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Protein lysine methyltransferases (PKMTs) catalyze the methylation
of protein substrates, and their dysregulation has been linked to
many diseases, incduding cancer. Accumulated evidence suggests
that the reaction path of PKMT-catalyzed methylation consists of the
formation of a cofactor(cosubstrate}-PKMT-substrate complex, lysine
deprotonation through dynamic water channels, and a nucleophilic
substitution (Sy2) transition state for transmethylation. However, the
molecular characters of the proposed process remain to be elucidated
experimentally. Here we developed a matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF-MS) method
and corresponding mathematic matrix to determine precisely the ra-
tios of isotopically methylated peptides. This approach may be gen-
erally applicable for examining the kinetic isotope effects (KIEs) of
posttranslational modifying enzymes. Protein lysine methyltransfer-
ase SET8 is the sole PKMT to monomethylate histone 4 lysine 20
(H4K20) and its function has been implicated in normal cell cycle pro-
gression and cancer metastasis. We therefore implemented the MS-
based method to measure KIEs and binding isotope effects (BIEs) of
the cofactor S-adenosyl-.-methionine (SAM) for SET8-catalyzed H4K20
monomethylation. A primary intrinsic '3C KIE of 1.04, an inverse in-
trinsic a-secondary CD3 KIE of 0.90, and a small but statistically sig-
nificant inverse CD3 BIE of 0.96, in combination with computational
modeling, revealed that SET8-catalyzed methylation proceeds
through an early, asymmetrical Sy2 transition state with the C-N
and C-S distances of 2.35-2.40 A and 2.00-2.05 A, respectively. This
transition state is further supported by the KIEs, BIEs, and steady-
state kinetics with the SAM analog Se-adenosyl-L-selenomethionine
(SeAM) as a cofactor surrogate. The distinct transition states between
protein methyltransferases present the opportunity to design selec-
tive transition-state analog inhibitors.
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Stepwise progression of an enzyme-catalyzed chemical re-
action is accompanied by changes of bond orders and vi-
brational modes involved with specific atoms of the reactant(s)
(1, 2). Such changes can be traced experimentally by measuring
the ratios of turnover rates [kinetic isotope effects (KIEs)] or
binding affinities [binding isotope effects (BIEs)] of the reactant(s)
when the relevant atoms are replaced by heavy isotopes (3, 4). KIEs
and BIEs are thus useful parameters for elucidating transition-state
(TS) structures and catalytic mechanisms, which sometimes cannot
be elucidated readily through sole measurement of steady-state
kinetics (5-9). A sufficient set of KIEs and BIEs at the positions
involved with bond motions can afford electrostatic and geometric
constraints, when combined with computational modeling, to de-
fine an enzymatic TS (10-12). This information provides not only
the atomic resolution of the transient structure at the highest
energy summit along the reaction path, but also structural guid-
ance for designing tight-binding TS analog inhibitors (13, 14).
Multiple approaches have been documented to measure KIEs
and BIEs of enzymatic reactions (3, 15-17). A conventional
method is to determine individual steady-state kinetic parameters
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(kcat and Ky,) with a pair of isotopic substrates and then calculate
their ratios (18). This method is straightforward and can afford
kinetic parameters and thus noncompetitive KIEs beyond +10%
from unity (2). Given that the values of many KIEs and BIEs of
enzymatic reactions are within a range of a few percent from
unity, more precise measurement requires enzymatic reactions to
be carried out competitively with mixed isotopic substrates. This
competitive condition is expected to minimize the errors origi-
nating from sample-to-sample variation (19, 20). The isotopic
ratios of prereacted substrates vs. bound substrates or depleted
substrates (or unconsumed substrates) are then quantified for
the calculation of BIEs or KIEs, respectively. Several approaches
that can precisely determine isotopic ratios of two mixed isomers
are remote radioactive labeling, 1D/2D NMR spectroscopy, and
isotope ratio MS (16, 21-23).

Protein lysine methyltransferases (PKMTs) belong to a sub-
family of posttranslational modifying enzymes (24, 25). PKMTs
catalyze the methylation of histone and nonhistone protein
substrates at targeted lysine residues (26-28). All PKMTs use
S-adenosyl-L-methionine (SAM) as a ubiquitous methyl donor
(cosubstrate or cofactor with the latter used thereafter), but di-
verge in terms of their degree of substrate methylation (mono-,
di-, and tri-) (29). PKMTsS can play essential roles in modulating
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Fig. 1. A hypothetical reaction path of PKMT-catalyzed lysine monomethylation and relevant biochemical methods to examine each aspect of the process.

gene transcription, cellular differentiation, and organ develop-
ment, and their dysregulation has been frequently implicated in
diseases, including cancer (26, 30, 31). Most PKMTs are char-
acterized by their canonical ~130-aa SET domain (>50 aa
encoded by the human genome) (24, 25). Several PKMTs have
been examined previously under steady-state conditions and shown
to follow a bisubstrate random or ordered sequential mechanism
to bind SAM and substrates (Fig. 1) (32, 33). Computational
modeling suggests that the target lysine residues of substrates are
subject to deprotonation through dynamic water channels, fol-
lowed by a putative nucleophilic substitution (Sy2) TS for the
transmethylation reaction (Fig. 1) (34, 35). However, limited ef-
forts have been made to explore experimentally the (Sn2) TS of
PKMT-catalyzed methylation. Recent evidence from static PKMT
structures and dynamic NMR chemical shifts suggests the exis-
tence of equatorial noncanonical CH-O interaction between the
sulfonium methyl moiety of SAM and the oxygens of active-site
amino acid residues of PKMTs (36-38), although it remains to
examine how the equatorial CH-O interaction participates in the
formation of the TS of PKMT-catalyzed methylation reaction.
Protein lysine methyltransferase SETS is the sole PKMT to
monomethylate histone 4 lysine 20 (H4K20) and its functions
have been implicated for normal cell cycle progression and
cancer metastasis (39-41). The biological relevance of SETS, as
well as our general interest in PKMTS, inspired us to leverage
BIE and KIE studies of SETS to explore bond motions along the
reaction path of the PKMT-catalyzed methylation. Given the
convenience of MS in characterizing protein methylation (42,
43), we developed a matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) method
and corresponding mathematic matrix to determine precisely the
ratios of isotopically labeled H4K20 peptide. With this approach,
BIEs and KIEs of SAM and SeAM (Se-adenosyl-L-selenome-
thionine, a more reactive SAM surrogate) were determined for
SET8-catalzyed H4K20 methylation. An inverse o-secondary
(x-2°-CD3) CD;3 KIE and a normal primary *C KIE (1°-*C
KIE) of SAM, together with computational modeling, indicate
that SET8 adapts an early, asymmetrical SN2 TS for H4K20
methylation. In contrast, a small inverse BIE of [S-CD;]-SAM,
together with structural evidence, argues that the large inverse
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intrinsic CD5 KIE originates from the structural changes at the TS
rather than upon the formation of the SAM-SETS complex. The
small inverse BIE of [S-CD;]-SAM could arise from the non-
canonical CH-O interaction upon the formation of the SAM-SETS
complex. These results are also consistent with BIE and steady-state
kinetics of SeAM as a cofactor surrogate. Collectively, the charac-
teristic KIEs and BIEs, together with structural and computational
evidence, delineate the TS of SET8-catalyzed H4K20 mono-
methylation. The current work further serves as a starting point to
leverage the MALDI-TOF-MS method to measure KIEs and BIEs
of other PKMTs for characterizing their TS structures. Knowing the
differences between these TS structures can be a key step toward
developing selective TS analog inhibitors.

Results and Discussion

Kinetics of SET8-Catalyzed H4K20 Monomethylation. To use SETS-
catalyzed H4K20 monomethylation as a model for studying KIEs
and dissecting reaction paths of PKMTs, we first examined
steady-state kinetics of SET8 with the SAM cofactor and H4K20
peptide substrate (Fig. S1). We previously developed an enzyme-
coupled luciferase assay for PKMTs and demonstrated its use to
characterize the steady-state kinetics of SET7/9 (44). In the as-
say, the reaction progress was monitored with a luciferin-lucif-
erase kit by converting enzymatically the reaction byproduct
S-adenosyl-L-homocysteine (SAH) into ATP. This assay was
implemented to characterize the steady-state kinetics of SETS-
catalyzed H4K20 methylation. By systematically altering the
concentrations of the SAM cofactor and H4K20 peptide sub-
strate, the initial velocities of SETS8-catalyzed methylation were
obtained by plotting the initial linear increase of luminescence
vs. reaction time (10-20 min, depending on the concentrations of
SAM and H4K20 peptide) (Fig. SLA4). The initial velocities were
then plotted against the concentrations of SAM and H4K20 to
generate double-reciprocal curves (Fig. S1 B and C) (44, 45).
Here, the linear regression converged in the second quadrant
rather than on the y axis and thus excluded a ping-pong mech-
anism and a rapid-equilibrium ordered sequential mechanism
(46). Because four possible mechanisms (rapid-equilibrium ran-
dom, steady-state random, steady-state ordered, and Theorell-
Chance) can fit the current kinetic data and dissecting the exact
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Table 1. Comparison of apparent steady-state kinetics (k..¢ and
K.), BIEs, forward commitment factors, KIEs, and BIEs with SAM
and SeAM as cofactors (cosubstrates) in SET8-catalyzed H4K20
monomethylation

Parameters SAM SeAM
Keaty min~! 7.0 £ 0.8 13 + 2%
Ko kM 16+ 6 16 + 6*
CD; or 'CD; BIE 0.959 + 0.006 0.962 + 0.004
CT; or "CT; BIE 0.979 + 0.009 NA

Cr 0.10 + 0.01 0.10 + 0.01
D (v /K) 0.878 + 0.008 0.99 + 0.02
Ds 0.90 + 0.01 1.02 + 0.02
sk, calculated 0.8961 1.018*
1CDs (v /K) 0.907 + 0.007 1.04 + 0.01
s 0.94 + 0.02 1.09 + 0.02
CH; e 1.04 + 0.02 1.06 + 0.02
BCHs k. calculated 1.058t 1.061%
T/ YCHs (v /K) 0.785 + 0.009 NA
CT3/YCHs ¢ 0.78 + 0.01 NA
CTs/™CHs k- calculated 0.773t NA

NA, not applicable.
*These values were calculated on the basis of k. and K, values of SAM,
SeAM/SAM (K o+ /Kim cofactor) @nd SEAM/SAM(1 /K - tor) (1.94 and 1.03 for the lat-
ter two, respectively).
"The experimental SAM KIEs match TS structures with dc.s = 2.00-2.05 A and
den = 2.35-2.40 A. The calculated KIEs are listed for a representative TS
structure with dcs = 2.05 A (bond order 0.845), and dc.y = 2.38 A (bond
order 0.117).
*The experimental SeAM KIEs match a wide range of TS structures with dcse +
dcny = 4.8-4.9 A. The calculated KIEs are listed for a representative TS structure
with dcse = 2.50 A and dcy = 2.35 A

kinetic mechanism is not the focus of this work, we globally fitted
the experimental data, using Eqs. S1 and S2 (SI Materials and
Methods). The enzymatic turnover k., of 7.0 + 0.8 min~}, Kinsam
of 16 + 6 pM, Ky, pak20 of 40 + 8 pM, and « of 1.4 were obtained
(Fig. S1D and Table 1).

Quantification of Isotopic Ratios by Deconvoluted MALDI-TOF MS.
Whereas several previously established methods show capabil-
ity for precise measurement of KIEs, MALDI-TOF MS was
implemented here because of the generality and convenience of
this method to probe protein posttranslational modifications
with isotopically labeled cofactors (2, 3, 15, 21, 47). Unmodified
HA4K20 peptide displays a dominant characteristic set of six mass
multiplets, which maintain fixed ratios of individual peak areas
and arise from natural isotope abundance of *C and other
heteroatoms (Figs. 24, 3, and 4). Modifying this peptide by one
equivalent of [S-CH3]-SAM or [S-CD3]-SAM causes +14-Da
(““Area;_g) or +17-Da (“P3Areas_o) mass shifts, respectively,
without causing a significant change of the peak ratios among the
six multiplets (Figs. 34 and 44). Modification of H4K20 peptide
by a mixture of [S-CH;3]-SAM and [S-CD3]-SAM results in nine
mass multiplets, of which the first three peaks (“FArea;, i =
1,2,3) and the last three peaks (“P3Area;, i = 7,8,9) arise from
[S-CH3]-SAM and [S-CDs;]-SAM, respectively (Fig. 34). The
three central peaks (“%3*P:Area;, j = 4,5,6) are the sum of the
overlapping modification by both [S-CH;]-SAM and [S-CDs]-
SAM. Given the fixed ratios for individual sets of six multiplets,
the contribution of [S-CH;]-SAM (“3Area;) and [S-CDs]-SAM
(“P3Area;) to their sum (CH3+CPs dreq;, j = 4,5,6) was deconvo-
luted with either the first three (““*Area;, i = 1,2,3) or the last
three (“PArea;, i = 7,8,9) nonoverlapping peaks as independent
variables (SI Materials and Methods). The resulting two sets of
peak areas “3(CP3) 4req; ; and 3(CP3) Areq; , were then averaged
according to their relative weights (37, < Area; vs. 35,23 Area;)
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(Fig. 34). Similarly, modifying the H4K20 peptide by one equiva-
lent of [S-CH3-SAM or [S-°CD;]-SAM causes +14-Da
(M Area,_g) or +18-Da (P> Areas_;y) mass shift, respectively
(Figs. 3B and 4B). The resultant isotopic ratios can be deconvo-
luted in a similar manner (SI Materials and Methods). The ro-
bustness of our MS-based deconvolution method to distinguish
small changes of isotopic ratios was validated by its reproducible
readouts (100% =+ 0.3% precision) with isotopically modified
peptides (Table 1) and the consistence of the resultant BIEs and
KIEs with those obtained with the conventional radiometric
method (see BIE and KIE of the [S-CTs)/[S-"*CH;3]-SAM cofactor
pair). The MS-based deconvolution method was thus implemented
in the current work to examine CD3 BIE, CD; KIE, and “CD; KIE
of SET8-catalyzed H4K20 monomethylation. This MS-based method
is expected to be generally applicable to examining BIEs and KIEs
of PKMTs as well as other posttranslational modifications.

Inverse BIEs of [S-CD;3]-SAM and [S-CT5]-SAM. Several prior works
have shown that significant KIEs can arise from BIEs during the
formation of a substrate—enzyme complex rather than the bond-
order or conformational changes at the enzymatic TS (6, 48).
The BIEs can either positively or negatively affect observed KIEs
(49). Before obtaining “P*k, we therefore evaluated the potential
contribution of the BIE of [S-CD;]-SAM along the path of the
SETS-catalyzed methylation reaction (Fig. 2B). A small but sig-
nificant inverse CD5; BIE of 0.959 + 0.006 was obtained upon
calculating the difference of the isotopic ratios between pre-
bound and SET8-bound SAM cofactors (Table 1). Given the
small magnitude of the inverse CD; BIE revealed by the MS-
based method, we further validated the approach and the re-
sultant inverse CT3 BIE with a radiometric method, using the
[S-CT5)/[S-'*CH3]-SAM cofactor pair. Both [S-CD3]-SAM and
[S-CT3]-SAM show small but significantly inverse BIEs (Table
1). These results indicate an increased vibrational stiffness of the
sulfonium-methyl group of SAM upon its binding by SETS.

Inverse «-2°-CD3; KIE for SET8-Catalyzed H4K20 Methylation with
[S-CD5]-SAM as Cofactor. The three hydrogen atoms of the sulfo-
nium methyl group of SAM are one bond away from the electro-
philic sulfonium-methyl reaction center. “P* (V' /K) of [S-CD5]-SAM
is expected to reflect the accumulated changes of bond orders and
vibration modes involved with the deuterium atoms of the SAM
cofactor from its unbound ground state to the enzymatic TS (1).
Given the ability of the MS deconvolution method to distinguish
the small changes of the isotopic ratios of the modified peptide
product, we carried out internal competition experiments with a
mixture of [S-CH;3]-SAM and [S-CD3]-SAM cofactors and
measured the a-2°-CD; KIE of SET8-catalyzed H4K20 methyl-
ation (Figs. 34 and 4A). In these experiments, [S-CD;]-SAM
displayed “P:(V'/K) of 0.878 + 0.008 (Table 1). In comparison
with the intrinsic a-2°-CD;3 KIE, the “P3(V/K) obtained above
under the competitive conditions could be suppressed by forward
commitment factor (Cy) and reverse commitment factor (C,),
respectively (19). We then measured the Cy of the cofactor in
SET8-catalyzed H4K20 methylation with an isotope-trapping
method (SI Materials and Methods). SETS8 displays a small C¢
(10%) for SAM cofactor (Table 1), suggesting that SAM is
subject to a rapid exchange between its unbound and SETS-
bound form within the timescale of the progression of the SETS-
bound SAM toward the reaction product. The C, of SETS for
SAM is negligible because of the formation of the stronger N-C
bond and thus the irreversible character of SETS8-catalyzed
methylation reaction. Upon correction for Crand BIE (Materials
and Methods, Egs. 1, 2a, and 2b), EDsk of 0.90 + 0.01 of [S-CD;]-
SAM was obtained for SETS8-catalyzed methylation (Table 1).
The significantly inverse a-2 °CD; KIE of around 10%, together
with the small inverse CD5; BIE of around 4% (Table 1), argues
that that the vibrational stiffness of the sulfonium-methyl group
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Fig. 2. Overview of KIE measurement under competitive conditions. (A) Schematic description of a competition reaction with a pair of isotopic cofactors and
the resultant overlapping MS data with CH3/CD; and CH3/'3CD; cofactor pairs. The reaction sample was split into two portions for partial consumption and full
consumption of the pair of isotopic cofactors, respectively. Their light-to-heavy isotope ratios (blue vs. red) are quantified by MS as described in Materials and

Methods. (B) Schematic description of BIE measurement under competitive

conditions. Here a pair of prebound or SET8-bound CH3/CD3 isotopic cofactors

were converted to label H4K20 peptide substrate under competitive conditions. The resultant methylated H4K20 peptide was subjected to MS analysis to

quantify the isotopic ratios as described in Materials and Methods.

of SAM is subject to a small increase upon the formation of the
SAM-SETS binary complex (a modest inverse BIE of 0.96) and
then a more dramatic increase along the reaction path toward
its TS (a significant inverse intrinsic a-2°-CD; KIE of 0.90)
(Table 1).

Normal 1°-'3C KIE for SET8-Catalyzed H4K20 Methylation. Because
the magnitude of “P3k is sensitive to many factors besides the
change of bond orders at the TS, we determined the intrinsic
1°-BC KIE ("*k) as another constraint to uncover the TS of SETS-
catalyzed H4K20 methylation. Here "3 (V' /K) and "Psk were
obtained similarly with the MS-based method with [S-CH;]-SAM
and [S-"*CDs]-SAM as a cofactor pair (Figs. 3B and 4B). Here the
use of [S-CH;3]-SAM paired with [S-'*CD;]-SAM rather than
[S-"*CH;]-SAM is expected to give better separation and thus
precise isotopic quantification of the MALDI multiples of the
products. The intrinsic 1°-">C KIE was obtained after correcting
CDsk from “Psk according to "CP3k ="CHsf.CDsk. Based on the
rule of the geometric mean (50), the free energy contributions
from two-isotope labeling in a molecule are additive; thus, the dual-
labeling intrinsic KIE is the product of individual intrinsic KIEs;
e.g, Dsf ="CHsj.CDsk Tt is important to point out that the rule
of geometric mean generally holds very well except in some hy-
drogen transfer reactions involving significant quantum-mechanic
(QM) tunneling effects (51). The normal primary "3k of 1.04 +
0.02 indicates that there is a small decrease of the overall bond
order of the methyl carbon of SAM from the SET8-bound ground
state to the enzymatic TS (Table 1).

Computational Modeling of Transition State of SET8-Catalyzed H4K20
Methylation. Molecular dynamic simulation suggested that SETS
catalyzes H4K20 monomethylation through an early Sx2 TS with
the C-N distance of 2.46 + 0.15 A, the C-S bond distance of 2.01 +
0.12 A, and the N-C-S bond angle of 172° (34). This coordinate is
also in agreement with the C-S distance extracted from the
crystal structure of the ternary complex of SET8 with the re-
action products SAH and H4K20me (PDB ID: 2BQZ). Starting
from the atomic coordinates of the SAH-SETS8-H4K20me
complex, we gradually altered the C-N and C-S distances (Ma-
terials and Methods) to search for the TS candidates with the
experimental KIEs as geometrical constraints (¢P*k = 0.90 + 0.01
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and "M = 1.04 + 0.02). Geometry optimizations and frequency
calculations were performed by Gaussian09 (52) with a density
functional theory with an M062X functional and 6-31+G(d,p) basis
set (53), and KIEs were calculated using ISOEFF (54). The only
TS geometry that matches the experimental KIEs shows early,
asymmetrical SN2 TS characters with the C-N distance of 2.35-2.40 é
(bond order ~0.12) and the C-S bond distance of 2.00-2.05 A
(bond order ~0.85, Table 1 and Fig. 5). The modestly inverse
D3k of 0.90 is a key parameter to define the distinct TS geometry
because late, asymmetrical SN2 TS geometries, although with the
matched "5k of 1.04, were calculated to show a higher magni-
tude of inverse Pk (“P*k < 0.7). The TS uncovered by KIEs is in
remarkable agreement with the TS structure proposed by molec-
ular dynamics simulations (2.35-2.40 A vs. 2.46 + 0.15 A for C-N
distances; 2.00-2.05 A vs. 2.01 + 0.12 for C-S distances). In con-
trast, the TS geometry without KIE constraints showed nearly
symmetric characters with the C-N distance of 2.1 A (bond order
~0.32) and the C-S bond distance of 2.2 A (bond order ~0.62).
These results delineated that SETDS catalyzes the H4K20 mon-
omethylation through an early, asymmetrical Sy2 TS with the N-C
distance around 2.4 A, the N-S distance of 4.4 A, and the N-C-S
bond angle of 178° (Fig. 5). This KIE-constrained TS is enzymati-
cally facilitated and is distinct from the TS obtained upon relaxing
the C-N and C-S distances.

Additional Confirmation of Transition State of SET8-Catalyzed H4K20
Methylation Using <3/"“sk, To validate the accuracy of KIEs
obtained by the MALDI-TOF-MS method, we determined
CT3/"“CHsk with the [S-CTs]-SAM and [S-'*CH;3]-SAM as the
paired cofactors, using an established radiometric method. The
CT3/"“CHsk of (.78 + 0.01 is in agreement with the theoretical
CT3/"CHs ) = (773 obtained for the TS structure with the MS-
based KIEs as experimental constraints (Table 1). Such consis-
tency further validates the accuracy of the MALDI-TOF-MS
method to determine KIEs as well as the KIE-constrained
TS structure.

Origins of KIEs and Their Implication for an Sy2 Transition State of
SET8-Catalyzed Methylation with SAM as a Cofactor. The large in-
verse D3 (1 /K) of 0.878 and “P3k of 0.90 for [S-CDs]-SAM for
the SETS-catalyzed methylation argues for a more constrained
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TS around the methyl group of SAM in comparison with its un-
bound and SET8-bound ground states. A significant inverse CDj3
BIE of 0.959 suggests that the binding of SAM to SETS is accom-
panied by a certain degree of the stiffness of the methyl group of
SAM. Along the reaction path, the stiffness of the methyl group is
further enhanced from SET8-bound SAM to the TS as reflected by a
larger inverse “P3k of 0.90. Several previous studies have reported
inverse CD; KIEs for SAM-dependent methyltransferases and pro-
posed that the S-N motions tighten the vibrational modes of the
sulfonium-methyl moiety at the SN2 TS (18, 55, 56). Our KIE mea-
surements together with QM modeling suggest that SETS-catalyzed

Linscott et al.

methylation adopts an early, asymmetrical SN2 mechanism with more
axial compression between the methyl donor and acceptor at the TS
relative to the unbound and SET8-bound ground states of SAM (Fig.
5), in agreement with previous molecular dynamics simulations (34).
This motion of S-N at the TS leads to further stiffness of the vibra-
tional modes of the C-H bonds of the methyl group. In contrast, the
normal intrinsic 1°-'*C KIE of 1.04 is largely due to the net loss of the
S-C bond order, which has not been compensated by the weak for-
mation of the N-C bond at the early TS.

The recent elucidation of noncanonical CH-O interaction could
shed light on an alternative, but mutually nonexclusive mechanism
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Fig. 4. (A and B) Representative MALDI-TOF-MS data for partial consumption (Top) and 100% consumption (Bottom) of (A) [S-CH3]-SAM and [S-CD3]-SAM
and (B) [S-CH3]-SeAM and [S-'3CD3]-SeAM as a pair of isotopic cofactors. The ratios of [CH3] vs. [CD3] before initializing the reaction (Ro) and after reaching
partial completion (Rp) were determined by the MS-deconvolution method (Fig. 3 and Materials and Methods). Their ratio Ro/R¢ was used to determine the

inverse KIEs according to Eq. 1.

for the constrained TS of protein methyltransferases (36-38). In
the context of the TS of SET8-catalyzed H4K20 monomethylation,
the sulfonium-methyl group of SAM is expected to form three
equatorial noncanonical CH-O interactions with the two backbone
amide oxygens of Cys270 and Arg295 and the phenolic oxygen of
the side chain of Tyr336 (Fig. S2) (57). These interactions can
position the methyl group of SAM in a linear Sy2 trajectory and
thus lower the energetic barrier for catalysis. These interactions
may rationalize the small inverse CD3 BIE of 0.959 and were thus
corrected upon calculating intrinsic KIEs and TS structures (Egs.
2a and 2b). In contrast, an inverse intrinsic a-2°-CD3 KIE “P:k for
the SAM cofactor is expected to arise from the compressed axial
S-N distance at the TS. These results are consistent with the com-
putational data of a model SN2 transmethylation reaction, in which

Intrinsic
KIEs Substrate's | ys - H
residue = HN =
CD; KIE
0.90 = 0.01
*. -
BCKIE P
Lo4+002 > H -
Hin.. "2.38A
0 S H NH
s 2.05 A ~ 2
HOM N_/
Hzﬁ H —Q H =1
SAM Cofactor

axial donor—acceptor compression and equatorial CH-O interaction
contribute to inverse isotope effects (58).

SeAM, a SAM mimic containing a weaker methyl-chalcogen
bond, showed the CD; BIE, forward commitment factor, and
K cofactor cOmparable with those of SAM, as well as only a 1.94-
fold difference of steady-state kinetics [SAM/SAM (k.. /Ko cofactor) =
1.94] (Table 1 and SI Materials and Methods). Therefore, the two
cofactors may interact with SETS in a similar manner for catal-
ysis. Whereas SeAM has a larger intrinsic 1°-'*C KIE of 1.06 +
0.02 and a small normal a-2°-CD; KIE of 1.02 + 0.02 (Table 1
and ST Materials and Methods), computational modeling indicates
that the experimental "3k and Pk of the SeAM-dependent
H4K20 methylation match a suite of TS geometries with a rela-
tively fixed Se-N distance around 4.9 A but the altered position of

— electrostatic potential

Fig. 5. TS structure of SET8-catalyzed H4K20 monomethylation with SAM as the cofactors. a-2°-CD3 KIE and 1-'3C KIE (intrinsic KIEs, Left) were used as
computational constraints to solve the TS structures. The TS (Center) shows an early, asymmetrical character with the long C-N and short C-S distances of 2.35-
2.40 A and 2.00-2.05 A, respectively. The structures of reactants (R, Left) and products (P, Right) are shown for comparison. The numbers in R, TS, and P are
NBO charges for S, -CHs, and -NH, with red for electron rich and blue for electron deficient in ESPS maps.
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Fig. 6. Reaction path of SET8-catalyzed H4K20 monomethylation. (A) Reaction mechanism of SET8-catalyzed H4K20 monomethylation with the SAM co-
factor. After the formation of a ternary SAM-SET8-H4K20 intermediate complex and the subsequent deprotonation, the rate-determining step of the ca-
talysis is the formation of an early, asymmetrical Sy2 transition state for methyl transferring, reflected by an inverse CD; BIE of 0.96, an inverse intrinsic a-2°-
CD; KIE of 0.90, and a normal 1°-'*C KIE of 1.04. (B) Reaction mechanism of SET8-catalyzed H4K20 monomethylation with the SeAM cofactor. The reaction
path for the SeAM cofactor is similar to that for SAM with CD3 BIE of 0.96, a-2°-CD5 KIE of 1.02, and 1-'3C KIE of 1.06. (C) Relative energy barriers in SET8-
catalyzed H4K20 monomethylation with SAM and SeAM as cofactors. SAM and SeAM are similar in terms of their affinity to SET8 and CD3 BIE and show only

1.94-fold difference of their k., values along with the reaction path.

the methyl group between the methyl donor and acceptor (Fig.
S3). We thus cannot definitively conclude the TS geometry on the
basis of M3k and Pk of the SeAM cofactor. The less com-
pressed character of the SeAM-associated TS (the Se-N axial
distance of 4.9 A compared with the S-N axial distance of 4.4 A at
the TS) is consistent with the smaller magnitude of a-2°-CD3 KIE
(1.02 £ 0.02 for SeAM vs. 0.90 + 0.01 for SAM). The longer Se-N
axial distance of 4.9 A at the TS may associate with the intrinsic
chemical properties of the chalcogen atom (i.e., the slightly weaker
Se-C bond with selenonium as a leaving group or the different
length of the ground-state chalcogen—carbon bond of 1.95 A for
SeAM vs. 1.82 A for SAM). Here the KIEs and BIEs of SeAM do
not conflict with the early Sy2 TS of SETS8-catalyzed H4K20
methylation with SAM as a cofactor.

Assembling the Reaction Pathway of SET8-Catalyzed H4K20
Monomethylation. The collective data of steady-state kinetics,
CD; BIE, forward commitment factors, 3k, and "CH2k, as well
as computational evidence, allow us to delineate SET8-mediated
H4K20 methylation (Fig. 6). Along this reaction path, SETS first
binds SAM and H4K20 peptide with the apparent K, sam =
16 pM and K, peptidge = 40 pM to form a ternary SAM-SETS8-
H4K20 intermediate complex (Fig. 6 and Fig. S1). The small
inverse CD; BIE of [S-CD;]-SAM indicates that there is the
equatorial CH-O interaction of the sulfonium-methyl moiety with
Cys270, Arg295, and Tyr336 upon the formation of the intermediate
(Fig. 6 and Fig. S2). The small forward commitment factor (Cr =
0.10) suggests a rapid exchange between unbound and SET8-bound
SAM. Thereafter, the substrate is subjected to deprotonation, likely

Linscott et al.

through dynamic water channels (34), to convert the positively
charged e-ammonium of the target lysine into a neutral and reactive
nucleophile. The subsequent transmethylation through an early,
asymmetrical Sn2 TS stands as the highest energy barrier along the
reaction path (Fig. 6). At the TS, equatorial noncanonical CH-O
interactions of the sulfonium-methyl hydrogens with Cys270, Arg295,
and Tyr336 may further contribute to the stabilization of the TS and
project readily the amine nucleophile for an Sx2 reaction as reported
by the inverse Pk (Fig. S2). Axial compression of the methylation
donor and acceptor relative to the ground state is expected at the TS.
This change is accompanied by the slight loss of the net bond order
10f the methyl carbon at the TS as reported by the small normal

‘CHs (Fig. 6). SETS is then recycled for the next turnover after
releasing the methylated H4K20 and SAH as products. This obser-
vation is consistent with the early SN2 character of the SETS8-cata-
lyzed methylation for which the TS has greater demand on the
formation of the C-N bond rather than the breaking of the methyl-
chalcogen bond (Fig. 5).

Comparison of TS Structures of SET8, NSD2, and Other PKMTs.
PKMTs are expected to catalyze the methyl transfer from
SAM to a target lysine residue of their substrates through an Sy2
mechanism. Our experimental KIEs and BIEs revealed that the
SET8-catalyzed methylation goes through an early, asymmetrical Sy2
TS with the long N-C distance of 2.35-2.40 A and the short
S-C distance of 2.00-2.05 A. Poulin et al. (59) recently reported
KIEs of NSD2 and solved its TS structure. In comparison with
the early SN2 TS of SETS, the TS structure of NSD2 shows the
later, asymmetrical SN2 characters with a short N-C distance of
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2.02-2.10 A and a 10ng S-C distance of 2.5 A. This TS structure is
reflected by a large inverse a-2°-CD; KIE of 0.83 and a large nor-
mal 1°-'*C KIE of 1.11. Their data showed that the large inverse
a-2°-CD; KIE is mainly associated with the N-S axial compression
at the TS of NSD2 because the comparable magnitude of a-2°-CD;
KIE can be modeled regardless of the presence of active-site resi-
dues of NSD2.

Besides the TS structures of SET8 and NSD2 solved with KIEs
as experimental constraints, the TS structures of the SET-domain
PKMTs including SETS, the viral histone methyltransferases
(VSET), Rubisco large subunit methyltransferase (LSMT), and
SET7/9 have been proposed solely based on computational
modeling (34, 35, 60-62). The experimentally derived TS of SET8
is consistent with previous computational TS models with the N-C
and S-C distances of 2.4 A and 2.1 A vs. 2.5 A and 2.0 A, re-
spectively (34). Among the revealed TS structures of PKMTs,
SET8 shows the distinct early, asymmetrical SN2 characters as
reflected by the long N-C distance and the short S-C distance at the
TS. The modeled TS structures of SET7/9 are substrate dependent
with a symmetric SN2 TS (comparable N-C and S-C distances of
2.2-2.4 A) for histone 3 lysine 4 peptide substrate and a late,
asymmetric Sy2 TS (N-C and S-C distances of 2.0 A and 2.6 A,
respectively) for p53 lysine 372 peptide substrate (35, 60). In
contrast, vSET like NSD2 adapts a late, asymmetric Sy2 TS with
the N-C distance of 2.0 A and the S-C distance of 2.6 A Rubisco
LSMT adapts a symmetric Sn2 TS with the comparable N-C and
S-C distances of 2.2-2.4 A (59, 60). Interestingly, all of the
revealed TS structures of PKMTs show a relatively fixed distance
between the methyl donor and acceptor (the leaving group and
nucleophile) with S-N distances around 4.4—4.6 A but differ in the
position of the methyl group (early, symmetric, or late Sn2 TS).
Such a difference may present the opportunity to design selective
TS analog inhibitors against PKMTs.

Materials and Methods

General Materials and Methods. Chemicals for synthesis were purchased from
Sigma Aldrich and used without purification. [S-CT3]-SAM (79.5 Ci/mmol as a
fully tritiated product) and [S-'*CH3]-SAM (58 mCi/mmol) were purchased
from Perkin-Elmer. Other reagents were purchased from Fisher Scientific
unless mentioned otherwise. Solvents for HPLC were degassed before use.
HPLC purification of synthesized cofactors (SI Materials and Methods) was
carried out with a Waters 600 Controller HPLC equipped with a 2,998-diode
array detector and an XBridge Prep C18 5-pm OBD 19 x 150-mm reverse
phase column. After collecting the desired HPLC fractions, residual solvents
were removed by a Savant Sc210A SpeedVac Concentrator (Thermo), fol-
lowed by lyophilization with a Flexi-Dry pP Freeze-Dryer. H4K20 peptide
(residues 10-30) ([H,N-LGKGGAKRHRKVLRDNIQGIT-GG(K-Biotin)-OH] and
[H,N-LGKGGAKRHRKVLRDNIQGIT-OH]) were prepared according to stan-
dard Fmoc-protected solid-phase peptide synthesis at the Proteomics Re-
source Center of Rockefeller University and purified by a reverse-phase
preparative HPLC with a 0-40% acetonitrile gradient in 0.1% trifluoroacetic
acid (TFA)/ddH,0 to >90% purity. The quality of the peptide was confirmed
by MALDI-MS. The two H4K20 peptides were shown previously to be active
substrates of SET8 with the biotinylated peptide used in the present work
unless specified (63). SeAM and isotopically labeled SAM/SeAM were pre-
pared according to previous methods (S/ Materials and Methods).

MALDI-TOF MS. MALDI-TOF MS was implemented to quantify the ratios of
isotopically labeled H4K20 peptide (CH3- vs. CD3- and CH3- vs. '3CD3- label-
ing), from which KIEs, BIEs, and commitment factors were obtained as de-
tailed below. Here a mixture of SAM or SeAM and their isotopic analogs was
incubated with SET8 and H4K20 peptide. After processing the reaction at
ambient temperature (22 °C) for specific time intervals, the peptide sample
was enriched by C18 ZipTip (Millipore), washed with 0.1% TFA/ddH,O
(vol/vol) 10 times, and eluted out with 50% acetonitrile/0.1% TFA, according
to the manufacturer’s instructions. The resultant peptide products were
subjected to MALDI-MS as described previously (42). Briefly, to prepare
MALDI-TOF-MS samples, 2 pL of the purified peptide was mixed with 1 uL of
saturated oa-cyano-hydroxy-cinnamic acid solution (50% acetonitrile/0.1%
TFA) on a MALDI sample plate and allowed to dry at ambient temperature
(22 °Q). The dried samples were then subjected to MALDI-TOF-MS analysis
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(Voyager-DE STR; Applied Biosystems). Desorption/ionization was obtained
using a delayed-extraction, positive ion mode with a 337-nm nitrogen laser
(3-ns pulse width). Laser power was adjusted slightly above threshold to
obtain good resolution and signal/background ratios. Spectra were gathered
for at least 300 shots per position to ensure that the peak ratios were nor-
malized over the course of data collection.

Determination of ©:(V /K) and "% (V /K) by MALDI-TOF MS. All SET8-catalyzed
H4K20 methylation reactions were carried out at ambient temperature (22 °C) in
the reaction buffer containing 50 mM Hepes (pH 8.5), 0.005% Tween 20,
0.0005% BSA, and 1 mM tris(2-carboxyethyl)phosphine (TCEP), unless other-
wise specified. “®:(V/K) was obtained with MALDI-TOF MS under internal
competition conditions containing isotopic pairs of [S-CH3]/[S-CD3]-SAM or [Se-
CHs)/[Se-CD3]-SAM and H4K20 peptide substrate. Individual reactions were per-
formed in a total volume of 115 pL containing 500 nM SET8 and 20 uM H4K20
peptide substrate. For the SAM cofactor, [S-CHs]-SAM and [S-CDs]-SAM were
premixed at a molar ratio of around 1.5:1 and then added to the reaction
mixtures, resulting in around 30 pM [S-CH3]-SAM and 20 uM [S-CDs]-SAM,
respectively (final concentrations for active isomers). The reaction mixture was
split into two portions with one for 100% consumption and the other for partial
consumption of 20% ~ 30% (100% and 20% ~ 30% consumption were calcu-
lated on the basis of the amount of the consumed cofactor and were obtained
by quantifying modified vs. unmodified H4K20 peptide with MALDI-TOF MS).
For the portion of 100% consumption, 10 pL of the mixture above was saved to
quantify the ratio of [S-CH3]-SAM to [S-CDs]-SAM as prereacted substrates.
Here, the 10-uL aliquot was diluted 10-fold with the reaction buffer to afford a
100-pL reaction mixture containing ~3 uM [S-CH3]-SAM and 2 pM [S-CD3]-SAM.
This mixture was split into five aliquots and the consumption of [S-CH3)/[S-CDs]-
SAM was driven to completion within 10 min by adding 10 uM SAM-free SET8
and 10 uM H4K20 peptide (the final concentrations). For the portion of 20-30%
consumption, around 100 pL of the left reaction mixture was split into five aliquots.
After processing the reaction to 20-30% completion within 40 min, individual
aliquots were quenched by the addition of 2 pL trifluoroacetic acid. These
samples were stored at —20 °C before MS analysis. For the isotopic pair of [Se-
CH3]/[Se-CDs] cofactors, a similar protocol was used except that around 40 pM
[Se-CH3]-SeAM and 30 puM [Se-CD3]-SeAM (final concentrations for active iso-
mers) were used to initiate the reaction.

The ratios of the [CH3]:[CD3]-modified H4K20 peptide products were de-
termined with MALDI-TOF MS as described above for the conditions of
partial and 100% conversion (Rf and Ry). The ratio of the two [CH3]:[CD3]
isotopic ratios (partial conversion R vs. 100% conversion Ro) afforded ap-
parent KIEs (R#R,) under the condition of the partial conversion (at least five
replicates). Given that inverse KIEs were observed under these settings, KIEs
on (V/K) were calculated according to Eq. 1 and used for small isotope ef-
fects, in which X(V/K) (x = CD; or *CD3), Ry, and R, are the light-to-heavy
ratios at the partial and 100% completion, respectively, and f is the reacted
fraction of the cofactors (~20-30% in these cases) (64). "P:(V/K) was
obtained similarly as described above except that the isotopic pairs of
[S-CH5/[S-"3CD3]-SAM or [Se-CHs)/[Se-"3CD5]-SAM with the ratio around 1:1.5
were used according to the corresponding mathematic matrix (Egs. $3-S7):

log(1-1)

log(1=fXR¢/Ro)’ al

X(V/K)=
Forward commitment factors for SET8 with SAM and SeAM as cofactors were
determined by an isotope-trapping method as described previously with slight
modification (S/ Materials and Methods) (65). The forward commitment factors
C; of SET8 with SAM or SeAM as the cofactor were obtained from the ratios (R.)
of [CDs]-modified H4K20 peptide to [CDs]-cofactor-bound SET8 according to
Cs = RJ(1 — R) (11). Given that SET8-catalyzed methylation is irreversible,
Xk (P2, D2k, or T2/ "CHs k) was calculated on the basis of Egs. 2a and 2b (66),
in which X(V/K) [P:(V/K), “Ps(V/K), or T3/™CH:(v/K)] is the experi-
mental KIE obtained via Eg. 1, BIEs (CD3 and CT3 BIEs) are obtained according
to Eq. 3 (the contribution of '*¢/"*C to BIE is expected to be negligible), and Cris

the forward commitment factor obtained via Cr = R/(1 — R (19, 64):
Xk xXBIE + C¢
V _ 2
ViK=—=¢ [2a]
X _
szw_ [2b]

XBIE
Determination of BIEs by MALDI-TOF MS. To measure the CDs BIE of the

[CH3]:[CDs]-cofactor pair (SAM or SeAM) with the MS-based method (Fig.
2B), 10 uM SET8 in the reaction buffer was incubated with a 100-uM mixture
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of ~1:1 [CH3]:[CDs] cofactors (molar ratio) for 5 min at ambient temperature
(22 °C) (110 pL as the final volume). A 10-uL portion of the mixture was saved
and diluted by 10-fold with the reaction buffer. The diluted sample was
mixed with 15 pM of H4K20 peptide (the final concentration) for 20 min to
consume all of the cofactors. The resultant sample was subjected to MALDI-
TOF MS as described above to calculate the light-to-heavy ratio of prebound
[CH;]:[CDs] cofactors (Rprebouna: five replicates). The remaining mixture (~100 pL)
was subjected to a 0.5-mL PD SpinTrap G-25 (GE Healthcare) spin column
(preequilibrated with the reaction buffer and maintained at 4 °C) at 800 x g
for 1 min according to the spin protocol of the manufacturer to remove the
unbound cofactors. Into the flow-through fraction of SET8-bound cofactors,
15 pM of the H4K20 peptide was added. From the reaction mixture, five
aliquots were split and incubated at ambient temperature (22 °C) for 20 min
to drive the reaction to completion. MALDI-TOF MS was implemented to
calculate the light-to-heavy ratio of bound [CH3]:[CDs] cofactors (Rpound)
according to the deconvolution method described for [CH3]/[CD3]-modified
H4K20 peptide (S/ Materials and Methods).

The values of BIEs were obtained on the basis of Ryrebound /Rbound according
to Eq. 3 (67, 68), in which Ryoung and Rprebound are the MALDI-MS—derived
light-to-heavy ratios of the bound (the samples after PD SpinTrap G-25) and
prebound (the samples before PD SpinTrap G-25) cofactors, respectively;
Rfree is the light-to-heavy ratios of the unbound cofactors equilibrated with
the cofactor-SET8 complex; f is the SET8-bound fraction of the light cofac-
tors estimated on the basis of the concentration of SET8 and the cofactors
and the Ky values of the cofactors (Eq. S2). The Ky values for the [CH3]:[CD3]-
SAM and -SeAM cofactor pairs are comparable as determined below. Here
apo- and cofactor-bound SET8 will be separated gradually from the un-
bound cofactor by the PD SpinTrap G-25 column upon centrifugation. Dur-
ing this process, a portion of the bound cofactor may dissociate from SETS,
given the gradual depletion of the unbound cofactor pool. The resultant
reequilibration of SET8-bound cofactor may increase the magnitude of BIEs
in Eq. 3 if BIEs are not unity. However, such an effect is negligible because
80% ~ 90% of the estimated SET8-bound cofactors can be recovered after
the centrifugation step of the PD SpinTrap G-25 column, indicating that the
rate of this reequilibrium in the spin column at 4 °C is slow in comparison
with the timescale for the separation of the SET8-bound cofactor vs. un-
bound cofactor. Here CD; BIE was used as '3CD; BIE, given the negligible
contribution of '3C to the binding step:

Rbound _f
Rbound _ Rerebound
BIE = bound _ Rerebound I31
Riree 1-f

Computational Modeling and Calculation of Theoretic KIEs of SAM and SeAM.
We performed theoretical TS analysis of SET8-catalyzed methyl transfer
following the procedures established by the Schramm Laboratory (59, 69).
The methyl transfer reaction from SAM or SeAM to a target lysine was
modeled by QM simulations, using a density functional theory with an
MO062X functional and a 6-31+G(d,p) basis set (53). Geometry optimization
and frequency calculation were performed by Gaussian09. KIEs were calcu-
lated using the ISOEFF program at the experimental temperature of 22 °C
(54). The theoretical vibrational frequencies were scaled by 0.967 (70)
to match experimental vibrational frequencies during KIE calculation. The
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structures of SAM, SeAM, and lysine were modeled as STCH3(CH,CHs),,
Se*CH3(CH,CH3),, and CH3CH,NH,. Intrinsic KIEs of respective cofactors were
obtained from experimental KIEs on (V/K) after correcting for Cr and BIEs
according to Eq. 2b. The starting atomic coordinates of the SET8-bound
states of SAM and SeAM were extracted from the crystal structure of a SAM-
SET8 complex (PDB 41J8) and optimized as local minima on the potential
energy surfaces. The frequency calculations performed on the optimized
structures showed no imaginary frequency.

The starting geometry of the TS was based upon the crystal structure of a
SAH-SET8-H4K20me1 ternary complex (PDB ID: 2BQZ). The C-N and C-S
distances were fixed at 1.6-2.5 A and 1.9-2.8 A with 0.1-A increments to
optimize a grid of the potential TS candidates of SET8-catalyzed H4K20
monomethylation. KIEs were predicted for these candidate TS structures and
compared with experimental KIEs. The best-matched range of structures was
explored with a finer grid at 0.01-A increments in the C-N and C-S in-
teratomic distances. Most of the constrained TS structures that matched the
experimental SAM KIEs showed a small second imaginary frequency (10-
20 cm™") in addition to the major imaginary frequency (100-200 cm™") that
corresponds to the reaction coordinate of S-CH3-N transfer from SAM to
lysine. The small second imaginary frequency is due to geometric constraints
on the C-S and C-N distances and causes only marginal errors in TS predic-
tions based on KIEs (71). The TS structures matching experimental SAM KIEs
are characterized by dc.s = 2.00-2.05 A and dc.y 2.35-2.40 A, indicating a
very early TS character for SET8-catalyzed methylation reaction. The ge-
ometry of TS without constraining the C-N and C-S distances was also cal-
culated. The optimized TS shows a symmetric TS character with dc.s = 2.2 A
and dcy 2.1 A.

Similarly, the C-N and C-Se distances were fixed at 1.9-2.7 Ainand 2.1-3.0 A
with 0.1-A increments to optimize a grid of the potential TS candidates of
SET8-catalyzed H4K20 monomethylation, using SeAM as the cofactor. A
range of TS structures matched experimental SeAM KIEs, as long as dc.s + dc.
N = 4.8-4.9 A with dcs of 2.2-2.7 A and dc.y of 2.2-2.6 A (Fig. $3). All those
constrained TS structures had a single large imaginary frequency corre-
sponding to Se-CHs-N transfer.

Natural bond orbital (NBO) analysis and single-point energy calculations
were then performed on the representative TS structure (dc.s = 2.05 A and
den = 2.38 A) for SAM methyl transfer, as well as the structures of corre-
sponding reactants and products, using the NBO3.0 program available in
Gaussian09. The electrostatic potential surfaces (ESPSs) were visualized in
GaussView5.0 (isovalue = 0.06) from the electron density and potential
cubes acquired from the checkpoint files of single-point energy calculations
performed in Gaussian09.
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