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ABSTRACT: The methyl transfer reaction between SAM and
glycine catalyzed by glycine N-methyltransferase (GNMT) was
examined using QM-cluster models generated by Residue
Interaction Network ResidUe Selector (RINRUS). RINRUS is a
Python-based tool that can build QM-cluster models with rules-
based processing of the active site residue interaction network. This
way of enzyme model-building allows quantitative analysis of residue
and fragment contributions to kinetic and thermodynamic properties
of the enzyme. Many residue fragments are important for the
GNMT catalytic reaction, such as Glyl37, Asnl38, and Argl7s,
which interact with the glycine substrate, and Trp30, Asp8S, and
Tyr242, which interact with the SAM cofactor. Our study shows that
active site fragments that interact with the glycine substrate and the
SAM cofactor must both be included in the QM-cluster models. Even though the proposed mechanism is a simple one-step reaction,
GNMT may be a rather challenging case study for QM-cluster models because convergence in energetics requires models with >350
atoms. “Maximal” QM-cluster models built with either qualitative contact count ranking or quantitative interaction energies from
functional group symmetry adapted perturbation theory provide acceptable results. Hence, important residue fragments that
contribute to the energetics of the methyl-transfer reaction in GNMT are correctly identified in the RIN. Observations from this
work suggest new directions to better establish an effective approach for constructing atomic-level enzyme models.
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B INTRODUCTION integrates mathematical and chemical analytics tools for
systematic and quantitative study of protein structure and
reactivity within the framework of QM-cluster models.” The
software designs front-end atomic-level models based on several
schemes ranking the importance of active site resides and
fragments, primarily employing (1) simple structural metrics
such as the radial distance of fragments from a defined active site

In computational enzymology, scientists encounter many
complex problems in attempting to understand enzymatic
reaction mechanisms on an atomic scale. Ontologies and
automated workflows are lacking that can fragment the
macromolecule into a computationally achievable size with

either multiscale quantum mechanics/molecular mechanics

(QM/MM) or QM-only “cluster models”. Without a standard “center”, (2) qualita:i\ge descriptors derived from the residue
set of building principles available in the community, interaction network,””° or (3) quantitative descriptors derived

automation, reproducibility, and calibration are challenging. from lfugctlon;l grou}g) /fni;r;ol;e_cgla;ﬂs\};}r{nmetry aflaP ted
There have been some recent successful attempts to calibrate p lertuArhatllon t e}:)rg E / 'S ) ) 4 us c.ontams an
quantum chemical levels of theory (one-electron basis sets, wave algorithmic method for trimming residues, capping atomic

function or density functional choice, and implicit solvation valencies,. fn'ld freezing the Ca/ Cp atoms of resic?ues. Thus,
scheme) for modeling atomic-level enzyme kinetics."” How- reproducibility is embedded into the RINRUS-designed QM-

ever, an overall lack of automation and model design standards

raise the learning curve for new practitioners, prevent a deeper Received:  June 19, 2023
understanding of differences between QM/MM and QM- Revised:  September 22, 2023
cluster enzymology, and inhibit quantitative comparison to Accepted: September 25, 2023

experimental results. Published: October 23, 2023

RINRUS (Residue Interaction Network ResidUe Selector), is
a stand-alone Python-based toolkit developed by our group that
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Scheme 1. Reaction Mechanism of the Methyl Transfer by Glycine N-Methyltransferase (GNMT ), Which Catalyzes the Transfer
of a Methyl Group from S-Adenosylmethionine (SAM) to Glycine, Resulting in the Formation of S-Adenosylhomocysteine
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“In this one-step reaction, the methyl group is located between the S atom of SAM and N atom of glycine.

cluster model input files, which are generated and can be
subsequently run using several popular open-source and
commercial quantum chemistry packages.

This work uses RINRUS to study the proposed mechanism for
glycine N-methyltransferase (GNMT). GNMT belongs to the
enzyme class of methyltransferases, which catalyze the transfer
of a methyl group from an S-adenosyl methionine (SAM,
AdoMet) cofactor to small-molecule substrates. SAM is a well-
known methyl donor and is converted to S-adenosyl
homocysteine (SAH, AdoHcy) in the process. The methyl-
transferase class of enzymes is druggable targets implicated in
several metabolic diseases,"”~"” and thus atomic-level explora-
tion and calibration is valuable.

One well-studied example of a methyltransferase enzyme is
human catechol-O-methyltransferase (COMT). An X-ray
crystal structure of COMT (PDB: 3BWM) complexed with
SAM and a 3,5-dinitrocatechol inhibitor at 1.98 A resolution'®
has been a focus of several QM/MM and QM-cluster model
benchmark efforts."”~** The nonspherical nature of the COMT
active site provides a useful case study to demonstrate slow
convergence of energies and properties with respect to model
size when expanding radially from the Mg*" ion at the center of
the active site. Recently, a QM-cluster model study based on the
X-ray crystal structure of human COMT was published by our
group to explore the convergence of the energetics of the methyl
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transfer reaction with respect to growing QM-cluster model size
using five different model-building schemes.'” Activation free
energies and reaction free energies were computed by using
density functional theory (DFT) for 550 unique QM-cluster
models built with the RINRUS toolkit. K-means clustering was
used to identify a set of residues that contribute systematically
for convergence of AG* and AG,,, with a modest model size of
200—300 atoms. The findings also indicate that building models
stepwise using residues ranked by the number of interactions
with a substrate/cofactor led to accelerated convergence within
2 kcal/mol of the largest ~500-atom QM-cluster models.”
Another type of methyltransferases is glycine N-methyltrans-
ferase (GNMT), which is found in endocrine system organs of
several mammals.”> GNMT transfers the methyl group from
SAM to glycine, forming sarcosine (Scheme 1). Unlike many
methyltransferases, GNMT is known for regulating the SAM/
SAH ratio,***™** which is important for SAM-dependent
methyltransferase in cells. GNMT and COMT both belong to
the AdoMet methyltransferase class I family, sharing a structural
core; yet there are two fundamental differences—the GNMT
active site is metal-free, and the methyl group of SAM is
transferred to a nitrogen atom on a glycine substrate rather than
an oxygen on a catechol substrate.”” The first X-ray crystal
structure of GNMT in complex with SAM was determined at 3.0
A resolution and has a unique “closed” structure.” It has been

https://doi.org/10.1021/acs.jpcb.3c04138
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observed that in the active site of GNMT, the binding of SAM
and glycine follows a sequential order, with SAM binding before
glycine,”" and the enzyme shows a sigmoidal rate behavior with
respect to SAM concentration.”*** Compared to COMT, there
are fewer computational studies on GNMT. Our research on
COMT made a case that ranking residue importance based on
RIN descriptors can be used to build reliable QM-cluster models
with a size of 200—300 atoms. This work will test the same
hypothesis regarding the proposed GNMT reaction mechanism.

The apparent kinetic rate constant (k) of the wild-type
GNMT from rat liver cytosol was measured to be 27.0 min ™" at
30 °C and pH 7.2.%° The free energy of activation converted
from the rate constant of the wild-type protein is 18.2 kcal/mol.
A R175 K mutation reduced the binding affinity of glycine but
not of SAM, indicating that Argl75 is important for glycine
ligand binding. The rate constant of the R175 K mutant was
measured to be 9.94 min™" with a significantly reduced k.,./ Kyx™
and k./K$Y compared to the wild-type, which indicated that
this mutation reduced catalytic efficiency.”® In 2003, X-ray
crystal structures of the wild-type GNMT in complex with SAM
and acetate (a known potent competitive inhibitor of
glycine)**** and the R175 K mutated enzyme in complex with
SAM (PDBs: INBH and 1NBI)** were determined with similar
resolution (3.0 and 2.8 A resolution, respectively). More
recently, the activity of rat GNMT was measured radiometrically
using steady-state kinetic measurements by Zhang and Klin-
man.”” The rate constant of GNMT was determined to be 174.5
+ 23.2 min ™" for the wild type protein at 37 °C and neutral pH
under saturated substrate conditions. The free energy of
activation can be converted from the rate constant of the wild-
type protein to 17.4—17.6 kcal/mol.

The first theoretical study of the GNMT active site kinetics
was a QM-cluster model study using different sized (ranging
from 22 to 98 atoms) models, in 2005 by Velichkova and
Himo.” The models were based on the acetate-inhibited X-ray
crystal structure (PDB: INBH) and employed DFT with the
B3LYP*** functional and 6-31G(d,p) basis sets for geometry
optimization. At the optimized geometry, a single-point energy
calculation was performed with a larger basis set [B3LYP/6-
311+G(2d,2p)]. Implicit solvation effects were calculated as a
single-point energy based on the optimized geometry at the
B3LYP/6-31G(d,p) level using the conductor-like
COSMO™™*" solvation model with the polarizable dielectric
continuum (dielectric constant ¢ = 4). However, implicitly
solvated single point energies on top of gas-phase optimized
geometries can sometimes produce unreliable kinetics for QM-
cluster models.* The smallest model used by Velichkova and
Himo included only the SAM, glycine, and Argl75 fragments.
With this smallest model, the activation energy and reaction
energy were predicted to be 11.2 and —20.1 kcal/mol,
respectively. From the largest model in their study (including
SAM, glycine, Arg175, Tyr21, Gly137, Asn138, and Tyr194) the
free energies of activation and reaction were computed to be
15.0 and —14.1 kcal/mol. By adding one residue at a time to the
smallest model, the change in activation free energies ranged
from —1.3 (SAM + glycine + Argl75 + Gly137) to +6.4 kcal/
mol (SAM + glycine + Argl75 + Tyrl94), providing a
semiquantitative estimation of the influence of active site
residues on kinetics/thermodynamics. A later computational
study by Moliner et al.*® used QM/MM MD simulations with
the rat-liver X-ray crystal structure and found the free energy of
activation to be 15.2 kcal/mol, which is close to the value of the
largest model of Velichkova and Himo as well as experimental
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data. In that study, the QM region included only the SAM and
glycine and was computed at the AM1 or M06-2X/6-31+G(d,p)
level of theory.

In this work, active site fragment ranking schemes based on
residue interaction network information are employed for
building different sized QM-cluster models to study the GNMT
N-demethylation reaction mechanism. Systematic QM-cluster
model building provides insight into the function and
importance of various residues and how to build QM-cluster
models in a more general way that is not only limited to chemical
intuition and consideration of experimental results. Further-
more, an increasing number of case studies and benchmarks
performed in our group will provide guidance on employing
residue interaction networks to build the “right model” for the
“right reason”, which will lead to an improved comparison with
experimental biokinetics and drug discovery. RINRUS-based
QM-cluster models applied to the larger class of methyltrans-
ferases may elucidate previously unknown trends or common-
alities in structure and function.

B COMPUTATIONAL METHODS

The X-ray crystal structure of GNMT in complex with S-
adenosyl-L-methionine (SAM, positively charged) and acetate
(ACT, negatively charged; PDB: INBH) was used to construct
the models for quantum mechanical computations. The acetate
inhibitor was changed to glycine (Gly, negatively charged form)
in all models. In this study, only the wild type protein is used to
construct models. RINRUS then utilizes the reduce program*” to
add H atoms to the PDB file.

In the early computational study by Velichkova and Himo,
eight small QM models were studied, focusing on the effects of
six imgortant residues. The largest model that Velichkova and
Himo>® investigated contained SAM, glycine, Tyr21, Gly137,
Asn138, Argl75, and Tyr194. We also created a set of QM-
cluster models composed of these residue fragments, labeled
Himo-A, Himo-B, Himo-C, Himo-D, Himo-E, Himo-F,
Himo-G, Himo-L1, Himo-L2, and Himo-L3, and Himo-L
+H, where Himo-A through Himo-G include SAM, Gly, and
Argl75 and one or two additional active site residues (see Table
S1); Himo-L1, Himo-L2, and Himo-L3 are three conforma-
tions of the largest (“L”) model constructed by Velichkova and
Himo that contains seven fragments and 98 atoms with seven
atoms kept frozen. Himo-L1 and Himo-L3 are constructed
from the X-ray crystal structure with the OH group on Tyr21
pointing toward or away from SAM respectively in the initial TS
guess, while Himo-L2 is constructed starting from the optimized
Himo-L+H TS structure but with His142 removed. Two
additional models were tested, including the Himo-Seed model,
which has only SAM and a Gly substrate, and the Himo-L+H
model, which has all the fragments of Himo-L1 plus His142.
His142 clearly has a large impact on the kinetics and
thermodynamics in the study by Velichkova and Himo.
However, it was not included in their largest QM-cluster
model. In all Himo-based QM-cluster models, the SAM cofactor
was truncated the same way as in the Velichkova and Himo
study,”® to an ethylmethylthioethane cation. All other QM-
cluster models reported in this study used the full SAM
molecule. Selected frozen atoms for the Himo-based models
were equivalent to those frozen in the Velichkova and Himo
study.

For constructing new QM-cluster models with RINRUS, a
residue interaction network (RIN) of the entire EProtein must
first be realized. In this study, the program probe4 was used to

https://doi.org/10.1021/acs.jpcb.3c04138
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generate residue—residue atom contact information. Then, a
“seed” needs to be defined based on the fragments fundamental
to the catalytic reaction. Ranking schemes for fragment selection
then prioritize fragments that have the highest number of
interatomic contacts, the highest number of interaction types, or
the largest magnitude interaction energies with the seed. In the
first set of RINRUS QM-cluster models, SAM and Gly were
defined as the seed, where contact counts between atoms of
active site fragments with atoms of both the glycine substrate
and SAM cofactor from the probe-based RIN were summed. A
total of 25 residues (Table 1) were identified having one or more
interatomic contacts” with Gly or SAM (the active site of the

Table 1. Residue and Trimming Information for Various
Sized QM-Cluster Models Built Based on Residue
Fragments—Seed (SAM+Gly) Interaction Counts of probe
RIN“

contact # of frozen
counts  charge atoms atoms AG*  AG,,
SAM293 +1 X
Gly294 0 X
3 Tipll7 627 0 C,
Asnll6 0 Cy
(mc)
Trp30 38§ 0 Co Cp
S Tyr21 300 0 129 Ca Gy 192 =202
6 Asnll16 269 0 136 205 -179
(sc)
7 Ser139 244 0 145 C, 141 =209
8 Ala86 190 0 160 C, 13.0 -214
Asp8S 0 C,
(me)
9 Arg40 189 +1 182 Co Cp 140 243
10  Asp8S 183 0 187 Cy 173  -179
o
11 Tyr194 179 0 206 Ca Cp 17.0 =225
12 Tyr242 172 0 225 C, C/; 172 =243
13 Asnl38 165 0 239 C, 11.7 =208
14 Argl7s 164 +1 261 Ca Gy 123 -17.6
15 Tyr33 128 +1 280 Co Cp 1. -223
16 Hisl42 118 +1 295 Cu Cp 103 =226
17 Tyr220 111 +1 314 C, C/, 11.8 —23.8
18  Ser87 84 +1 325 C, 114 =237
19 Alall$ 57 +1 332 C, 10.5  —24.5
20 Ile34 SS +1 351 Ca Cp 11.7 =236
21 Gly66 54 +1 363 C, 123 -187
Cys65 C,
(mc)
22 Ala64 48 +1 370 C, 114 -19.2
23 Gly137 39 +1 377 C, 8.3 -29.7
24 Val69 28 +1 391 Co Cp 8.7 —-28.4
25 Leul36 24 +1 398 C, 9.3 —28.9
26 Leul43 18 +1 417 C, 109 —26.8
27  Met90 15 +1 432 C, 9.1 —-29.7
Himo-L1 +1 98 13.0 -18.0

“C, indicates frozen alpha-carbon atoms for that residue. C, Cy
indicates frozen alpha- and beta-carbons for that residue. X indicates
no atom was frozen in the specified residue/fragment in the model.
Residue ID numbers written in italics were not identified in the
smaller RIN as having contact with the seed but were added as
bridging residues connecting two discrete residues, such as the Res8
model. Asp8S was not ranked among the top 8 but was added as a
bridging residue. Gibbs free energies of activation and reaction are
shown (in kcal/mol).
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Figure 1. Active site of the X-ray crystal structure INBH chain A and
the 3D structure shown in stick representation of the maximal model
(Res27). The seed that includes the SAM and Gly is highlighted in
magenta, and all other residues in the RIN are shown in green.

enzyme is shown in Figure 1 with the 25 residues shown as green
sticks and Gly+SAM shown as magenta sticks; in addition, the
2D structure for this RIN is shown in Figure 2), and these
residues were ranked based on the decreasing number of
contacts with the seed (shown in Table 1 with the charge of each
model and number of contacts between each residue fragment
and the seed). His142 was singly protonated on the § position as
in the studies by Velichkova and Himo®® and Moliner et al.*’
Among the 25 residues that interact with the seed fragments,
Gly137 and Tyr194 interact with both SAM and the glycine
substrate; Tyr33, Asn138, Argl75, Tyr220, and Tyr242 interact
with the glycine substrate only; and the remaining 18 residue
fragments interact with SAM only. The details of probe
interaction types between the residue fragments and seed
fragments are shown in Table S2. Based on the generated RIN,
either main chain, side chain, or entire residues were trimmed
and capped by RINRUS to fulfill the atom valency in each model.
The smallest RINRUS-designed QM-cluster model includes the
SAM; glycine substrate; and Trpl17, Trp30, and Tyr2l
residues. These three residues all have more than 300 interaction
counts with the seed. By increasing one fragment at a time based
on the probe ranking, a total of 23 models were constructed with
the largest “maximal” model containing 25 residues/fragments
and the SAM+glycine seed (27 fragments total, 432 atoms). For
the probe RIN with a Gly seed, 10 residue fragments were
detected to interact with Gly. The smallest model has five
residue fragments (SAM + Gly + Tyr21 + Trp117 + Argl75, 159
atoms). Tyr242 and Asn138 were ranked sixth and seventh in
the ranking scheme (Table 2). Gly137 was found to have the
least number of interaction counts with the substrate Gly, and
with Gly137 included, the largest QM-cluster model with a Gly
seed has 253 atoms.

The largest QM-cluster model with the SAM+Gly seed that
was constructed from the probe-based RIN was used to compute
seed—residue interaction energies with functional-group
symmetry-adapted perturbation theory (E-SAPT),® which is
implemented in the PSI4 v1.5*’ program. F-SAPT can analyze
and partition the noncovalent interaction energy between two

https://doi.org/10.1021/acs.jpcb.3c04138
J. Phys. Chem. B 2023, 127, 9282—-9294
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Figure 2. 2D structure of the maximal Res27 QM-cluster model, which includes all residues that interact with SAM and glycine in PDB 1NBH.
bodies into electrostatic, exchange-repulsion, induction, and and frozen core electrons.®'" Residues in the network are ranked
dispersion energies as in conventional SAPT. However, F-SAPT according to the decreasing absolute value of the total
can further decompose one of the parent bodies into smaller interaction energy. When the substrate Gly alone was used as
subfragments such as user defined chemically meaningful the seed, 22 residue fragments interact with Gly with an absolute
functional groups. Here, one body in the F-SAPT computation interaction energy higher than 0.5 kcal/mol (Table 3), among
is defined as the seed (Gly or Gly+SAM), and the second body is which 16 have interaction energies higher than 1.0 kcal/mol.
defined as the main chain and/or side chain of each amino acid When SAM and Gly fragments are combined as the seed, 24
residue present in the maximal QM-cluster model. The residue fragments interacting with SAM or Gly have an absolute
individual interaction energies between the seed and each interaction energy higher than 0.5 kcal/mol (Table 3), and 22 of
main chain and/or side chain fragments are partitioned, and the residue fragments have interaction energies higher than 1.0
these F-SAPT interaction energies are incorporated into ranking kcal/mol. Two sets of F-SAPT-based QM-cluster models were
the importance of residue fragments in the catalytic reaction incrementally built, with the size of the Gly-only seed and SAM
step.'%'? +Gly seed models ranging from 81 to 384 and 81 to 385 atoms,
As in our recently published work,'® the zeroth-order respectively.

formulation of F-SAPT, F-SAPTO, is used for computing All subsequent QM-cluster model computations were
interaction energies with the jun-cc-pVDZ basis set on all atoms performed using the Gaussian 16 program.”” Density functional
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Table 2. Residue Information for the Various Sized QM-
Cluster Models Built Based on Residue Fragments-Seed
(Gly) Interaction Counts of probe-RIN“

contact res # of .

counts charge atoms AG*  AG,,
1 Gly294 -1
2 SAM293 0
3 Trpl17 0
4 Trp21 0
S Argl75 164 +1 129 17.3 —18.5
6 Tyr242 172 +1 148 16.7 —-22.1
7 Asnl38 165 +1 167 16.8 -37.8
8 Tyr33 128 +1 186 15.3 —25.9
9 Tyr194 116 +1 205 15.6 —13.5
10 Tyr220 111 +1 224 14.5 —-19.9
11 Trp30 37 +1 246 13.8 —16.1
12 Gly137 17 +1 253 5.7 —-32.4

“Gibbs free energies of activation and reaction are shown (in kcal/
mol).

theory (DFT) with the hybrid B3LYP exchange-correlation
functional®*~*" was employed with the 6-31G(d’) basis set for
N, O, and S atoms>' ™>° and the 6-31G basis sets for C and H
atoms.”* QM-cluster models incorporated the Grimme D3
(Becke-Johnson) dispersion correction (GD3BJ)**° and a
conductor-like polarizable continuum model (CPCM)*"** with

a cavity built using the universal force field (UFF) atomic radii, a
nondefault electrostatic scaling factor of 1.2, and the default
parameters for water with an attenuated dielectric constant of &
= 4. This dielectric constant value® has been previously
determined as appropriate for simulating the less-polarized
environment within an enzyme active site.””° Implicit solvation
was incorporated into all geometry optimizations and harmonic
frequency calculations. The computational methodology has
been successfully employed in several enzyme studies which
have reliable comparisons to experimental results.'”°'~%*
Unscaled harmonic vibrational frequency calculations were
used to identify all stationary points as either minima (no
imaginary frequency) or transition states (only one imaginary
frequency). Reactants and products corresponding to the
methyl transfer TS were located by following the intrinsic
reaction coordinate (IRC).%>*° The same “freeze code” scheme
of Gaussian 16 used in other enzyme studies by our group is used
in this study. It needs to be noted that all atoms in the SAM and
glycine fragments are unfrozen in all RINRUS models. Zero-
point energies (ZPE) and thermal enthalpy and free energy
corrections were computed at 1 atm and 310 K.

The structures of every reactant, transition state, and product
of every QM-cluster model reported here are represented in a
PDB (Protein Data Bank) formatted file included in SI. In the
PDB files, the Cartesian coordinates are listed along with the
corresponding atom freeze code information. The atom freeze

Table 3. Residue Main-Chain or Side-Chain (mc/sc) Fragment Ranking Based on SAPT Absolute Total Energy Using Gly As the

Seed or SAM Plus Gly As the Seed”

Gly only Ei¢ charge  # of atoms AGH
1 Gly294
2 SAM293
3 Argl75 sc —110.0 1 81 30.7
4 Arg40 sc —-33.3 2 103 29.6
S Asp85 sc 24.7 1 113 15.1
6 Asn138 sc —20.6 1 125 14.0
7 Tyr220 sc —15.1 1 144 13.8
8 Tyr33 sc —12.8 1 163 17.2
9 Asn138 mc 7.0 1 170 14.8
10 G1y137 mc 6.5 1 184 10.7
11 His142 sc 5.6 1 199 12.8
12 Ala64 mc 2.2 1 214 13.4
13 Tyr194 sc -1.6 1 233 12.3
14 Tyr21 sc 1.4 1 252 11.3
15 Ala86 mc -1.2 1 269 139
16 Met90 sc 1.1 1 284 142
17 Tyr242 sc -1.0 1 303 8.2
18 Alalls mc 0.9 1 315 10.4
19 Asnllé mc -0.9 1 318 10.4
20 Trp30 sc —0.6 1 337 9.2
21 Trpl17 sc 0.6 1 361 7.7
22 Ser87 sc -0.5 1 365 9.5
23 Leul43 sc -0.5 1 384 9.5
24 Leul36 mc -0.3
25 Ile34 sc -0.3
26 Asnll16 sc 0.3
27 Ala86 sc —-0.2
28 Ser139 sc 0.1
29 Val69 sc 0.0

AG,,

-9.2
—18.7
-22.3
—19.8
—19.2
-16.9
=274
—25.4
-36.9
—36.8
—35.6
-25.1
—24.5
—24.5
=312
—24.8
—24.8
-23.3
—23.7
—28.4
—28.5

Gly plus SAM Ei charge  # of atoms AGH AG,,
Gly294
SAM293
Argl75 sc —=77.7 1 81 30.7 -9.2
Asp85 sc —66.0 0 91 15.1 —-33.2
Arg40 sc —-25.8 1 113 15.1 =223
Ala64 mc —24.5 1 125 15.1 —-22.3
Leul36 mc —-21.2 1 137 16.7 224
Tyr220 sc —16.8 1 156 17.3 —-19.3
Asn138 sc —13.7 1 170 14.3 —25.6
Ser139 sc —-13.6 1 181 11.7 —23.4
His142 sc —12.1 1 196 16.1 —19.8
Trp30 sc —10.8 1 218 10.4 =32.5
Tyr33 sc —-10.4 1 237 9.1 -32.7
Trpl17 sc -89 1 259 9.0 -30.9
Tyr194 sc -S54 1 278 9.0 -30.9
Gly137 mc —4.9 1 278 9.0 —-30.9
Tyr21 sc 4.6 1 297 119 -21.0
Ala86 mc 4.4 1 304 109 —18.6
Alalls mc —4.1 1 318 13.5 —16.8
Met90 sc -3.5 1 333 13.7 —-16.4
Asnll6 mc -3.1 1 333 13.7 —-16.4
Tyr242 sc =23 1 352 11.2 —23.8
Asn138 mc —-1.8 1 352 11.2 —23.8
Ser87 sc 1.3 1 363 9.4 =272
Leul43 sc -0.8 1 382 10.1 —-27.3
Ala86 sc -0.7 1 385 9.7 —27.8
Val69 sc —0.1
Asnll16 sc 0.0
Ile34 sc 0.0

“The F-SAPT total interaction energy (in kcal/mol) of each residue, charges and number of atoms of each model are listed along with the free
energy of activation and reaction (in kcal/mol). The residues highlighted in bold are not included in ResX-fsaptl models.
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code is specified in the last column of each line in the PDB file
and is denoted by either “0” or “-1”. Specifically, a freeze code of
“0” indicates that the atom is unfrozen and can move freely
during the computation, while a code of “-1” indicates that the
atom is frozen and remains fixed in its position throughout the
computation.

The following labeling scheme ResX-Y is used for the QM-
cluster model illustrating the reaction mechanism, where X =
number of residues/fragments in the model (5 to 27); Y = R
(reactant), TS (transition state), or P (product). For example,
Res9-R refers to the optimized nine-fragment reactant structure.
The Gly-only seed models follow the labeling scheme ResX-Y-
Gly. For the F-SAPT-based models, when Gly is the seed
fragment, the labels ResX-Y-fsaptl are used, and when both Gly
and SAM are included in the seed, the label ResX-Y-fsapt2 is
used.

B RESULTS AND DISCUSSION

Himo-Based Models. Velichkova and Himo reported
activation and reaction energies (AG* and AG,,) of 15.0 and
—14.1 kcal/mol for their largest model. The minimal model
(SAM+Gly) as well as models of Velichkova and Himo were
retested, and the 3D cartoon of the optimized TS structures are
shown in Figure S1. AG* and AG,y, values of all Himo-based
models computed in this study are shown in Figure 3 and Table
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Figure 3. Free energy diagram of different sized Himo-based models
(in blue, computed using B3LYP/6-31G(d’)/6-31G, built the same
way as Himo) along with the Himo-Seed model (SAM plus Gly) and
Himo-largest model plus His142 (Himo-L+H) built based on the
models in ref 35. The free energies of the original models reported in ref
3S are shown in red. Symbols on top (triangles), middle (circles), and
bottom (crosses) show the free energies of activation, reaction, and
charges for each model, respectively. The dashed line in magenta
represents the experimental rate constant value converted to a free
energy of activation of 17.5 kcal/mol.

S1. Comparatively, the initial QM-cluster models described in
this work are constructed in the same fashion as Velichkova and
Himo, but we utilize different basis sets, solvation schemes, and
dispersion corrections. Hence, deviations from the original
values of Velichkova and Himo are expected. The AG* and
AG,,, of our Himo-seed model (SAM+Gly) are 17.0 and —21.5
kcal/mol. The Himo-A model (SAM+Gly+Argl75) gives AG*
and AG,,, values of 17.3 and —17.9 kcal/mol versus 11.2 and
—20.1 kcal/mol of model A in Velichkova and Himo, shown in
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Figure 3. Our Himo-L1 model has AG*and AG,,, values 0of 13.0
and —18.0 kcal/mol at 310 K, which are lower than the values of
the largest model of Velichkova and Himo (15.0 and —14.1 kcal/
mol) and the experimental AG* value (17.4—17.6 kcal/mol),
respectively. In the study of Velichkova and Himo, adding
Tyr21, Asn138, Tyr194, or Tyr21+Gly137+Asn138+Tyr194led
to a positive AAG* value compared to model A. However,
adding any of the core residue fragments to our Himo-A model
leads to a negative AAG" value, except for Himo-L2 and Himo-
L3. Our Himo-L+H model adds His142 to the largest model of
Himo and has a AG¥ of 15.0 kcal/mol, which is also 2.3 keal/mol
lower than that of Himo-A and a AG,, of —14.0 kcal/mol,
which is 3.9 kcal/mol higher than that of Himo-A. For the
largest Himo model, we found three conformations, Himo-L1,
Himo-L2, and Himo-L3 (Figure S1). Large energy differences
are seen in the three models (Table S1), and AG*/AG,,, are
13.0/—18.0, 17.4/—15.8, and 17.6/—16.0 kcal/mol for Himo-
L1, Himo-L2, and Himo-L3 models, respectively. All the
differences between our results and the ones from previous
studies indicate that QM-cluster models including only seven
residue fragments may not be an adequate enough representa-
tion of the GNMT active site to reliably depict the reaction
environment, even though the largest model tested by
Velichkova and Himo has a free energy of activation close to
the experimental value. Hence, to gain more insight about
GNMT and its catalysis, a more systematic approach is needed
for finding a comprehensive QM-cluster model that eliminates
size and composition deficiencies as a source of error.
RINRUS-Based Models: probe Residue Fragment
Ranking with a SAM+Gly Seed. The AG* and AG,,, values
of the probe-based RINRUS QM-cluster models and the model
charges are shown in Table 1 and Figure 4. Residue effects on the

free energies are also examined using AAG® and AAG,,

AG¥ (kcal/mol)

AGxn (kcal/mol)

° — — T
g AN
g ol /
o T T T T T T T T T T T T T T T T T T T T T T
ORI OIIVIILARID D PP PP O
Number of residues Q»\\@

Figure 4. Free energy diagram of the 23 different sized RINRUS models
along with the largest model in ref 35 built and computed in this study
(B3LYP/6-31G(d’)/6-31G). Symbols on top, middle, and bottom
show the free energies of activation for N-demethylation, reaction free
energies, and charges for each model, respectively. The energies of the
Himo-L1 model (98 atoms) are shown in blue empty symbols. The
dashed line in magenta represents the experimental value converted free
energy of activation of 17.5 kcal/mol. The red dotted lines show the
tight energy convergence range (within +1 kcal/mol of the AG* and
AG,, of the maximal model Res27); the green dotted lines show the
loose energy convergence range (within +3 kcal/mol of the AG* and
AG,,, of the maximal model Res27).
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[changes in AG* and AG,,, when the model size increases by
one residue (Figure S2)]. Among various sized models, the AG*
values of RINRUS models range from 8.3 to 20.5 kcal/mol,
AG,,, values range from —29.7 to —17.6 kcal/mol at 310 K. The
AG* and AG,,, values of the maximal model Res27 are 9.1 and
—29.7 keal/mol (Table 1, Figure 4). In this work, we propose
two definitions for the “convergence” of a model building
scheme: if both AG* and AG,,, of a model and all subsequent
larger models are within either +1 or +3 kcal/mol of the AG*
and AG,,, of the maximal model in the scheme.

The two smallest models, ResS and Res6, have AG* values
higher than 19 kcal/mol (Table 1, Figure 4). Starting from Res?7,
the AG* values of all models are below 17.5 kcal/mol, and
unsigned AAGH values stabilize after Ser139 is added. Still, some
significant AAG* and AAG,, values are seen when the charged
residues Arg40 (Res9, AAG,,,= —2.9 kcal/mol, Figure S2) and
Asp85 (Res10, AAG* and AAG,,, of +3.3 and +6.4 kcal/mol,
respectively in Figure S2) are sequentially added. From Res10 to
Resl2, AAG* is small; AG,,, values become more negative.
Adding Tyr194 (Res11) has a large effect on the reaction energy
with AAG,,, = —4.6 kcal/mol. However, from Res12 to Res14,
large AAG* and AAG,,, values are observed by adding Asn138
(Res13, —5.5 and +3.5 kcal/mol, respectively) and Argl75
(Res14, AAG,,, = +3.2 kcal/mol). Among fragments of Ser139,
Arg40, Asp8S, Tyr194, Asnl138, and Argl7S$ that have a large
impact on free energies, only Tyr194, Asn138, and Argl75
residues were included in QM-cluster models constructed by
Velichkova and Himo.*> The positively charged Argl75 was in
every model of Velichkova and Himo as it hydrogen bonds to
the two oxygen atoms of the Gly carboxyl group. To better
characterize the effect of Argl75 in smaller models, Argl75 is
added to ResS to Resl2, which are built from the X-ray
structure, and all models are optimized. AG* and AG,,, values
range from 12.6 to 27.2 kcal/mol and —23.3 to —2.6 kcal/mol,
respectively (Table S3, Figure S3), and most models with
Argl75 added are 4 to 7 kcal/mol higher in AG* and about 6
kcal/mol higher in AG,,, compared to the original models.
However, no similar trends in AAG* or AAG,,, are found in the
two sets of models (original ResS to Res12 models without
Arg175 and those with Arg175, Figure S3). Large changes in free
energies and conformations, such as a side chain reorientation of
Tyr21 and large translation of the Gly substrate, are observed in
these small models (Figure S4). Energy/structure discrepancies
between the sets of models with and without Argl75 suggest
that smaller QM-cluster models are not reliable for studying this
reaction as conformational freedom of each residue fragment is
large. The Argl75 side chain hydrogen, which hydrogen bonds
to the carboxyl group of Gly, may not be the only key residue for
pinning down the Gly substrate in the active site or achieving
energy consistency.

After Argl75 is included in the Res14 probe model, unsigned
AAG* values are less than 1.5 kcal/mol (Figure 4 and Figure
$2),and AG* values are within 3.0 kcal/mol energy compared to
that of Res27. Unsigned AAG,,, values are less than 1.3 kcal/
mol. However, convergence is disrupted by the addition of
Gly66 (Res21) and Ala64 (Res22), as the AAG,,, values are
+4.9 and —0.5 kcal/mol, respectively. The value of AG,,, for the
Res22 model is 10.5 kcal/mol less negative than that of the
maximal model.

Gly137 is included in Res23, which has an outsized structural
effect on stabilizing the substrate, as its main-chain oxygen is a
hydrogen bond acceptor to an amine hydrogen atom on the Gly
substrate. The addition of Gly137 also causes the main-chain

9289

carbonyl group of Asn138 to shift and form two hydrogen bonds
with the NH, group of Gly while only one hydrogen bond is
present in Res22. These newly established hydrogen bonds in
Res23 make the Gly substrate a stronger nucleophile which
causes a decrease in kinetic and thermodynamic values (AAG* =
—3.1 and AAG,,, = —10.5 kcal/mol compared to Res22, Figure
$2). Gly137 also causes a decrease in AG* and AG,,, (AAG* =
—1.3 and AAG,,, = —4.7 kcal/mol), which was also reported by
Velichkova and Himo.”> AG* values of the five largest probe-
based models (Res23 to Res27) range from 8.3 to 10.9 kcal/
mol, and AG,,, values range from —29.7 to —26.8 kcal/mol
(Figure 4). The tight convergence within +1 kcal/mol free
energy between a model and Res27 is disrupted by the addition
of Val69 (Res24, AAG,,, = +1.3 kcal/mol compared to that of
Res27) and Leul43 (Res26, changes in AG* and AG,, are+1.7
and +2.9 kcal/mol compared to Res27). Our looser definition of
QM-cluster model convergence is achieved with the 377-atom
Res23 model. The energetics of GNMT catalysis are sensitive to
the addition of residue fragments even when the model sizes are
relatively large. Res23 is the smallest RINRUS energy converged
model, which contains all residues in the Himo-L model (98
atoms) and additional residue fragments that stabilize SAM and
Gly in the active site of the enzyme.

RINRUS-Based Models: probe Residue Fragment
Ranking with a Smaller Seed (Gly Only). It needs to be
noted again that in all RINRUS-built QM-cluster models the
SAM was not trimmed. SAM is a much larger molecule than free
glycine, and several residues near the SAM cofactor have higher
interaction counts than those that interact with Gly. For
example, Trp117 (interacting only with SAM, 627 contacts) and
Trp30 (348 interaction counts with SAM and only 37 with Gly)
are ranked third and fourth in the RIN, while Argl75 (only
interacts with Gly, 164 contacts) is ranked 14th. Hence, how to
effectively weigh these interactions in order to balance the
cofactor/substrate size difference may be another factor to
consider when building QM-cluster models.

We hypothesized that if we include all residues that interact
only with the Gly, RINRUS would capture enough residues that
interact also with SAM to obtain quicker convergence of kinetics
and thermodynamics with much smaller QM-cluster models
compared to those converged in the original probe-ranking
scheme with Gly+SAM seed. Therefore, a set of small QM-
cluster models was built using probe-RIN contacts including Gly
substrate as the only seed fragment. AG* and AG,y, for these
models are shown in Table 2 and Figure S. Consistently high
AG* values are seen in the first seven models (Res5-Gly to
Res11-Gly AG* ranges from 13.8 to 17.3 kcal/mol, which are
4.7 to 8.2 kcal/mol higher than the maximal SAM+Gly model
Res27), then large changes are observed in AG* and AG,y,, after
adding Gly137 in Res12-Gly (AAG* and AAG,,, are —8.1 and
—16.3 kcal/mol, respectively). Specifically, the Glyl37 main
chain blocks a shift of the SAM methionine group toward the
Tyr194 and Gly substrate, which is observed in other models.
Hence, residues that interact solely with SAM are also needed to
reach energy convergence and proper conformation, which
indicates that QM-cluster models built based on a RIN with only
Gly as the seed fragment is not adequate for describing the
methyl transfer reaction in GNMT.

F-SAPT Interaction Energy-Based Models: Gly Only
and SAM+Gly As Seeds. Considering the limitations of using
probe-SAM+Gly or Gly-only residue interaction counts to build
QM-cluster models for achieving energy convergence in smaller
models, a F-SAPT residue interaction energy-based ranking
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Figure S. Free energies of activation and reaction of the QM-cluster
model built based on probe ranking of residue fragment interactions
with Gly substrate only as the seed. The dashed line in magenta
represents the experimental value converted free energy of activation of
17.5 kcal/mol. The red dotted lines show the tight energy convergence
range (within +1 kcal/mol of the AG*and AG,,, of the maximal model
Res27); the green dotted lines show the loose energy convergence
range (within +3 kcal/mol of the AG* and AG,, of the maximal model
Res27).

scheme was explored. F-SAPT ranks the charged residue
fragments Argl75, Arg40, and Asp8S much higher than probe-
interaction counts with Gly+SAM seed. Arg40 and Asp85
residues interact only with SAM and are not included in the
probe Gly-only RINRUS models (Table 2). As charged residues,
they have relatively large F-SAPT interaction energies. The three
charged residues are the first fragments that are added to the F-
SAPT-based RINRUS models independent of including the
SAM cofactor in the seed. Interestingly, the Gly-only seed has its
interaction energy ranked in the order Arg175 > Arg40 > Asp 85,
while the Gly+SAM seed ranks Argl75 > Asp8S > Arg40 (Table
3). The magnitude of interaction energies of the third-ranked
fragment (Asp85; 24.7 kcal/mol in the Gly-only seed and Arg40;
—25.8 kcal/mol in the Gly+SAM seed) is comparable to the
magnitude of the various uncharged polar residues in the active
site such as Asn138 and Ser139. Arg40 positions close to the
carboxyl group of methionine on SAM and Asp85 hydrogen
bonds to the two hydroxyl groups of the SAM adenosyl group.
Neither residue is the closest to the methyl transfer reaction
center compared to other residues of the active site RIN.
Based on the Gly interaction energies with active site
fragments, 20 models, labeled Res3-fsaptl to Res23-fsaptl,
were investigated (Table 3 and Figure 6). Note that the Res18-
fsaptl and Res19-fsaptl models are equivalent because the
Asnl16 main chain ranked 19th is already added to cap the
AlallS main chain in Res18-fsaptl. Immense changes in the
kinetic and thermodynamic values manifest in the three
smallest-sized models, which is expected. AAG* and AAG,,
values are diminished after adding more residues to the model
where Gly and the adenosyl group of SAM are stabilized by polar
uncharged residues and residues with hydrophobic side chains
(Figure 6). However, unsigned AAG,,, values are greater than 4
kcal/mol when adding Asnl38 in Res9-fsaptl, Hisl42 in
Resl1-fsaptl, Tyr21 in Res14-fsaptl, Tyr242 in Res17-fsaptl,
Alall$ in Res18-fsaptl, and Ser87 in Res22-fsaptl. Among the
larger models, only Res17-fsaptl (Tyr242) has a large AAG*
value of —6.0 kcal/mol. All other models have an unsigned
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Figure 6. Free energy diagram of the 21 different sized models built
based on residue ranking using F-SAPT interaction energy with seed
Gly only. Symbols on top, middle, and bottom show the free energies of
activation for N-demethylation, reaction free energies, and charges for
each model, respectively. The dashed line in magenta represents the
experimental value converted free energy of activation of 17.5 kcal/mol.
The red dotted lines show the tight energy convergence range (within
+1 keal/mol of the AG* and AG,,, of the maximal model Res27); the
green dotted lines show the loose energy convergence range (within +3
kcal/mol of the AG* and AG,,,, of the maximal model Res27).

AAG? of less than 3.0 kcal/mol. In the probe models, Tyr21 is
first included in the smallest model (Res$, ranked fifth), while
Tyr242 and His142 are ranked 12th and 16th. The AAG* and
AAG,y, values of adding Tyr242 (+0.2 and —1.8 kcal/mol) and
His142 (—0.8 and —0.3 kcal/mol) in the probe models are much
smaller in magnitude than those of the F-SAPT models. Starting
from Resl8-fsaptl where AlallS is included, the adenosyl
group of SAM shifts compared to smaller-sized models but
aligns well with larger-sized models. AAG*and AAG,, values of
Res23-fsaptl (384 atoms) are less than 0.1 kcal/mol, and AG*
and AG,, values of both models are less than 1.5 kcal/mol
compared to those of the maximal probe SAM+Gly model Res27
(model we used to calculate F-SAPT interaction energies),
which indicates that they are converged.

When SAM+Gly is used as the seed, significant changes are
seen again when adding fragments to the smallest models.
Unsigned changes in AG,,, greater than 3.0 kcal/mol were
observed when adding Asn138 in Res9-fsapt2, Trp30 in Res12-
fsapt2, Tyr21 in Resl7-fsapt2, Tyr242 in Res22-fsapt2, and
Ser87 in Res24-fsapt2. AAG® values of Res9-fsapt2 (Asn138),
Resl1-fsapt2 (His142), Resl2-fsapt2 (Trp30), and Res22-
fsapt2 (Tyr242) are —3.0, +4.4, —5.7, and +2.9 kcal/mol,
respectively (Figure 7). With the F-SAPT fragment ranking
scheme, starting from Res24-fsapt2 (363 atoms), the changes in
AG* and AG,,, of the largest three models are minuscule (AGH
ranges from 9.4 to 10.1 kcal/mol and AG,,, ranges from —27.8
to —27.2 kcal/mol). The absolute values of AAG* and AAG,,,
are less than 1 kcal/mol compared to those of Res26-fsapt2 and
less than 3 kcal/mol compared to those of Res27, indicating that
these three models are converged.

There are six residue fragments that have an absolute
interaction energy less than 0.5 kcal/mol with Gly-only seed.
Among the six, Leul36 and Val69 are ranked in the bottom four,
while Ile34, Asn116, Ala86, and Ser139 are ranked 20th, sixth,
eighth, and seventh according to probe interaction counts. All of
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Figure 7. Free energy diagram of the 24 different sized models built
based on residue ranking using F-SAPT interaction energy with seed
Gly plus SAM. Symbols on top, middle, and bottom show the free
energies of activation for N-demethylation, reaction free energies, and
charges for each model, respectively. The dashed line in magenta
represents the experimental value converted free energy of activation of
17.5 kcal/mol. The red dotted lines show the tight energy convergence
range (within +1 kcal/mol of the AG* and AG,, of the maximal model
Res27); the green dotted lines show the loose energy convergence
range (within +3 kcal/mol of the AG*and AG,,, of the maximal model
Res27).

these residues have small effects on the energetics, except
Ser139, as we see that when Ser139 is included in Res7 in the
probe SAM+Gly seed models, AAG* = —6.4 kcal/mol. However,
based on the F-SAPT interaction energies with SAM+Gly,
Ser139 is ranked 10th and its effects on energetics are small
(unsigned AAG values are less than 3 kcal/mol), which
indicates that when Ser139 is added to an already large model, its
effect on free energies may be smaller. In the residue ranking of
F-SAPT interaction energy with Gly+SAM, only Val69, Asn116,
and Ile34 residue fragments have lower interaction energies than
0.5 kcal/mol. Hence, energy convergence is assumed to be
achieved in both Gly-only and SAM+Gly F-SAPT based models
with a model size of about 360 atoms.

Larger Basis Set and Density Functional Effects. The
average AG" value of our converged probe-based SAM+Gly
RINRUS models and F-SAPT models (Res23 to Res27, Res22-
fsaptl, and Res23-fsapt1 and Res24-fsapt2 to Res26-fsapt2) is
9.5 kcal/mol, while the maximal QM-cluster model from probe-
based interaction counts using Gly as the only fragment in the
seed was an outlier and was discarded. The mean AG* value of
our largest/converged models is in poor agreement with
experimental measured kinetic data for the methyl transfer
reaction in GNMT. However, the main purpose of this
investigation is to minimize or eliminate the QM-cluster
model size and composition as a source of error. To test the
accuracy of GNMT QM-cluster models, a brief set of tests was
performed by first employing a larger basis set (6-31+G**) on a
set of small RINRUS-constructed models (Res8 to Resl6;
Figure S5 and Table S4). Notable changes in model AG* values
are observed (AAG* ranges from —0.3 to +2.7 kcal/mol).
However, the computational cost increases immensely (1009
versus 1924 basis functions for Res8 and 1798 versus 3467 basis
functions for Res16). Besides testing an increased basis set size,
two other density functionals, PBEIPBE®”*® with GD3BJ and
M06-2X% without GD3BJ, were also tested using the probe-
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based Res27 model (Figure SS) and the default 6-31G(d’)/6-
31G basis set combination. The AG* values also change notably
(AAG* = +3.1 and +1.5 kcal/mol, respectively). Considering
the massive computational cost and weaker dependence on DFT
kinetics and thermodynamics, it is difficult to recommend
adopting larger basis sets while testing fragment ranking and
selection schemes in computational enzymology. However,
determining an appropriate and short list of density functionals
for QM-cluster modeling of enzymes is currently under
investigation in our laboratories and others."”>”°~"

Conclusions. The methyl transfer reaction between SAM
and Gly catalyzed by GNMT was examined by using QM-cluster
models generated by RINRUS. Several residue fragment ranking
schemes have been explored, including probe interaction counts
and F-SAPT interaction energies between residue fragments
with Gly only or SAM+Gly. The maximal model Res27 in which
all of the residue fragments that interact with SAM+Gly are
included provides AG* and AG,y, values of 9.1 and —29.7 kcal/
mol. The AG* and AG,,, values of Res23 to Res26 differ from
that of Res27 by less than 3 kcal/mol. Hence, convergence in
energies starts from the model with 377 atoms (Res23) by using
the probe-based contact count ranking. Small Gly-only probe-
based models are unreliable for calculating the reaction
energetics because the residue fragments that interact with
SAM are missing from those models, and the free energies of the
models are not converged. F-SAPT ranks charged residues much
higher, but to achieve energy convergence, QM-cluster models
with more than 360 atoms are still required, whether Gly or Gly
+SAM are used as the seed fragments. Although F-SAPT-based
QM-cluster models seem to converge kinetic and thermody-
namic values with slightly smaller models, an F-SAPT ranking
scheme requires expensive front-end calculations. Hence,
significantly more calibration of enzyme case studies as well as
an exploration of additional residue ranking schemes is essential.

Our larger QM-cluster models show a AG* value much lower
than that of the experiment, but we consciously use a somewhat
outmoded level of theory to focus on kinetic and thermody-
namic convergence with respect to model size. However, studies
in our group have shown systematic underprediction of
activation energies using the B3LYP-GD3BJ/6-31G(d’) level
of theory. We have observed increases in AG* values (up to +2.7
kecal/mol) of several small models using the larger basis set 6-
31+G** and increases in AG* values (up to +3.1 kcal/mol) of
the maximal model with newer generation functionals. Another
source of error in our computations may arise from using only
QM-cluster models based on the X-ray crystal structure instead
of sampling conformations and nonequilibrium structures from
molecular dynamics simulations.

Interestingly, the convergence of kinetic and thermodynamic
values with respect to QM-cluster model size behaves much
differently for the GNMT case study than for COMT. While
there is growing precedent that the largest RINRUS-constructed
model (dubbed the “maximal” model) will reliably emulate the
active site environment, even removing one or two fragments
from the maximal GNMT QM-cluster models can qualitatively
affect activation free energies and/or reaction energies. For very
different reasons than COMT, the GNMT case study provides a
challenge for benchmarking computational enzymology. We
propose that the primary factor is the disparate molecular size of
the small glycine substrate and the large SAM cofactor. Residues
that interact with the Gly substrate were the focus of the first
QM-cluster model study by Velichkova and Himo, but in their
models, the SAM cofactor was trimmed to a small fragment.
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‘When incorporating the complete SAM fragment, our RINRUS-
constructed QM-cluster models based on a probe-ranking
scheme and using Gly as the seed fragment gave inconsistent
results compared to those of our other RINRUS model-building
schemes. Problems with the Gly-only seed models indicate that
both the methionine and adenosyl moiety of the SAM cofactor
contribute a great deal to the kinetics and thermodynamics of
the GNMT catalysis. Overall, small QM-cluster models cannot
provide reliable kinetic or thermodynamic results, further
indicating that a systematic approach to approximating the
chemical environment of the active site is important for building
QM-cluster models of enzymes.

While activation energies of the largest RINRUS-built QM-
cluster models of GNMT are qualitatively lower than
experimental results, the level of theory can be greatly improved
when seeking a more effective approach for studying computa-
tional enzymology with QM-cluster and QM/MM methods.
Currently, several studies are being carried out in our
laboratories to calibrate an appropriate electronic structure
theory for atomic-level enzyme models.
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