.

Figure 10. Model of AdoMet-dependent methylation. CH···O hydrogen-bond formation restricts methyl movement and stabilizes both the reactant
and sp2 transition states.
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and catalysis in the different methyltransferase classes. Other
lines of evidence for the functions of CH···O hydrogen bonds
in methyltransferases that merit further investigation include
the reported CD3-AdoMet deuterium isotope effects measured
in catechol-O-methyltransferase (COMT)78 and cyclopropane
fatty acid synthase79 as well as AdoMet analogs utilized for
identifying new methyltransferase substrates that may alter the
reactivity of the electrophile.80,81

AdoMet-dependent methyltransferases are emerging as a
broad class of therapeutic targets for treating cancer,82−84

HIV,85 bacterial infections,86 malaria,87 and neurological
disorders.88 Knowledge of the importance and prevalence of
AdoMet CH···O hydrogen bonding can be exploited in
structure-based design of small molecule inhibitors for
methyltransferases employing at least two distinct strategies:
(1) targeting the methyltransferase·AdoMet complex using
ligands with functional groups that act as CH···O hydrogen-
bond acceptors to AdoMet or (2) mimicking the AdoMet
CH···O hydrogen-bond donors using cofactor or transition-
state analogs. The first strategy is exemplified by tolcapone, an
inhibitor of COMT that is used in adjunctive therapy for
Parkinson’s disease.88 The crystal structure of the COMT·
AdoMet·Tolcapone complex89 illustrates a short CH···O
hydrogen bond (3.0 Å) between the AdoMet methyl group
and the drug’s nitro substituent, similar to CH···O hydrogen
bonds formed between the AdoMet and the enzyme, which
presumably enhances the drug’s binding affinity. With respect
to the second strategy, Luo and co-workers have recently
introduced a new class of transition-state or bisubstrate analog
methyltransferase inhibitors by derivatizing sinefungin, a natural
product AdoMet analog that inhibits a wide array of
methyltransferases.90 Sinefungin differs from AdoMet in that
the methyl-sulfonium cation is substituted by an amine-
methylene group that is capable of forming conventional
NH···O hydrogen bonds in place of the methyl CH···O
hydrogen bonds with the same hydrogen-bond acceptors in the
active site.14 The feasibility of using sinefungin as a scaffold for
designing selective and potent inhibitors was recently
demonstrated with the SET domain methyltransferase
SETD2.90 Together, we envision that these strategies will
offer fortuitous avenues for developing new classes of
methyltransferase inhibitors to treat numerous diseases.
Given the widespread occurrence of CH···O hydrogen bonds

in biology11 and their crucial importance in the particular case
described in this article, it is important to accurately represent
these interactions in empirical force fields. Presently, many
force fields lack explicit hydrogen-bond potentials, instead
relying upon implicit electrostatics. In contrast, crystal structure
refinement programs do not commonly include electrostatic
terms. Due to this omission, it seems probable that refinements
of crystal structures that are based upon such algorithms will
result in structures with C···O distances that are too long and
CH···O hydrogen-bond angles that are too acute, particularly in
lower-resolution structures or in situations involving strong
ionic CH···O hydrogen bonds, such as observed for AdoMet.
Consequently, biological structures refined by potentials that
do not properly reflect CH···O attractions may mistakenly
under-report CH···O hydrogen bonding. In addition, proper
parametrization of small molecules for computational inhibitor
design may also benefit from a better understanding of strong
CH···O hydrogen bonding, particularly in the development of
AdoMet-based methyltransferase inhibitors.

■ CONCLUSIONS
The biochemical and computational data presented here
implicate CH···O hydrogen bonding as an important
contributor to AdoMet binding and methyl transfer. QM
calculations of AdoMet CH···O hydrogen bond strengths
illustrate the strengths of these interactions, which exceed that
of typical CH···O hydrogen bonds. In addition, analysis of the
methyl transfer pore dynamics by X-ray crystallography and
NMR spectroscopy suggests that the CH···O hydrogen bonds
may contribute to catalysis by promoting NAC formation. An
understanding of these hydrogen bonds in the active sites of
different methyltransferases can be leveraged in designing new,
more potent methyltransferases inhibitors.
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Figure S1: All energies and coordinates of SMe(Et)2
+ cation···phenol minima. 

2.451

2.627

2.832

174

112

100

2.845

2.548

2.479

111

129

122

-8.35

-9.73

2.970

3.036
3.003

2.494

-10.16

2.568
2.573119

113

-9.71

2.711

2.674

-7.78

2.619

2.827
2.707

-10.67



	   S5	  

 

Figure S2: All energies and coordinates of SMe(Et)2
+ cation···N-methylacetamide 

minima. 
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PDB Acceptor Residue Acceptor Atom Acceptor Residue Number C···O distance (Å) 
1EIZ ASP O 124 3.38 
1EIZ HOH O 421 3.59 
1EJ0 HOH O 421 3.49 
1EJ0 ASP O 124 3.56 
1G60 HOH O 561/570 3.00 
1G60 HOH O 583 3.00 
1JG4 THR O 73 2.81 
1MSK SAM O4' 1301 3.02 
1MSK HOH O 2174 3.50 
1N2X ASP OD1 103 2.43 
1N2X ASP O 103 3.16 
1N6A HIS O 293 3.00 
1N6A TYR OH 335 3.48 
1RJD HOH O 905/845 3.49 
1RJD CYS O 202 3.54 
1V2X GLU O 124 2.59 
1V2X HOH O 442 2.96 
1ZQ9 HOH O 4166 3.09 
2AVD SER O 84 3.27 
2AVD ASP OD1 185 3.51 
2B9E ASP O 305 3.44 
2CL5 BIE* O3 1218 3.24 
2CL5 ASP O 141 3.37 
2CL5 MET O 40 3.38 
2CL5 HOH O 2205/2186 3.67 
2DPM ASP O 194 3.25 
2NPN TYR O 115 3.08 
2NPN HOH O 4781 3.08 
2NXE HOH O 336 2.82 
2NYU ASP O 104 3.42 
2PLW HOH O 216 3.22 
2WA2 HOH O 2149 3.46 
2ZUL ASN O 305 3.15 
3AIA HIS O 158 3.06 
3AIA ASP O 157 3.21 
3CKK PHE O 131 2.90 
3DLC GLY O 118 3.29 
3DMF ASN O 305 3.21 
3DOU HOH O 255 3.61 
3DOU ASP O 111 3.68 
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3DXY PHE O 142 2.92 
3ELW ASP O 146 3.40 
3G89 ALA O 159 3.12 
3G89 HOH O 425 3.22 
3G89 HOH O 948 3.25 
3G89 HOH O 955 3.38 
3G89 HOH O 686 3.47 
3GCZ ASP O 146 3.17 
3IHT GLY O 114 3.53 
3KKZ GLN O 26 2.83 
3KKZ HOH O 777/701 3.28 
3M6W HOH O 985 3.32 
3M6W HOH O 984 3.41 
3MB5 HOH O 267 3.28 
3MB5 ASP OD2 169 3.40 
3MB5 GLN O 75 3.53 
3MTE PHE O 105 3.02 
3NDI HOH O 481 3.56 
3NDI HOH O 482 3.56 
3NDI HOH O 480 3.66 
3OOI HOH O 247 3.11 
3OOI TYR OH 207 3.49 
3P97 HOH O 343 2.30 
3P97 HOH O 635 2.94 
3P97 HOH O 462 3.34 
3P97 ASP O 146 3.40 
3PFG HOH O 485 3.39 
3PFG PHE O 118 3.49 
3PFG TYR OH 14 3.49 
3QWP SER O 202 3.08 
3QWP ASN OD1 181 3.25 
3QWP TYR OH 239 3.34 
3RFA GLY O 177 3.26 
3RQ4 PHE O 160 3.22 
3RQ4 HOH O 267 3.34 
3RQ4 TYR OH 217 3.34 
3S8P PHE O 250 3.10 
3S8P ALA O 269 3.18 
3S8P TYR OH 307 3.40 
3UJ7 ASP O 128 2.85 
4HTF HOH O 459 3.21 
3TM4 ASN OD1 293 3.47 
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Table S1: AdoMet methyl CH···O hydrogen bond distances for all high-resolution 

(<2.00 Å) methyltransferase•AdoMet crystal structures in PDB. For structures with 

multiple copies within the PDB file, C···O distances were averaged between chains. The 

only methyltransferases that did not display methyl CH···O hydrogen bonds (accession 

codes 1VPT and 4DF3), in which the closest AdoMet methyl C···O distances were 3.70 

Å, and 3.33 Å, respectively. *BIE is the catechol-o-methyltransferase inhibitor BIA 8-

176. 

 

 SET7/9 
Y335F•TAF10•AdoHcy 

SET7/9•TAF10 
K189A•AdoMet 

SET7/9•TAF10 
K189A•AdoHcy 

PDB Code 4J7I 4J83 4J8O 
Data collection    
Space group P3221 P3221 P3221 
Cell dimensions    
    a, b, c (Å) 82.3, 82.3, 95.3 83.5, 83.5, 95.8 87.2, 87.2, 94.2 
    α,β,γ (°)  90, 90, 120 90, 90, 120 90, 90, 120 
Resolution (Å) 50-2.56(2.62-2.56) 50.00-1.70(1.74-1.70) 50.00-1.63(1.67-1.63) 
Rmerge (%) 10.5(51.6) 7.1(48.3) 6.3(56.2) 
I/sI 15.5(2.0) 27.4(7.1) 30.5(4.9) 
Completeness (%) 97.8(84.4) 99.9(100) 99.9(100) 
Redundancy 3.8(3.2) 11.1(11.1) 11.1(11.1) 
    
Refinement    
Resolution (Å) 2.56 1.70 1.63 
No. of Reflections 12438 40793 48994 
Rwork/ Rfree 0.20/0.26 0.19/0.21 0.19/0.23 
No. of Atoms 1868 2148 2228 
    Protein 1838 1935 1920 
    Ligand/ion 25 66 76 
    Water 5 147 232 
B-factors 44.2 24.8 23.8 
    Protein 46.9 24.6 23.2 
    Ligand/ion 71.1 31.5 27.9 
    Water 37.6 34.3 34.2 
R.M.S Deviations    
    Bond lengths (Å)  0.014 0.015 0.015 
    Bond angles (º) 1.38 1.52 1.51 
MolProbity Score    
    Percentile 94% 87% 92% 
    Resolution Range 
(Å) 

2.56± 0.25 1.70 ± 0.25 1.63 ± 0.25 

Ramachandran    
    Favored (%) 93.0 96.3 95.9 
    Allowed (%) 7.0 3.7 4.1 
    Outliers (%) 0 0 0 

 

Table S2: Crystallographic and refinement statistics for the structures of SET7/9 

Y335F•TAF10•AdoHcy, SET7/9•TAF10 K189A•AdoHcy, and SET7/9•TAF10 

K189A•AdoMet. 


