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SAM is a powerful methylating agent, with a methyl group transfer potential matching
the phosphoryl group transfer potential of ATP. SAM-dependent N-methyltransferases
have evolved to catalyze the modification of specific lysine residues in histones and
transcription factors, in addition to generating epinephrine, N-methylnicotinamide, and a
quaternary amine (betaine) that is used to maintain osmotic pressure in plants and
halophilic bacteria. To assess the catalytic power of these enzymes and their potential
susceptibility to transition state and multisubstrate analogue inhibitors, we determined
the rates and positions of equilibrium of methyl transfer from the trimethylsulfonium ion
to model amines in the absence of a catalyst. Unlike the methyl group transfer potential
of SAM, which becomes more negative with increasing pH throughout the normal pH
range, equilibrium constants for the hydrolytic demethylation of secondary, tertiary and
quaternary amines are found to be insensitive to changing pH and resemble to each
other in magnitude, with an average AG value of ~ -0.7 kcal/mol at pH 7. Thus, each of
the three steps in the mono- di- and trimethylation of lysine by SAM is accompanied by
a free energy change of -7.5 kcal/mol in neutral solution. Arrhenius analysis of the
uncatalyzed reactions shows that the unprotonated form of glycine attacks the
trimethylsulfonium ion (TMS+*) with a second order rates constant of 1.8 x 107 M-! s*! at
25 °C (AH* = 22 kcal/mol and TAS* = -6 kcal/mol). Comparable values are observed for
the methylation of secondary and tertiary amines, with kos = 1.1 x 107 M' s for
sarcosine and 4.3 x 108 M- s*! for dimethylglycine. The nonenzymatic methylation of

imidazole and methionine by TMS+*, benchmarks for the methylation of histidine and
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methionine residues by SETD3, exhibit kos values of 3.3 x 10° and 1.2 x 10° M-" s

respectively. Lysine methylation by SAM, although slow under physiological conditions

oNOYTULT D WN =

9 (t12 7 weeks at 25 °C), is accelerated 1.1 x 102 -fold at the active site of a SET domain

methyltransferase.

27 Histones and transcription factors are equipped with lysine residues whose g-amino

31 groups are subject to enzymatic mono-, di- or trimethylation in the presence of highly

34 specific SAM*-dependent N-methyltransferases (KMTs), a central event in the

38 regulation of gene transcription in eukaryotic organisms. The crystal structures of KMTs

41 with analogous “SET” domains (the acronym denotes “Su(var), Enhancer of zeste,

45 Trithorax”) reveal the presence of individual substrate binding sites for SAM* and the

48 methyl-accepting nitrogen atom of the acceptor. These sites are separated by a pore in

55 the enzyme structure through which a methyl group is transferred from SAM at each

55 stage in the mono-, di- and trimethylation of the e-amino group of lysine'-* Other SAM-
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dependent N-methyltransferases are responsible for generating quaternized amines

such as N,N,N-trimethylglycine (betaine) that maintain osmotic pressure in halophilic

bacteria and plant cells, and for the production of epinephrine and N-

methylnicotinamide, and powerful inhibitors of these enzymes have been obtained by

combining the binding determinants of SAM and the methylation target within a single

stable molecule.®”

To evaluate the rate enhancements that these enzymes produce—and their

potential susceptibility to inhibition by transition state or multisubstrate analogues—it

would be useful to have information about the corresponding reactions in the absence

of enzymes. Uncatalyzed reaction rates have been reported for other SAM-dependent

methyl transfer reactions, including those catalyzed by the “halogenases” that employ

halide ions to generate atmospheric chloromethane and fluoromethane from seawater;?

and for “etherases” that are responsible for recycling much of the carbon in the

biosphere.® But apart from a single data point in the literature,’® methyl transfer to

amines appears to have attracted little attention. For comparison with SET domain

methyltransferases, it would be useful to know how much primary, secondary and
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tertiary amines—which vary over 15 orders of magnitude in their intrinsic basicities in

oNOYTULT D WN =

the vapor phase''—vary in their susceptibility to methylation by sulfonium ions in water.

11 SETD3, which is similar in structure to SET domain KMTs and is weakly active on

14 lysine, also catalyzes the methylation of histidine and methionine side-chains in actin.?

18 To obtain benchmarks for these activities, we conducted experiments at elevated

21 temperatures to determine the rates and equilibria of nonenzymatic methylation of

25 aliphatic primary, secondary and tertiary amines, imidazole and methionine.

RESULTS AND DISCUSSION

35 Equilibria of methyl transfer between amines, sulfonium ions and water

In preliminary experiments, we sought to determine the equilibrium constant for

42 hydrolytic cleavage of methanol (MeOH) from each of the methylamines indirectly, by

measuring the equilibrium constant for methyl transfer to each amine from TMS* whose

49 equilibrium constant for hydrolysis is known.'3 At 200 °C, the tetrafluoroborate salt of the

trimethylsulfonium ion (TMS*) reacted with methylamine (MeNH, half-titrated with HCI)

56 to yield reaction mixtures containing di-, tri- and tetramethylamine. However, the
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progressive hydrolysis of the sulfonium ion—occurring in competition with the
methylation of MeNH,—generated sufficient acid to reduce the pH continuously,
interfering with accurate determination of the position of the equilibrium of the reaction,
which releases a proton (equation 1).

TMS* + MeNH,* S  MesS + Meo,NHo + HY (equation 1)

To circumvent that difficulty, we adopted a more direct approach, heating MeNH,
(0.55 M) with MeOH (1.1 M) in 1 M HCI, in quartz tubes sealed under vacuum. After
various time intervals, reactions were stopped with ice and the product mixtures were
analyzed by proton NMR. After 120 h at 250 °C, we observed the appearance of di-, tri-
and tetramethylammonium ions at concentrations that arrived at a constant ratio:
[MeOH] = 0.096 M; [MeNH3;*] = 0.296 M; [Me;NH,*] = 0.112 M; [MezNH*] = 0.027 M;
[Me4N*] 0.0049 M. Under these conditions, the estimated half-life for approach to
equilibrium was ~20 h. The relative concentrations of these species showed little
variation when the same experiment was conducted over the temperature range from

240 to 290 °C (Figure 1), and yielded the following equilibrium constants for each of the
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three steps in the hydrolytic demethylation of the tetramethylammonium ion, taking the
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activity of water as unity by convention (equations 2-4):

K4>3 = (MeOH)(Me3;NH*) =0.87 M (equation 2)
(Me4N+)

K3so = (MeOH)(Me,NH,*) = 0.16 M (equation 3)
15 (Me3NH")

Kos1 = (MeOH)(MeNH3*) =0.20 M (equation 4)

21 Separate experiments, performed with NH,CI (1 M) and MeOH (1 M) in 1 M HCI,

25 yielded a slightly smaller equilibrium constant for the hydrolytic deamination of MeNH3*

28 (equation 5).

32 K1>0 = (MeOH)(NH4%) =0.11 M (equation 5)

34 (MeNH3%)

38 Equation 4, with an average value (K,-1) of 0.20 M at 250 °C, is analogous to the

hydrolytic cleavage of a methyl group from the monomethylated e-amino group of a

45 lysine side-chain. To provide a basis for extrapolation to 25 °C, we used standard bond

energies (or enthalpies) '“to estimate the value of AH for dimethylamine hydrolysis in

52 the vapor phase, obtaining a value of -5.1 kcal/mol. Adding a small correction for the

change in enthalpy of solvation that accompanies hydrolysis (+0.7 kcal/mol), based on

60 ACS Paragon Plus Environment


https://doi.org/10.1101/2021.03.17.435195
http://creativecommons.org/licenses/by-nd/4.0/

oNOYTULT D WN =

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.17.435195; this version posted March 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, wh lmj:@ﬁﬁﬁiﬂ)biol?xiv a license to display the preprint in perpetuity. It is madePage 8 of 30
available under aCC-BY-ND 4.0 International license.

Cabani’s tables,' resulted in a total enthalpy change of -4.4 kcal/mol for hydrolysis of
Me,NH,*. That value corresponds to a 24.7-fold increase in K,.4, from a value of 0.20 M
measured at 250 °C to an estimated value of 4.9 M at 25 °C. Accordingly, our best
estimate of the methyl group transfer potential (AG?, 7) of Me,NH,* (or, by extension,
the side-chain of an e-monomethylated lysine residue in a solvent-exposed position

within a protein) at 25 °C is -0.7 kcal/mol.
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Figure 1: van’t Hoff plot of equilibrium constants for the hydrolytic demethylation of

mono-, di- and trimethylamine (equations 2-4), plotted as a logarithmic function of the

reciprocal of absolute temperature.
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The pK, values of methylamine and dimethylamine are virtually identical (10.64 and

oNOYTULT D WN =

10.67, respectively).'® The near-equivalence of these values (Ka¢1) and Ky) in Scheme

11 1) implies that the affinities of amines and ammonium ions for methyl groups, as

14 measured by the hydrolytic equilibrium constants K4 and K, in Scheme 1, must also be

18 virtually identical. For that reason, the free energy of hydrolysis of the N-CH3; bond of an

21 e-N-methylated lysine residue is not expected to vary significantly over the pH range

25 from 0 to 14 (Scheme 2, blue line) and the values of K,-1 and Ks.,—evaluated for each

28 of the methylammonium ions in the present experiments—should apply to the

uncharged amines as well. In contrast, AG?” for hydrolytic demethylation of SAM*

35 becomes increasingly negative throughout the pH range from -5 to +14, reaching a

value of -8.2 kcal/mol in neutral solution.’™ Accordingly, the driving force behind the

42 initial methylation of lysine by SAM* is -7.5 kcal/mol in neutral solution (Scheme 2).

Moreover, the similarity of the individual equilibrium constants associated with equations

49 2-4 (Figure 1) implies that the equilibrium constants for di- and trimethylation of lysine

residues by SAM* must also be similar.
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Scheme 1: Relationship between the K, values of Me;NH.* (Ks2)) and MeNHs* (K1)

and the equilibria of hydrolytic demethylation of Me,NH.* (K2) and Me.NH (K;).
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Scheme 2: Influence of pH on the free energies of hydrolysis of SAM (as

oNOYTULT D WN =

11 approximated by TMS*) (red line) and of e-N-methyllysine (as approximated by the
14 hydrolytic demethylation of Me-NH) (blue line).’? Since the pK, values of MeNHs" and
18 Me-NH>* are similar in water, the position of equilibrium for the hydrolytic demethylation
21 of Me,NH>"* is expected fo be insensitive to changing pH (Scheme 1). In contrast, the
25 free energy of methyl transfer from TMS* to MeNH. is strictly dependent on pH, arriving

28 at an estimated value of -7.5 kcal/mol at pH 7 (green arrow).

Raftes of uncatalyzed methylation of the side-chains of lysine, histidine and methionine
42 by sulfonium ions

In kinetic experiments to model the enzyme-catalyzed trimethylation of an exposed
49 histone lysine side-chain by SAM—the process catalyzed by KMTs—reaction mixtures
>2 typically contained TMS*:BF, (0.1 M), the amine hydrochloride (0.5 M) and KOH (0.25

56 M). Sealed in quartz tubes under vacuum, samples were incubated at temperatures
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ranging from 40 to 120 °C in ovens equipped with ASTM thermometers. At intervals,

samples were removed and analyzed by 'H-NMR after exact dilution with D,O to which

pyrazine had been added as an integration standard. In each case, the decomposition

of TMS* followed simple first-order kinetics for at least 3 half-lives. In the case of the

primary amines methylamine and glycine, the chief product (in addition to

dimethylsulfide which is volatile at ordinary temperatures) was the singly methylated

starting material, along with small concentrations (<4% in total) of doubly and triply

methylated amine, and methanol. In these experiments, the extent of hydrolysis of

TMS*—as indicated by the appearance of methanol—was never greater than 1%. To

obtain the second order rate constant (k,) for each methylation reaction, the first order

rate constant for disappearance of TMS* (k4) was divided by the starting concentration

of unprotonated primary, secondary or tertiary amine and multiplied by the fraction of

each of those nucleophiles appearing as its singly methylated product. To minimize the

effects of acid generated during these reactions (equation 1), in which each reactant

amine served as its own buffer, calculated rate constants were based on observations

during the first 5% of reaction. The sensitivity and reproducibility of the integrated
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intensities of the reactant and product peaks allowed rate constants to be determined

with an estimated error of 5% in all cases. The results of these experiments yielded

oNOYTULT D WN =

11 linear Arrhenius plots of logio ko versus 1000/T that were used to estimate the rate
14 constant for amine attack on TMS*, extrapolated to 25 °C. Values of AH* were obtained
18 from the slopes of these Arrhenius plots, and values of TAS* were obtained by
21 subtracting AG* from AH*. Estimated errors are: AG* = + 0.4 kcal/mol, AH¥ = £ 0.7
25 kcal/mol, TAS* = + 1.0 kcal/mol. Similar procedures were used to examine the reactions
28 of TMS* with imidazole and methionine, chosen to represent the side-chains of His and
Met residues in actin, which have recently been shown to undergo methylation in the
35 presence of SETD3.12 We also examined the reaction of pyridine with TMS* as a model
for the enzymatic methylation of nicotinamide.>¢ The results are summarized in Table 1
42 and Scheme 3.

Table 1: Rate constants and thermodynamics of activation (kcal/mol) for the
49 nonenzymatic reactions of TMS* with glycine, sarcosine, dimethylgycine, imidazole,

pyridine and the sulfur atom of methionine (present work) compared with the reactions
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of TMS* with hydroxide and halide ions (ref. 8). Estimated errors are: AG* = + 0.4

kcal/mol, AH* = + 0.7 kcal/mol, TAS* = + 1.0 kcal/mol.

nucleophile Kose (M1s1) | AGH AH# TASH
RNH, (glycine) 1.8 x 107 26.2 19.2 -7.0
RoNH (sarcosine) 1.1x 107 26.8 211 -5.7
RsN (dimethylglycine) | 4.3 x 108 27.4 21.7 -5.7
Imidazole (histidine) 3.3x10° 28.9 21.8 -7.1
R2S (methionine) 1.2 x10° 294 31.7 2.3
pyridine 9.0 x 10-10 29.7 21.7 -8.0
OH- (hydroxide) & 2.9 x 1010 30.4 325 2.1
Br- (bromide) 8 3.1x 10" 31.7 31.9 0.2
Cl- (chloride) 8 3.2x 107 33.0 34.5 1.5
F- (fluoride) 8 3.7101 34.3 32.4 -1.9
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nucleophile donor ty2 25°

oNOYTULT D WN =

glycine R—/N — S 0.6 years
9 (R =-CH,Cc00") H Me

sarcosine R—N —>» S 0.2 years

13 (R=-CH,CO0)  M¢ \

16 dimethylglycine R—N —> S 0.5 years
17 (R=-CH,COO"  Mé¢ \

HN +/
20 histidine J\>N — @—S 7 years
21 R~ \

23 Me +/
24 methionine S —>» S 18 years

28 pyridine N — @js/ 24 years
29 \_/ \

3 hydroxide ion HO~- —>» S 76 years

39 Scheme 3: Half-lives for attack on TMS* by model nucleophiles representing amino

42 acid side-chains and pyridine. At the pK, values of their conjugate acids, the rate of

46 TMS* hydrolysis is negligible, as indicated by the rate of attack by the hydroxide ion (ref.

49 8) which has been included for comparative purposes.
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From a kinetic standpoint, the nonenzymatic methylation of amines proceeds much
more rapidly than the methylation of halide ions or the S-methylation of methionine; and
Mihel et al. have estimated an even lower rate constant (1.7 x 10-'* M-1 s-1 at 37 °C) for
the uncatalyzed methylation of catechol by SAM*."” In agreement with their
observations, we were unable to detect significant methylation of phenolate or
catecholate ions within the time required for complete hydrolysis of TMS* at elevated
temperatures.

Comparison of the catalytic power and ftransition state affinity of lysine N-
methyltransferases with those of other N-methylfransferases and two-substrate
enzymes

The rate enhancement produced by the Rubisco large subunit KMT can be estimated
by dividing the second order rate constant (k../Kn) for this two-substrate enzyme
reaction—in the presence of saturating SAM—Dby the present second order rate
constant for reaction of a primary amine with TMS*. In attempting that comparison, it is
worth noting that TMS* is an imperfect model for SAM*, which can decompose by

several routes'® and whose reactivity as a methylating agent may be depressed or
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enhanced by the presence of its homoseryl and adenosyl substituents. The three

oNOYTULT D WN =

indistinguishable methyl groups of TMS* would be expected to render it 3-fold more

11 reactive than SAM* as a methylating agent, and that statistical effect should be taken

14 into consideration in using it as a model for SAM*.8 Trievel et al. report a K, value of 1.4

18 x 106 M and a k., value of 0.047 s' for the Rubisco large subunit N-methyltransferase

21 from peas.’ Comparison of the resulting keo/Kn, value (3.4 x 10* M-' s') with the present

25 second order rate constant for the nonenzymatic reaction of MeNH, with TMS* at 25 °C

28 (1.1 x 107 s M), after a 3-fold reduction of the latter value to take account of the

statistical effect mentioned above, indicates that the Rubisco KMT produces a rate

35 enhancement of 1.1 x 102 -fold. A similar ke./Ky, value (1.5 x 104 s' M-') has been

reported for human  phenethanolamine  N-methyltransferase  acting on

42 trifluoroethanolamine,'® implying a similar second order rate enhancement of 4.1 x 10"'-

fold. Combined with the K, value (4.7 x 106 M)'" of Rubisco KMT for the second
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substrate, SAM,! these rate enhancements indicate that the nominal affinities of

Rubisco KMT for a multisubstrate analogue inhibitor incorporating the binding affinities

of both substrates in the transition state for direct methyl transfer would correspond to a

Ky value of 5.0 x 10-'8 M.20 Because binding by KMT would seem to require threading a

“‘dumbbell-shaped” inhibitor through the narrow pore between the methyl donor and

acceptor binding sites of Rubisco KMT, affinities of that magnitude may not be easy to

realize in an actual inhibitor.

It is also of interest to compare the rate enhancement produced by the Rubisco

large subunit N-methyltransferase with those produced by other two-substrate enzymes

involved in group transfer (Table 2). With a second order rate constant of 1.1 x 107 s

M-1 at 25 °C, the rate of uncatalyzed methyl transfer from 1 M TMS* to primary amines

corresponds to a half-life of 2 months and, as noted above, an N-methyltransferase rate

enhancement of 1.1 x 10"2-fold. With a second order rate constant of 3.9 x 10°s!' M1,

the rate of uncatalyzed phosphoryl transfer from 1 M ATP to glucose corresponds to a

' Wolfenden, R. (1972) Analog Approaches to the Structure of the Transition State in
Enzyme Reactions, Accts. Chem. Res. 5, 10-18.
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half-life of 6 years and a hexokinase rate enhancement of 5 x 10'4-fold.?' With a second

oNOYTULT D WN =

order rate constant of 6 x 10" s M-, the rate of the uncatalyzed reaction of 1 M
11 glutathione with lignin corresponds to a half-life of 370 years and an etherase rate
14 enhancement of 2 x 10"5-fold.® With an estimated second order rate constant of 5 x 1012
18 s M-, the rate of the uncatalyzed reaction of 1 M lactate with NAD corresponds to a
21 half-life of 4400 years and a lactate dehydrogenase rate enhancement of 2 x 10'5-fold.22
25 With a second order rate constant of 3.7 x 10-'3 s*" M-', the rate of uncatalyzed methyl
28 transfer from 1 M SAM to the chloride ion corresponds to a half-life of 60,000 years and
a chlorinase rate enhancement of 1.2 x 10'-fold.8 Of the two-substrate enzymes that
35 have been characterized in this way, only the peptidyl-transferase center of the
ribosome is known to produce a smaller rate enhancement. With a second order rate
42 constant of 3 x 10 s”' M1, the rate of uncatalyzed transfer of fluorophenylalanine from
its trifluoroethyl ester to 1 M glycinamide corresponds to a half-life of 6.4 hours and a
49 rate enhancement 2.5 x 107-fold.?3

As is the case for many single-substrate and hydrolytic enzymes,2+42% variations in

56 the magnitudes of these two-substrate rate enhancements can be seen in Table 2 to
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arise largely from variations in the rate of the uncatalyzed reaction (k,,,) which, in the
case of amine methylation, proceeds with a half-life (t1,2) of ~ 7 weeks in the presence of
1 M SAM at 25 °C. At those rates, and with SAM present at much lower concentrations,
the present nonenzymatic reactions seem unlikely to pose a threat to cell survival and
reproduction under ordinary conditions. Moreover, Paik et al. have shown that several
proteins undergo slow methylation of Asp and Glu residues by SAM in neutral solution
the absence of enzymes, but detected no significant incorporation of alkali-stable methyl
groups whose presence might have signaled N-methylation of Lys or Arg.26

Table 2: Second order rate constants and thermodynamics of activation for 2-
substrate reactions in the absence of a catalyst, compared with k./K, for the

corresponding enzymes.

rate

) e + +
reaction foon 250 | 25 AG AH TAS? Keat /K enhancement
11 -1 (kcal/mol) el
(M1s1) | (sD) (kcal/mol) | (kcal/mol) (M-1s1) (kea/K) Koo
Peptidyl * _ transfer | 5, 105 | &4 235 7.8 -15.7 7.5x107 | 2.5x107
(ribosome) hours
Lysine SET  N- 30
methyl- 3.6x10% 26.6 19.2 -7.4 2.3x10% 1.3x 101
weeks
transferase?!
Hexokinase?® 3.9x10° | 6years | 28.8 22.8 -6.0 1.95 x | 0% 104
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Lignin etherase?

6.4 x 10

370
years

31.3

21.9

1.3x 10°

2.0x10%

Lactate
dehydrogenase?!

5.0 x 10

12

4,400 y

32.8

30.0

-2.8

1.0x10°

2.0x10%

Chlorinase?®

3.7 x 100

13

60,000

34.3

34.5

0.2

4.4x10%

1.2 x 10Y

21 In neutral solution—in the absence of a catalyst—the rates of the present reactions

24 (Table 1), like their equilibrium constants (equations 2-5), are similar at each stage of

methylation. The existing crystal structures of these N-methyltransferases'3 appear to

31 be consistent with a simple in-line displacement reaction. Moreover, the detailed

structure of the lysine-binding cleft has also been shown to account for differences in

38 specificity, between a SET domain KMT which catalyzes the mono-, di- and

trimethylation of lysine,'? and the human KMT SET 7/9 which catalyzes only

45 monomethylation and cannot accommodate methyllysine in a position appropriate for a

second methyl transfer.2 Participation of a conserved tyrosine residue, acting as a

52 general base, seems to have been ruled out by observations on a transition state — like

complex,® and would be unlikely to be helpful at the high pH values where these
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enzymes are active.®> Hughes and Ingold showed that nucleophilic displacement
reactions—in which electrostatic charge becomes delocalized in the transition state—
can be greatly accelerated when the substrates are removed from water.2’” Binding
determinants at the active sites of N-methylases, like those of etherases and
halogenases, probably achieve much of their catalytic effect by relieving the substrates
from constraints on their reactivity that were imposed by solvating water molecules

before binding occurred.
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