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ABSTRACT: The structural conservation among methyltransferases (MTs) and MT functional redundancy is a major challenge to
the cellular study of individual MTs. As a first step toward the development of an alternative biorthogonal platform for MTs and
other AdoMet-utilizing enzymes, we describe the evaluation of 38 human methionine adenosyltransferase II-a (hMAT2A) mutants
in combination with 14 non-native methionine analogues to identify suitable bioorthogonal mutant/analogue pairings. Enabled by
the development and implementation of a hMAT2A high-throughput (HT) assay, this study revealed hMAT2A K289L to afford a
160-fold inversion of the hMAT2A selectivity index for a non-native methionine analogue over the native substrate L-Met. Structure
elucidation of K289L revealed the mutant to be folded normally with minor observed repacking within the modified substrate
pocket. This study highlights the first example of exchanging 1-Met terminal carboxylate/amine recognition elements within the
hMAT?2A active-site to enable non-native bioorthgonal substrate utilization. Additionally, several hMAT2A mutants and L-Met
substrate analogues produced AdoMet analogue products with increased stability. As many AdoMet-producing (e.g., hMAT2A) and
AdoMet-utlizing (e.g., MTs) enzymes adopt similar active-site strategies for substrate recognition, the proof of concept first
generation hMAT2A engineering highlighted herein is expected to translate to a range of AdoMet-utilizing target enzymes.

Methyltransferase (MT)-catalyzed transfer of the acti- develop bioorthogonal allele-specific chemical genetics strat-
vated S-adenosyl-L-methionine (AdoMet) contributes egies (also referred to as “bump-and-hole”)”' ™" for intra-
to the functional modulation of biomolecules ranging from cellular metabolic profiling of individual MTs.*>**° Such
small metabolites' ™ to macromolecules.”®’~"® Alterations in bioorthogonal approaches employ an engineered target MT
methylation-dependent processes are associatecli7wlith Cancer:lé with complementary non-native AdoMet cosubstrates and seek
n.eurg)(gzc}generative./ neu.ropsychi;lztric disorders,'””"” inflamma- to achieve orthogonal biochemically competent catalysis that
tion,”*"" metabolic disorders,” fundamental development/ uniquely distinguishes (via delivery of chemoselective tags) the
regenerative medicine,”*** susceptibility to disease/adverse intracellular function of the target MT. Current efforts, which

25,26 : 13-15,27,28
drug response, ‘and drug resistance. Yet, the rely on varying the S-alkyl substituent as the bioorthogonal
structural conservation among MTs and a large array of

discrete and redundant MTs in any given cell presents major clement, rer'nain hampered by selectivity as most, if not all, of
challenges to the direct study of individual MTs in situ.'***~* the non-native S—alk?rl AdoMet ana}logues employed to (-iate for
On the basis of proof of concept studies that revealed MTs to bicorthogonal applications remain substrates for wild-type
utilize non-native AdoMet analogues to afford differential
alkylation,”*™® similar approaches have leveraged MT Received: November 22, 2019
promiscuity and differentially-S-alkylated AdoMet analogues Accepted:  February 24, 2020
for MT-catalyzed alkylation of DNA/RNA,***"~3° Jpro- Published: February 24, 2020
teins,””*'~°* and Dbioactive secondary metabolites.*"*"*>~7°

This conceptual advance, and the corresponding chemical

biology reagents developed, enabled more recent efforts to
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Figure 1. Complementary approaches to AdoMet-producing/utilizing enzyme bioorthogonal platform development. (A) Native function of
representative AdoMet-producing/utilizing enzymes. In this context, AdoMet serves as the central substrate for all AdoMet-utilizing enzymes
(including, but not limited to, methyltransferases). (B) S-alkyl-based bioorthogonal approach where steric bulk of the substrate S-alkyl substituent
(represented by a triangle), paired with the appropriate AdoMet-producing/utilizing enzyme mutants, serves as the bioorthogonal differentiator.
(C) Nucleoside-based bioorthogonal approach where a sterically modified nucleoside (structural modification represented by a triangle), paired
with the appropriate AdoMet-producing/utilizing enzyme mutants, serves as the bioorthogonal differentiator. (D) Carboxylate/amino-termini-
based bioorthogonal approach where alternative substrate-termini binding modalities (structural modification represented by a triangle), paired
with the appropriate AdoMet-producing/utilizing enzyme mutants, serve as the bioorthogonal differentiator. MAT, methionine
adenosyltransferase; MT, methyltransferase; AdoHcy, S-adenosyl-L-homocysteine; AdoMet, S-adenosylmethionine (SAM).

MTs.>00635081 While MTs are also known to accommodate
modifications to the AdoMet adenine® or terminal carbox-
ylate,”® attempts to exploit adenine and/or carboxylate
alteration for bioorthogonal reagent development have been
hampered, in part, by synthetic/commercial access to
corresponding AdoMet analogues.

As a first step toward alternative formats for bioorthogonal
design (Figure 1), herein we describe the evaluation of a range
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of putative bioorthogonal human methionine adenosyltransfer-
ase II-a (hMAT2A) mutations and methionine analogues, the
emphasis of which focused on modulation of hMAT2A
binding interactions with the L-methionine (L-Met) terminal
carboxylate and a-amine. Specifically, we describe the
evaluation of 38 unique hMAT2A mutants (deriving from
site-directed mutagenesis at four different active-site residues)
with 14 non-native methionine analogues modified at the
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Figure 2. (A) Active-site of ligand-bound hMAT2A (PDB: 2P02) with key conserved active-site residues targeted for mutagenesis highlighted.
Distances between targeted active-site amino acid side chains and the AdoMet (white) carboxylate oxygen or ammonium nitrogen are highlighted
in yellow. The location of the isobutyl side chain of the K289L mutant as determined by X-ray crystallography in the current study is highlighted in
green (PDB: 6P9V). (B) L-Met substrate surrogates used in the current study. Met, L-methionine; metOOMe, L-methionine methyl ester; metol,
(S)-(—)-methioninol; metolMe, (3S)-3-amino-5-(methylthio)pentan-2-ol; metOMe, (S)-1-methoxy-4-(methylthio)butan-2-amine; metOEt, (S)-1-
ethoxy-4-(methylthio)butan-2-amine; metOPr, (S)-4-(methylthio)-1-propoxybutan-2-amine; metOBu, (S)-1-butoxy-4-(methylthio)butan-2-
amine; metamine, (S)-4-(methylthio)butane-1,2-diamine; metamide, (S)-2-amino-4-(methylthio)butanamide; aK-Met, a-keto-y-(methylthio)-
butyric acid; f-NAm-Met, L-methionine-f-naphthylamide; p-NAn-Met, L-methionine p-nitroanilide.

terminal carboxylate and/or a-amine. Enabled by the develop-
ment and implementation of a hMAT2A high-throughput
(HT) assay, this assessment revealed hMAT2A K289L to
display a 160-fold inversion of the hMAT2A selectivity index
for the non-native methionine analog S-(—)-methioninol
(metol) over L-Met. Subsequent structural studies of K289L
were consistent with design principles, and notably, the
product of the K289L/metol reaction (AdoMetol) was also
found to be resistant to the classical AdoMet intramolecular
cyclization degradation pathway.*~*” This study also revealed
that mutation of hMAT2A D258 may induce putative ATPase
function. This work provides additional insights regarding
hMAT?2A substrate recognition and sets the stage for similar
conceptual engineering of a paired AdoMet-utilizing enzyme
(e.g, an engineered complementary MT) to provide the basis
for a general bioorthogonal platform.

B RESULTS AND DISCUSSION

Bioorthogonal Design for Mutagenesis and Methio-
nine Analogue Synthesis. Our overarching goal was to
develop hMAT2A mutants with demonstrated selectivity for
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non-native methionine analogues over the native hMAT2A
substrate L-Met. To achieve this goal, disruption of four key
hMAT2A active-site side chain interactions with L-Met
terminal carboxylate and @-amine were targeted (E70, Q113,
D258, and K289; Figure 2A). Potential anticipated alternative
non-native substrate binding interactions included (Figure 2A
and B): modifications of electrostatic complementarity [e.g.,
pairing mutants K289D/E or Q113D/E with metamine (11)
or metamide (12) or E70R/H/K or D258H/N mutants with
methionine analogue aK-Met (13)]; potential alternative van
der Waal’s interactions [e.g., pairing mutants Q113A/V/I/L/
M/W or K289A/V/I/L/M/E/Y with methionine analogues
metOOMe (2), metolMe (4), metolEt (5), metolPr (6), or
methionine ethers (7—10)]; or varied hydrogen-bonding
interactions [e.g., pairing mutants Q113T or K289C/S/T
with metol (3)]. Commercially available r-methionine-f-
naphthylamide (14) and i-methionine p-nitroanilide (15)
were also included as additional possible substrate surrogates.
This conceptual design was inspired, in part, by our recent
discovery that r-Met carboxylate isosteres were hMAT2A
substrates of hMAT2A, where the corresponding AdoMet
analogues were also both stable to rapid degradative intra-

https://dx.doi.org/10.1021/acschembio.9b00943
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Figure 3. Plate-based hMAT?2A assay development and validation. (A) hMAT?2A reaction scheme and bioactivity detection strategy. (B) Wild-type
hMAT2A E. coli extract (5 uL) with .-Met (10 mM) and ATP (1.5 mM), positive control. (C) Wild-type hMAT2A E. coli extract (5 uL) with ATP
(1.5 mM) but lacking L-Met, negative control, Z' value of 0.63. (D) Glucosyltransferase OleD E. coli extract (nonreactive protein, 0.00S mL) with
L-Met (10 mM) and ATP (1.5 mM), negative control, Z' value of 0.67. (E) Empty pET-28a E. coli extract (0.00S mL) with L-Met (10 mM) and
ATP (1.5 mM), negative control, Z' value of 0.44. For panels B—E, each point represents determined raw luminescence units (RLU) from a single
reaction/well. Comparison of RLU of positive and negative controls was used to calculate Z’ values. Solid lines indicate population mean; dotted

lines indicate population mean +3 standard deviations.

molecular cyclization and functional as MT substrates.*’
Substrate surrogates 4—6 were synthesized from commecially
available N-Fmoc-L-methionine in four steps with overall yields
ranging from 15—18%, while analogues 7—10 were constructed
from commercially available N-Boc-L-methioninol in two steps
with overall yields ranging from 49 to 81% (see Supporting
Information for details regarding the syntheses and/or
sourcing of all other L-Met surrogates employed).

Assay Development and Validation. A standard
luciferase-based assay for [ATP] (Promega Corporation,
Kinase-Glo Max) was used as a basis for 384-well plate-
based assay development and the subsequent primary screen.
While the reported intracellular concentration of ATP in E. coli
(1.54 mM)*® surpasses the linear range of the assay (linear up
to S00 uM ATP), ATP quickly depletes in cellular extracts.
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Endogenous [ATP] added to the assay and post-lysis assay
incubation time were optimized to maximize change in
luminescence between the positive and negative controls to
obtain a Z' value >0.5 (Figure 3).¥ Optimized reaction
conditions contained 10 mM L-Met and 1.5 mM ATP in 25
mM Tris-HCl (pH 8.0) containing 10 mM MgCl, and 50 mM
KCl incubated at 37 °C for 1 h prior to incubation at ambient
temperature for 20 min. Negative controls for assay validation
and Z' value determination included pET28a-E. coli BL21
extract (empty vector control), pET28a/wtOleD-E. coli BL21
extract (nonspecific protein overproduction strain; macrolide
glucosyltransferase OleD),”””" and assays with pET28a/
hMAT?2A-E. coli BL21 extract lacking L-Met. On the basis of
comparison to the positive control (pET28a/hMAT2A-E. coli
BL21), three separate Z' values were calculated (pET-28a
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Figure 4. Combinatorial plate-based screen of targeted hMAT2A mutants with L-Met analogues highlighted in Figure 2. The heat map compares
the relative activity of h(MAT2A mutant (y-axis) and L-Met analogue (x-axis) pairings. The color of each square is dependent on the percent change
in mean relative luminescence units (RLU) under experimental conditions from the mean RLU of the negative control (no added methionine or
analogue thereof in the reaction mixture) for that mutant. Red corresponds to lower observed luminescence (i.e., lower [ATP]) as an indirect
measure of turnover; blue indicates higher observed luminescence (i.e., higher [ATP]) as an indirect measure of lack of turnover; X, not tested.
Standard assay conditions: 10 mM L-Met analogue, 1.5 mM ATP, 37 °C, 60 min.
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vector control, Z' = 0.44; OleD, Z' = 0.67; and hMAT2A
lacking L-Met, Z' = 0.63).

Primary Screen. Using the optimized assay platform
described above, 38 mutants (representing amino acid
variation at four different active-site residues (E70, Q113,
D258, and K289) were screened in parallel. Assays containing
S uL of clarified extract, 1.5 mM ATP, and 10 mM methionine
analogue were incubated at 37 °C for 1 h, cooled to RT over
20 min, and then analyzed using the luciferase assay. Plate to
plate standardization was based on inclusion of internal
replicate positive (hMAT2A/L-Met) and negative (hMAT2A
but lacking L-Met; empty vector) controls. To facilitate
mutant—substrate pairing comparisons and hit selection, HT
screening results were represented as the mean percent change
in luminescence from the negative control (corresponding
hMAT2A mutant lacking methionine analogue; Figure 4).
Specifically, in this analysis, the color of each square for each
hMAT2A mutant correlates to the percent change in mean
relative luminescence units (RLU) among assays in the
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presence or absence of a methionine analogue (where red
represents increased MAT activity and blue represents
decreased MAT activity compared to the negative control).
This cumulative analysis led to the following observations.
First, mutation of K289 and, to a lesser extent, Q113 led to
increased turnover of metol and metolMe compared to the
wild-type hMAT2A conversion of these non-native surrogates.
Within this context, the best substitutions at K289 included
polar (Cys, Ser, and Thr), hydrophobic (Ala, Ile, Leu, Met, and
Phe), or acidic (Asp and Glu) substitutions. While similar
polar (Thr) or hydrophobic (Ala, Val, Ile, Leu, and Met)
substitutions at Q113 provided slight improvements, acidic
side chains (Asp and Glu) offered the best outcomes with
metol and metolMe. Second, mutation of K289 generally led to
a reduction in turnover of native substrate L-Met as exemplified
by the observed outcomes with corresponding Asp, Glu, Leu,
Ser, Tyr, and Val mutations. Potentially related to this
catalytically important MAT K289, patients with K289N
mutation in hMATI1A, an hMAT2A isoform with 84%
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Table 1. Kinetic Parameters of Wild-Type hMAT2A and Mutants

hMAT2A variant substrate” ke, min~! K, uM
wild-type L-Met 26 + 1.0 140 + 50
L-metol 11+ 16 2,400 + 1,000
Q113D L-Met 12 + 0.1 47 + 47
L-metol 33+ 0.1 390 + 70
K289L L-Met 0.8 + 0.1 780 + 170
L-metol 4.1 + 0.1 1,000 + 130

ke/K,, min~" yM™! ke/ K, relative selectivity index”

1.9 x 107! 1.0 40
4.8 x 1073 2.6 X 1072

2.4 x 1072 1.0 3
8.6 X 1073 3.5x 107!

1.1 X 1073 1.0 —4
41 % 1073 3.8

“Enzyme substrates were assayed in the presence of saturating ATP (2 mM). +standard error (SEM) at 95% confidence interval (CI). bFold
selectivity (k.,/K,, L-Met divided by k_,./K,, L-metol) where positive values reflect preference for L-Met and negative values represent a preference

for L-metol.

sequence identity, exhibit persistent hypermethioninemia.” In

contrast, most mutations of Q113 had little effect on 1-Met
turnover. Q113, through its interaction with L-Met, is
perceived as important to the closure of the hMAT2A gating
loop and stabilization of the corresponding closed conforma-
tion.” Finally, mutagenesis of D258 to His surprisingly led to
nonspecific ATPase activity irrespective of L-Met or
methionine surrogates employed. Consistent with this,
identical assays of D258H in the absence of 1-Met or a
methionine surrogate revealed similar ATPase activity (Figure
S4). Substitution of D258 with other amino acids was
inhibitory, consistent with the strong interactions between
the hMAT2A D258 side chain carboxylate and the substrate
methionine alpha-amine.””*

On the basis of the primary screen, several hAMAT2A mutant
and methionine analogue pairs were selected for confirmatory
studies based on a perceived potential selectivity index.
Namely, mutant/methionine analogue pairings were advanced
if they met the following criteria: (i) reduced turnover of
methionine by the mutant, (ii) reduced methionine analogue
turnover with native hMAT2A, and (iii) improved turnover of
the methionine analogue by the mutant (less than —35% mean
change in luminescence from the negative control).

Hit Confirmation. To eliminate potential artifacts deriving
from strain to strain variability in hMAT2A mutant protein
levels, hit confirmation was conducted via time-course assays
using fixed concentrations (10 uM) of purified enzymes.
Assays were analyzed via RP-HPLC (Figure S1), and
corresponding AdoMetol or AdoMetolMe product peaks
were collected and confirmed via HRMS (Figures S26 and
S§27). Variable protein production levels (ranging from 8.7 mg
L™ for mutant K289L to 26.6 mg L™' for mutant Q113D)
were observed among the test set, contributing to observed
inconsistencies between the primary and secondary screens.

Key outcomes of the secondary screen are summarized in
Figure S. Under the defined time-course assay conditions, low
to moderate wt-hMAT2A-catalyzed turnover of metol or
racemic metolMe was observed over 240 min (39% and 17%,
respectively) compared to the corresponding efficient turnover
of L-Met in 10 min (49%). K289L/metol represented the best
mutant-analogue combination (62% turnover in 240 min
compared to 14% turnover of L-Met in 240 min), and K289L
also displayed moderate efficiency with metolMe (28% in 240
min). Mutants Q113D, K289S, and K289T also displayed
some selectivity toward metol (39%, 38%, and 14%,
respectively; 240 min) over r-Met (13%, 14%, and 2.5%,
respectively; 240 min). In contrast, K289F lacked selectivity
(33% metolMe versus 30% L-Met; 240 min), while E70S
lacked appreciable activity in the presence of non-native
methionine surrogates (3.2% metol, 240 min versus 25% L-
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Met, 10 min). Interestingly, comparative hMAT2A/mutant
assays with racemic metolMe or corresponding diastereomers
(R,S-metolMe or S,S-metolMe) revealed no enzymatic differ-
entiation among metolMe stereoisomers (data not shown).

Kinetic Parameters and Non-Native AdoMet Stability.
Native hMAT2A exhibited a 40-fold specificity (k./Ka)
preference for L-Met over metol. Conversely, mutant K289L
exhibited a 4-fold specificity preference for metol over L-Met
(Table 1). This analysis highlights the 17-fold difference
between 1-Met and metol K, as the main contributor to
substrate differentiation in hMAT2A. In contrast, a 5-fold k.,
distinction with metol versus L-Met serves as the K289L
primary differentiator. Importantly, the K289L k,, with metol
(4.1 min™") is approaching that of hAMAT2A with L-Met (25.7
min~'), while the metol K, of QI13D (338 uM) is
approaching the L-Met K, of hMAT2A (138 uM). This result
may suggest there to be potential for further improvement of
the bioorthogonal selectivity index via second generation
mutant combinations.

A primary chemical degradation pathway of AdoMet (t,,, =
942 min, pH 8) occurs via intramolecular cyclization of the
terminal carboxylate and the activated gamma carbon to form
5’-deoxy-S’-(methylthio)adenosine (MTA) and L-homoserine
lactone (HSL). We previously demonstrated that replacing the
AdoMet carboxylate with a carboxylic acid isostere prohibits
this reaction and the corresponding production of MTA.*
Likewise, the conversion of AdoMetol or AdoMetolMe to
MTA was not observed in any of the enzymatic reactions
throughout the course of this study, even after 24 h of
incubation (see Supporting Information, Figure S1). This
AdoMetol/AdoMetolMe chemical stability may present
unique advantages in the context of future intracellular
bioothorgonal applications.

K289L Three-Dimensional Structure. Sites were chosen
for mutagenesis by analysis of the binding pocket interactions
of the side chains with the SAM amino acid backbone from the
previous crystal structure. Specifically, E70, Q113, D258, and
K289 were selected for mutation because of their electrostatic
interactions with SAM in the binding pocket (Figure 2A). Of
the array of mutants evaluated, K289L was found to provide
the greatest shift in selectivity toward non-native substrates
metol and metolMe with a concomitant notable reduction of
turnover of the native substrate L-Met. To assess the impact of
the K289 mutation on the overall hMAT2A three-dimensional
structure and improved non-native substrate ligand inter-
actions, we solved the structure of the hMAT2A mutant
K289L to a nominal resolution of 2.3 A (PDB: 6P9V). The
determined K289L structure confirmed conservation of wild-
type overall fold and conformation and the intended alteration
of binding pocket electrostatics. The observed K289L substrate
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binding pocket changes were subtle with a water replacing the
wild-type K289 side chain amine. Unfortunately, all attempts
to obtain crystals in the presence of the non-native substrate
(L-metol) were unsuccessful due to ADP degradation over the
six month crystal growth period that was required to obtain
these crystals. The final model contains residues 16—395 of the
protein, an adenosine, one magnesium, and one potassium ion,
in disordered density adjacent to the metal binding site that
was interpreted as pyrophosphate and 148 water molecules.
The first 35 residues of the N-terminus were disordered and
were not modeled. For X-ray diffraction statistics and binding
pocket density, see Supporting Information Table S1 and
Supporting Information Figure S3, respectively.

Conclusions. In summary, this study highlights the first
example of exchanging L-Met terminal carboxylate/amine
recognition elements within the hMAT?2A active-site to enable
non-native bioorthogonal substrate utilization (Figure 1D). As
many AdoMet-producing (e.g, hMAT2A) and AdoMet-
utlizing (e.g, MTs) enzymes adopt similar active-site strategies
for substrate recognition,%_97 the proof of concept first
generation hMAT2A engineering highlighted herein is
expected to translate to a range of AdoMet-utilizing target
enzymes. Importantly, the new conceptual design put forth
affords two distinct advantages over previously reported
innovative bioorthogonal strategies for AdoMet production/
utilization (Figure 1B and C). First, unlike strategies that rely
on MAT/MT engineering to accommodate additional steric
bulk of specific S-alkyl substitutions (e.g., the S-butynyl
AdoMet analogue-based approach reported by Klimasauskas
and co-workers or the coupled S-(E)-hex-2-en-S-ynyl L-Met/
AdoMet analogue-based platform reported by Luo and
colleagues;sg’(’o’98 Figure 1B), the current strategy does not
rely on specific substrate S-alkyl substitutions as a bioorthog-
onal differentiator and is thereby anticipated to afford greater
flexibility in the S-alkyl “tags” that can be employed. Second, in
contrast to all previously reported r-Met/AdoMet platforms
(Figure 1B and C),”**71%" the current strategy’s replacement
of 1-Met/AdoMet terminal nucleophilic carboxylate as the
bioothogonal recognition element provides uniquely stable
AdoMet reagents for biochemical or intracellular studies.

On the basis of comparative kinetic parameters, the first
generation hMAT2A engineering strategy highlighted herein
led to a 160-fold inversion of the hMAT2A selectivity index
(from 40-fold L-Met/metol bias for hMAT2A to a 4-fold
metol/L-Met preference for K289L). This compares favorably
to previously reported bioorthogonal engineering approaches
to AdoMet-producing/utlizing enzymes. For example, Schultz
and Gray reported a 260-fold inversion of the selectivity index
as the first application of “bump-and-hole” engineering
principles to a protein arginine MT (Rmtl) via a designed
E117G mutant to accommodate a nucleoside N6-benzyl-
modified AdoMet analogue.”” A subsequent M. Hhal DNA
cytosine-5 MT Y254S/N304A double mutant, designed by
Klimasauskas and co-workers to pair with S-butynyl AdoMet,
led to a 24-fold increase in turnover with the non-native
substrate based on comparative end point assays.”® In the most
recent published example, Luo and colleagues noted a 30—50-
fold selectivity preference using an S-(E)-hex-2-en-S-ynyl L-
Met analogue in an engineered MAT (hMAT2A I117A)—
chromatin-modifying protein MT (G9a Y1154A) coupled
reaction based on 30—50-fold enrichment of chromatin DNA
(compared to control group transfected with hMAT2A I117A
mutant alone).””* While these cumulative studies highlight
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the ability to engineer non-native substrate selectivity of
representative enzymes, the rules regarding the selectivity
magnituge and/or mechanism (i.e, kg-driven versus K-
driven) required for suitable cell-based bioorthogonality have
yet to be established. The availability of well-characterized
systems with variable selectivities (such as the MAT variants
described herein) are anticipated to enable a more systematic
analysis of the minimal requirements for successful translation
to cell-based applications.

B METHODS

Preparation of Mutant Library. The pET28a-hMAT2A plasmid
used for heterologous hMAT2A production and as the template DNA
for all site-directed mutagenesis PCR reactions was previously
reported.*>**** Mutants were generated using the QuikChange II
kit (Agilent Technologies, Santa Clara, CA) according to the
manufacturer’s instructions. Mutagenic primers were designed using
the online QuikChange Primer Design software (www.genomics.
agilent.com) and are listed in Table S1. Following mutagenesis
reactions, an aliquot (1 uL) of each reaction was transformed into
chemically competent E. coli XL-1 Blue cells (provided in
QuikChange II kit) following the manufacturer’s directions. The
transformation mixture was plated on LB-agar plates containing 50 yg
mL™" of kanamycin and incubated at 37 °C for 18 h.

DNA Analysis and Sequencing. Single colonies from mutagenic
transformations (above) were individually cultured via standard
protocols, and corresponding mutant plasmid DNA was isolated from
each cultured strain using the QIAprep Spin Miniprep kit (QIAGEN
GmbH, Hilden, Germany). Glycerol stocks of each colony were made
by mixing equal volume cultures with 50% (v/v) glycerol and storing
them at —80 °C. Mutants were sequence confirmed via forward and
reverse sequencing. All DNA sequencing was performed by ACGT,
Inc. (Wheeling, IL) with T7 promoter (S’-TAATACGACT-
CACTATAGGG) and T7 terminator (5'-GCTAGTTATT-
GCTCAGCGG) primers.

Library Transformation. Leftover plasmid DNA encoding each
desired mutation was transformed into chemically competent E. coli
BL21(DE3) cells (New England Biolabs, Ipswich, MA) following the
manufacturer’s protocol and plated on LB-agar plates supplemented
with S0 pg mL™' kanamycin. Individual colonies selected from
corresponding plates grown overnight were used to inoculate wells of
a 96-deep-well microtiter plate (Corning Costar Assay Block, 2 mL,
96 Well, Square V-Bottom; Corning, NY) in which each well
contained 1 mL of LB medium supplemented with 50 ug mL™"
kanamycin. Culture plates were tightly sealed with AeraSeal
breathable film (Excel Scientific, Inc., Victorville, CA). After cell
growth at 37 °C for 18 h with shaking at 325 rpm, a glycerol copy was
made via addition of 1 mL of 50% (v/v) glycerol. The master glycerol
stock plate was tightly sealed with TempPlate sealing foil (USA
Scientific, Inc., Ocala, FL) and stored at —80 °C. Each 96-well culture
plate contained two copies of each mutant-expressing construct, eight
copies each of wild-type hMAT2A and empty pET28a constructs, and
two sterile wells.

Protein Production. A 96-deep-well microtiter plate containing 1
mL of LB medium supplemented with 50 yg mL™" kanamycin was
inoculated from the master glycerol stock plate. Culture plates were
tightly sealed with AeraSeal breathable film. After cell growth at 37 °C
for 18 h with shaking at 325 rpm, 100 uL of each culture was
transferred to a fresh deep-well plate containing 1 mL of LB medium
supplemented with S0 ug mL™' kanamycin. The freshly inoculated
plate was incubated at 37 °C for 1 h 45 min with shaking at 325 rpm.
N-terminal Hiss-tagged hMAT2A gene transcription was induced at
an optical cell density (ODyq) of ~0.7 via the addition of isopropyl /-
p-1-thiogalactopyranoside (IPTG, final concentration 0.5 mM), and
the plate was incubated for 18 h at 18 °C with shaking at 325 rpm.
Cells were harvested by centrifugation at 3000g for 20 min at 4 °C.
Each cell pellet was thoroughly resuspended in 50 yL of 25 mM Tris-
HCI (pH 8.0) containing 10 mM MgCl,, S0 mM KCJ, and 10 mg
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mL~! Iysozyme (Millipore Sigma) at 4 °C; transferred to a 96-well
full-skirt PCR plate (TempPlate, USA Scientific, Inc.); sealed with
TempPlate sealing foil; and subjected to a single freeze—thaw cycle to
lyse the cells. Cell debris was then collected by centrifugation at 3000g
for 20 min at 4 °C, and the cleared supernatant was used for enzyme
assays.

Library Screening. In a white 384-well plate (OptiPlate,
PerkinElmer, Inc., Waltham, MA), S uL of cleared supernatant was
mixed with an equal volume (5 yL) of 25 mM Tris-HCI (pH 8.0)
containing 10 mM MgCl,, 50 mM KCl, 20 mM r-Met (or methionine
surrogate), and 3.0 mM ATP using a VIAFLO 96 hand-held 96-
channel pipet (INTEGRA Biosciences Corp., Hudson, NH). Upon
mixing, the plates were tightly sealed with sealing foil, and the
reactions were incubated at 37 °C for 1 h and cooled to RT over 20
min. After the reactions were equilibrated to RT, each reaction was
mixed with an equal volume (10 yL) of Kinase-Glo Max reagent
(Promega Corporation, Madison, WI) previously also equilibrated to
RT. The assay plate was incubated for 10 min at RT and
luminescence subsequently measured using a FLUOstar Omega
plate reader (BMG LABTECH GmbH, Offenburg, Germany).

In Vitro Time-Course Assays (Hit Confirmation). In vitro
hMAT2A mutant reactions were conducted at a volume of 100 uL
with saturating ATP (2 mM) and methionine or methionine analogue
(10 mM), 10 uM purified mutant or wt-hMAT2A in 25 mM Tris, at
pH 8.0, 10 mM MgCl,, and 50 mM KCI. Reactions were incubated at
37 °C, and 20 pL aliquots were taken at various time intervals (10, 20,
40, 80, 120, 180, and 240 min) and quenched with equal volumes of
MeOH followed by centrifugation (10 000g, 20 min) to remove the
precipitated protein. Product formation for each reaction was
subsequently analyzed by RP-HPLC (see Supporting Information,
Figure S1). For each reaction, product (AdoMet, AdoMetol, or
AdoMetolMe) concentration was based on the integration of species
at 260 nm and calculated by multiplying the initial concentration of
ATP by the quotient of the integrated product (AdoMet plus MTA,
AdoMetol, or AdoMetolMe) HPLC peak area (mAU%*sec) over the
sum of the integrated peak areas for the product and remaining ATP
as previously reported.®>***> MTA derives from AdoMet and was
thereby also considered as contributing to the total product
concentration. Assays were repeated in triplicate, and Figure S
represents an average of replicates. Controls lacking enzyme,
methionine, metol, metolMe, and/or ATP led to no product.

In Vitro Kinetic Assays. To determine the K, and k, of select
hMAT2A mutants with L-Met and/or analogues thereof, in vitro
hMAT?2A mutant reactions were conducted in a volume of 50 yL with
saturating ATP (2 mM), varied concentrations of L-Met or analogues
thereof (0.3—12 mM), 10 uM purified mutant or wt-hMAT2A in 25
mM Tris, at pH 8.0, 10 mM MgCl,, and 50 mM KCI. Reactions were
incubated at 37 °C and subsequently quenched, while the reactions
still exhibited linear kinetics per the reaction progress curves (Figure
5), by adding an equal volume of MeOH followed by centrifugation
(10000g, 20 min) to remove the precipitated protein. Product
formation for each reaction was subsequently analyzed by RP-HPLC
as described in the preceding section (see Supporting Information,
Figure S1). Assays were repeated in triplicate where the Michaelis—
Menten plots in Figure S2 represent an average of replicates. Controls
lacking enzyme, methionine, metol, metolMe, and/or ATP led to no
product.
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