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ABSTRACT: Protein arginine methyltransferase 7 (PRMT7) catalyzes the formation
of monomethylarginine (MMA) but is incapable of performing a dimethylation. Given
that PRMT7 performs vital functions in mammalian cells and has been implicated in a
variety of diseases, including breast cancer and age-related obesity, elucidating the
origin of its strict monomethylation activity is of considerable interest. Three active
site residues, Glu172, Phe71, and Gln329, have been reported as particularly
important for product specificity and enzymatic activity. To better understand their
roles, mixed quantum and molecular mechanical (QM/MM) calculations coupled to
molecular dynamics and free energy perturbation theory were carried out for the WT,
F71I, and Q329S trypanosomal PRMT7 (TbPRMT7) enzymes bound with S-
adenosyl-L-methionine (AdoMet) and an arginine substrate in an unmethylated or
methylated form. The Q329S mutation, which experimentally abolished enzymatic
activity, was appropriately computed to give an outsized ΔG‡ of 30.1 kcal/mol for
MMA formation compared to 16.9 kcal/mol for WT. The F71I mutation, which has been experimentally shown to convert the
enzyme from a type III PRMT into a mixed type I/II capable of forming dimethylated arginine products, yielded a reasonable
ΔG‡ of 21.9 kcal/mol for the second turnover compared to 28.8 kcal/mol in the WT enzyme. Similar active site orientations for
both WT and F71I TbPRMT7 allowed Glu172 and Gln329 to better orient the substrate for SN2 methylation, enhanced the
nucleophilicity of the attacking guanidino group by reducing positive charge, and facilitated the binding of the subsequent
methylated products.

■ INTRODUCTION

Methylation of the guanidinium group in arginyl residues has
significant implications in the regulation of signal trans-
duction,1,2 gene transcription,3 RNA processing,4 and other
critical biological pathways.5−10 Arginine methylation is
widespread in mammals11,12 and is primarily performed by a
family of nine enzymes called protein arginine methyltrans-
ferases (PRMTs).13,14 PRMTs catalyze the transfer of a methyl
group from the cofactor S-adenosyl-L-methionine (AdoMet)
to the guanidino nitrogen atoms of arginine in a substrate
protein. This methyl group addition alters protein−protein
interactions through steric effects, added hydrophobicity, and
the disruption of hydrogen-bonding sites without a change in
the cationic charge.7,15 Three unique methylarginine products
have been identified in animals: monomethylarginine (MMA),
asymmetric dimethylarginine (ADMA), and symmetric
dimethylarginine (SDMA). PRMTs are categorized into
three different types according to their catalytic activity
(Figure 1); type I (PRMT1, PRMT2, PRMT3, PRMT4/
CARM1, PRMT6, and PRMT8) and type II (PRMT5 and
PRMT9) form MMA prior to the formation of the
dimethylated products ADMA and SDMA, respectively.16

PRMT7 is a type III enzyme, unique in its ability to exclusively
monomethylate substrates.17

PRMT7 is one of the lesser characterized isoforms within
the PRMT family despite performing important functions in
mammalian cells that include the methylation of Sm-class
ribonucleoproteins18 and participating in DNA repair.19 In
addition, PRMT7 has been implicated in a variety of diseases,
such as breast cancer,20,21 age-related obesity,22 DNA
damage,19 and SBIDDS (short stature, brachydactyly,
intellectual developmental disability, and seizures) syndrome.23
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Figure 1. Methylation of arginyl residues catalyzed by three different
types of PRMTs using S-adenosyl-L-methionine (AdoMet). PRMT7
is the only exclusive monomethyltransferase.
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An initial misclassification of PRMT7 as a type II PRMT
(capable of producing both MMA and SDMA), possibly a
consequence of PRMT5 contamination due to purification
methods,13,14 complicated earlier analyses of product specific-
ity.19,24 Subsequent studies have confirmed PRMT7 to be a
type III PRMT enzyme, i.e., capable only of MMA
production;25−29 however, the origin of its unique product
specificity compared to the other natural isoforms remains
unclear. Part of the difficulty in studying the system comes
from the weak activity observed in the human PRMT7.25,26 An
alternative homologue, TbPRMT7, from Trypanosoma brucei, a
parasitic protozoan responsible for spreading African sleeping
sickness, exhibits the highest sequence identity to human
PRMT7 and possesses significant in vitro activity toward
multiple substrates.28 Interestingly, TbPRMT7 is expressed as
a single polypeptide containing a single active site compared to
the human PRMT7 which expresses as a single polypeptide
housing two active sites with a unique nonfunctional C-
terminal domain.25

Reported crystal structures of different orthologs of PRMT7
have identified a considerably narrow binding pocket,
suggesting that the small volume may impede the formation
of a dimethylated product due to unfavorable steric
effects.30−32 Interestingly, site-directed mutagenesis studies
on TbPRMT7 have reported that the Glu181Asp and
Gln329Ala mutants are capable of producing SDMA, perhaps
a consequence of an increased volume size in the active
site.31,32 However, Gln329 is a bulky histidine residue in
PRMT1 and Glu181 is conserved between all PRMT types
(i.e., I, II, and III), which highlights the subtle complexities in
trying to unravel PRMT7’s product specificity. Our own joint
experimental and computational study identified Phe71 as a
key residue for dictating MMA formation in TbPRMT7. In
PRMT1, which can make ADMA, this residue is an isoleucine.
Interestingly, the Phe71Ile variant was able to produce all three
different arginine products, i.e., MMA, ADMA, and SDMA.33

Mutation of the same residue to a serine (Phe71Ser),
corresponding to the sequence in human PRMT7, produced
solely the MMA product in TbPRMT7. In addition, a
Phe71Ala TbPRMT7 mutant also exclusively yielded MMA,
calling into question a direct connection between overall
volume size in the active site and product specificity. Molecular
dynamics simulations found that only the Phe71Ile mutation
maintained the proper geometry within the active site for
optimal SN2 methyl transfer.33 However, a detailed mechanistic
study that incorporates electronic effects into the calculation is
lacking, but crucial for understanding the role that specific
residues play in product specificity.
Mixed quantum and molecular mechanical (QM/MM)

calculations coupled to molecular dynamics sampling and
utilizing potentials of mean force simulations (MD/PMF)
were carried out here to elucidate the origin of the MMA
product exclusivity in WT TbPRMT7. The enzymatic system
was bound with AdoMet and a (1) ASGRG substrate or (2) a
monomethylated ASGRG substrate where the methyl group is
either covalently bound to the Nη1 nitrogen (MMA-Nη1) or the
Nη2 nitrogen (MMA-Nη2), as defined in Figure 2. In addition,
the F71I TbPRMT7 mutant, which is capable of forming all
three arginine products, and the Q329S TbPRMT7 mutant
was studied using the QM/MM MD/PMF methodology. This
study further clarifies how the active site residues Glu172,
Glu181, Phe71, and Gln329 within PRMT7 impact both
product specificity and enzymatic activity.

■ METHODS
Computational Enzyme Preparation. Simulation of the

Trypanosoma brucei PRMT7 required the generation of initial
Cartesian coordinates derived from a 2.04 Å resolution crystal
structure (PDB ID: 4M38).30 A monomer was simulated
containing the amino acids 41−374, as the N-terminal region
lacked clear electron density. The cocrystallized AdoHcy was
methylated to form (S,S)-AdoMet. In our solved TbPRMT7
crystal structure, the electron density of the first four residues
of the H41-21 peptide substrate (SGRG) was observed.30 An
alanine residue was added to the SGRG substrate (ASGRG) in
a similar fashion to our previous MD simulation of
TbPRMT7.33 Mutations to TbPRMT7 active site residues
were made using the Yasara software.34 Hydrogen atoms were
added using the tleap module in the AMBER software.35

Details of equilibration of the WT and mutant enzymes prior
to QM/MM calculations are provided below.

MD Protocol. Molecular dynamics (MD) simulations were
performed on different enzyme/substrate complexes for the
WT and mutant TbPRMT7 systems. Explicit solvent was
utilized with an orthorhombic TIP3P water box36 that
extended at least 10 Å beyond the enzyme. Charge neutrality
was maintained by adding an appropriate number of sodium
ions. The ff14SB force field37 was employed in the
construction of the topology files for the protein and peptide
substrate, whereas the AdoMet parameters were provided from
the generalized AMBER force field (GAFF).38 The water
molecules and Na+ ions in the initial structures were conjugate
gradient (CG) minimized for 2000 steps, followed by 10,000
steps of CG optimization for the entire system. Following
minimization, the full system was slowly heated from 0 to 300
K over 50 ps of MD with a constant NVT ensemble that used
the weak-coupling algorithm and a temperature coupling value
of 2.8 ps. To correct the density, the system was switched to a
constant NPT ensemble and ran for 500 ps at 300 K and 1 atm
using a coupling value of 2.0 ps for both temperature and
pressure. Following equilibration, unbiased MD production
data was collected for 100 ns at constant NVT for each protein
complex using the GPU-accelerated version of AMBER 16.39

Long-range electrostatics were accounted for by using the

Figure 2. In the QM/MM/MD calculations, the QM region
encompassed the unmethylated or methylated arginine substrate,
AdoMet, and Glu172 or Glu181. The PMF reaction coordinate for
the methyl transfer is {r(CM−Sδ) − r(CM−Nη)}, where {r(CM−Sδ) +
r(CM−Nη)} = 4.4 Å.
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particle mesh Ewald, all covalent bonds involving hydrogen
atoms were constrained with the SHAKE algorithm, periodic
boundary conditions were enforce using a nonbonded cutoff
distance of 12 Å, and a time step of 1.0 fs was employed.
QM/MM/MD Calculations. Mixed quantum mechanics

and molecular mechanics (QM/MM) calculations40,41 employ-
ing molecular dynamics sampling were performed on the WT
and mutant TbPRMT7 systems. The QM region encompassed
the unmethylated or methylated arginine substrate, AdoMet,
and Glu172 or Glu181 and were treated using the self-
consistent charge density functional tight-binding (SCC-
DFTB) semiempirical method42 as implemented in the
AMBER package.43 Additional SCC-DFTB parameters were
included into AMBER using the DFTB+ 1.2.2 software.44 A
previous QM/MM/MD study on PRMT3 found that SCC-
DFTB gave energetics similar to B3LYP/6-31G(d,p).45

Multiple reviews have reported the SCC-DFTB methodology
to be quite accurate and comparable to other semiempirical,
e.g., PDDG/PM3,46 and ab initio methods for many wide-
ranging QM/MM-based enzymology studies.47−49 The
remainder of the protein utilized the ff14SB force field.37

The interactions of overlapped atoms in the QM and MM
regions were described through a “link atom” approach in
AMBER,50 which used hydrogen atoms in the QM region that
overlapped the Cα atom position for the amino acid residues in
the MM region. The AdoMet cofactor was truncated to the
−CH2−CH2−S+(Me)−CH2− portion in the QM region with
a link atom located on each end. The enzyme was solvated
using a periodic TIP3P water box, similar to the unbiased MD
simulations described previously. The water molecules and
Na+ ions in the initial structures were CG minimized for 2000
steps, followed by 10 000 steps of CG optimization for the
entire system.

Umbrella sampling51 and the weighted histogram analysis
method (WHAM)52 was used to determine the changes in free
energy, i.e., potentials of mean force (PMF),40,41,53 for the
methyl transfer from AdoMet to the arginine substrate to yield
one of three unique methylarginine products: MMA, ADMA,
or SDMA. The distance between the S atom of AdoMet and N
atom (Nη1 or Nη2) of arginine was fixed to a distance of
{r(CM−Sδ) + r(CM−Nη)} = 4.4 Å by employing a force
constant of 1400 kcal mol−1 Å−1 in the harmonic biasing
potentials used in the 1D free energy simulations. A linear
combination of the distances {r(CM−Sδ) − r(CM−Nη)} was
applied as the reaction coordinate for the 1-D PMF
calculations (Figure 2). Multiple PMF windows, ca. 25−45,
featuring 0.04−0.1 Å distance increments and a harmonic
biasing potential force constant value of 400 kcal mol−1 Å−1

were utilized to construct each potential energy surface. The
systems were gradually heated from 0 to 310 K in 50 ps and
then equilibrated for 50 ps using an NPT ensemble. For each
FEP window, an additional 50 ps of equilibration was
performed followed by a 50−70 ps QM/MM/MD production
run in the NPT ensemble. A 1 fs time step for integration was
used in all simulations. Error bars for the free energies were
estimated by splitting the last 50 ps from each trajectory into
three equal time points of 16.7 ps and computing the standard
deviations in a similar fashion to previous QM/MM/MD
studies.54,55

■ RESULTS AND DISCUSSION

WT TbPRMT7. To study the origin of product specificity in
PRMT7 from an energetic perspective, mixed quantum and
molecular mechanical calculations in conjunction with
molecular dynamics sampling (QM/MM/MD) were carried
out on the WT system by placing AdoMet, the naked or
methylated arginine peptide, and an active site base in the QM

Table 1. Computed Free Energies of Activation, ΔG‡, and Reaction, ΔGrxn, (kcal/mol), for the First Methyl Transfer from
AdoMet to the Nη1 and Nη2 Atoms of the Naked Arginine Peptide in the WT, F71I, and Q329S TbPRMT7 Enzymes To Yield
MMA-Nη1 and MMA-Nη2, Respectively

base PRMT7 ΔG‡ MMA-Nη1 ΔG‡ MMA-Nη2 ΔGrxn MMA-Nη1 ΔGrxn MMA-Nη2

E181 WT N/Aa 47.3 ± 0.2 N/Aa 39.5 ± 0.5
E172 WT 21.3 ± 1.1 16.9 ± 0.1 −15.3 ± 1.3 −20.9 ± 0.3
E172 F71I 32.5 ± 1.5 18.3 ± 0.7 −8.7 ± 1.7 −16.0 ± 0.1
E172 Q329S N/Aa 30.1 ± 1.4 N/Aa −9.6 ± 0.9

aDid not energetically converge.

Figure 3. Free energy profiles and ΔG‡ for the methyl transfer from AdoMet to the Nη1 atom (blue) and Nη2 atom (red) of the unmethylated
arginine peptide using E172 as the active site base in WT TbPRMT7.
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region with the remainder of the protein, solvent, and
counterions treated in the MM region. Potentials of mean
force (PMF) calculations provided potential free energy
surfaces from which free energies of activation (ΔG‡) and
free energies of reaction (ΔGrxn) could be derived. Two
invariant glutamate residues from the “double-E” hairpin loop
are structurally conserved among PRMT family members, e.g.,
Glu144 and Glu153 in PRMT1,56 and are required for
enzymatic activity. In the case of TbPRMT7 these correspond
to carboxylate side chains of Glu172 and Glu181. Our
molecular dynamics simulations found significant hydrogen
bonding occurred between Glu172 and the arginine of the
peptide substrate, with a very high percent occupancy of 93−
98% over the course of the simulation for WT TbPRMT7.33 A
smaller hydrogen bonding percent occupancy of 52−60%
between Glu181-Arg in WT TbPRMT7 was also computed,
which suggested a preference for Glu172 as the active site base.
Accordingly, the present QM/MM/MD calculations found
Glu181 gave an outsized ΔG‡ of 47.3 ± 0.2 kcal/mol when
performing the role of the active site base compared to 16.9−
21.3 kcal/mol for Glu172 (Table 1).
During the SN2 reaction mechanism, either guanidino

nitrogen atom (Nη1 or Nη2 as defined in Figure 2) from Arg
could potentially function as the nucleophile. The present
QM/MM/MD calculations predicted a lower ΔG‡ of 16.9 ±
0.1 kcal/mol for the Nη2 position compared to 21.3 ± 1.1 kcal/
mol for the Nη1 position in the WT TbPRMT7 enzyme
(Figure 3). The simulations also predicted a lower free energy
of reaction, ΔGrxn, for the monomethylated product in the
MMA-Nη2 orientation with a value of −20.9 ± 0.3 kcal/mol
compared to −15.3 ± 1.3 kcal/mol for the MMA-Nη1
conformation (Table 1 and Supporting Information Figure
S1). The potential energy surfaces were reasonably similar to
prior QM/MM/MD simulations of PRMT3, where the
transfer of methyl from AdoMet to the Nη1 or Nη2 atoms of
Arg gave ΔG‡ values of 28.5 and 20.4 kcal/mol, respectively.45

In addition, QM/MM/MD calculations of PRMT5 yielded
ΔG‡ values of 20.4 and 29.4 kcal/mol for Nη1 and Nη2,
respectively.57

The favored SN2 mechanism from the QM/MM/MD
calculations, i.e., resulting in the MMA-Nη2 binding orienta-
tion, gave symmetrical r(CM−Sδ) and r(CM−Nη2) transition
state distances of 2.2 ± 0.06 and 2.2 ± 0.04 Å, respectively.
The average structure for the WT PRMT7 complex from the
transition state free energy perturbation (FEP) window is
shown in Figure 4. While this MMA-Nη2 formation pathway
gave average transition state distances of 1.1 ± 0.1 and 1.7 ±
0.3 Å for the proton transfer between the Nη2 and Oε1 atoms,
i.e., Oε1···Hη22···Nη2, the actual proton movement between the
heteroatoms occurred almost instantaneously at the PMF
window involving the transition state. Close distances of 2.4 ±
0.2 and 2.0 ± 0.2 Å at the transition state and reactants,
respectively, between the Glu172 Oε2 atom and Hη12−Nη1, the
hydrogen atom on the opposite guanidino nitrogen atom, are
indicative of sustained hydrogen bonding over the course of
the reaction (Figure 4B). Consequently, in addition to acting
as the active site base, the Glu172 residue helped to anchor
and orient the peptide substrate in the active site for SN2
attack. The arginine substrate is better positioned for SN2
attack with AdoMet when yielding MMA-Nη2 as compared to
MMA-Nη1 (Supporting Information Figure S2). The Phe174
residue backbone oxygen atom and Glu172 carboxylate group

also provided hydrogen bonding to the guanidino group
thereby reducing positive charge during the reaction.
The Gln329 residue located on the THW loop has been

shown to play a major role in product specificity.32 The
importance of this residue is further cemented as Q329S and
Q329H experimental mutations completely deleted or largely
decreased the activity of TbPRMT7.30 The present QM/MM/
MD calculations reproduced the site-directed mutagenesis
experiments as the Q329S TbPRMT7 mutant gave a large ΔG‡

of 30.1 ± 1.4 kcal/mol in the MMA-Nη2 orientation and did
not energetically converge for MMA-Nη1 (Table 1). Molecular
dynamics simulations reported a hydrogen bond percent
occupancy of 77.8% between Gln329 and the arginine
substrate over the course of the simulation for WT
TbPRMT7.33 The close distances of 2.0 ± 0.2 and 1.9 ± 0.2
Å computed for Q329-O···Hη11−Nη1 at both the transition
state and reactant regions of WT TbPRMT7, respectively,
underscore the significance of this intermolecular interaction
throughout the entire MMA-Nη2 reaction pathway (Figure
4B). The alternative nucleophilic attack from the opposite
guanidino Nη1 atom to yield the MMA-Nη1 product also
followed an SN2 mechanism with similar r(CM−Sδ) and r(CM−
Nη1) distances compared to the MMA-Nη2 configuration.
However, in this case the Gln329 residue moved away from the
substrate to a 5.2 ± 0.3 Å distance at the transition state,
significantly reducing electrostatic stabilization of the guanidi-
no moiety (Figure 4A). Accordingly, generalized Born (GB)
free energy decomposition calculations58 performed here with

Figure 4. Active site structure from the QM/MM/MD transition
state FEP window for the first methyl transfer from AdoMet to the
(A) Nη1 atom and (B) Nη2 atom of the arginine peptide in WT
TbPRMT7. Distances in angstroms.
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AdoMet bound in the active site found a large substrate
binding free energy (ΔGbind) contribution from Gln329 for the
MMA-Nη2 orientation with a value of −2.7 ± 0.7 kcal/mol
compared to the negligible −0.1 ± 0.3 kcal/mol for the MMA-
Nη1 configuration (Supporting Information Table S1). Overall,
the QM/MM/MD calculations emphasized that Glu172 and
Gln329 in WT TbPRMT7 are key residues for properly
orienting the peptide during the first SN2 directed methylation.
Additional hydrogen bonding contributions were provided by
Phe174 and Thr176 to reduce the positive charge on the
arginine during the transition state (Supporting Information
Figure S2).
The sequential transfer of methyl groups onto a single

arginine peptide can proceed in either a processive manner, i.e.,
does not release the substrate prior to the second methylation,
or in a distributive manner, where the substrate is released after
the first methylation to give MMA as the predominant
product.59−63 Kinetic analyses of PRMTs have yielded
conflicting results of the processivity.60,62,64,65 Assuming a
processive mechanism for PRMT7,66 QM/MM/MD suggests
the second methyl transfer would occur on the MMA-Nη2
orientation as the first turnover leading to that binding
configuration possessed lower ΔG‡ and ΔGrxn values compared
to the MMA-Nη1 conformation (Figure 3). After rebinding
AdoMet, the QM/MM/MD simulation gave a ΔG‡ of 28.8 ±
0.3 kcal/mol for the second methyl addition to MMA-Nη2 that
yielded the ADMA-Nη2 dimethylation product (Table 2).

Calculations for the SDMA-Nη2 reaction pathway did not
energetically converge, which is indicative of poor steric
interactions within the active site. The larger activation barrier
for the ADMA formation relative to monomethylation is
consistent with the experimental absence of dimethylated
products in WT PRMT7. Examining the average transition
structure leading to the formation of ADMA (Figure 5) found
that many of the interacting distances between the Glu172 and
Gln329 residues and the MMA substrate were relatively similar
to those of the addition of the first methyl group to the Nη2
atom of the naked arginine peptide (Figure 4B). However,
binding both MMA-Nη2 and AdoMet into WT TbPRMT7
reorganized the active site such that the E172-Oε2 atom no
longer hydrogen bonded with the Hη12−Nη1 atom reducing the
residue’s ability to anchor the methylated substrate within the
active site (Supporting Information Figure S3). In addition, the
reacting distance between AdoMet and the arginine, r(CM−
Sδ), had a larger error bar of 2.1 ± 0.2 Å (Figure 5), suggesting
significant movement occurring in the active site during the
transition state window; for comparison, the naked peptide had
a value of 2.2 ± 0.06 Å (Figure 4B).

If the enzyme followed a distributive mechanism instead, the
MMA product would dissociate from PRMT7 after the initial
methylation. For a second turnover to occur, the mono-
methylated substrate would need to re-enter the PRMT7
enzyme along with an AdoMet cofactor through a relatively
narrow entrance into the arginine binding pocket.66 Rebinding
the substrate in the thermodynamically favored MMA-Nη2
orientation as before would yield the large ΔG‡ of 28.8 ± 0.3
kcal/mol that would again impede ADMA-Nη2 formation.
Supposing the substrate bound in the less energetically
favorable MMA-Nη1 conformation, the QM/MM/MD calcu-
lations predicted a similar ΔG‡ of 29.9 ± 0.2 kcal/mol when
leading to the ADMA-Nη1 product (Figure 6 and Table 2).
Intriguingly, the alternative reaction yielding SDMA-Nη1 gave a
significantly lower ΔG‡ of 22.7 ± 0.7 kcal/mol. In this case, the
activation barrier was approximately 5 kcal/mol larger than the
initial methylation of the naked peptide. While the reaction
distances for AdoMet and the arginine residue were nearly
identical between the methylated and naked substrate at the
transition state, i.e., r(CM−Sδ) and r(CM−Nη2) = 2.2, the
Gln329 residue moved away from the substrate to a distance of
4.5 ± 0.2 Å to better accommodate the MMA-Nη1 orientation
within the active site (Figure 7). The preference for SDMA
formation in the MMA-Nη1 conformation appeared to
correlate with greater hydrogen bonding between the Glu172
oxygen atoms and the Hη12 and Hη22 arginine atoms
(Supporting Information Figure S4). For example, SDMA
formation featured Glu172−Arg distances nearly identical to
that of monomethylation, e.g., 2.4 Å for E172-Oε2···Hη12-Arg,
see Figures 7B and 4B. Whereas, ADMA formation had the
Glu172 side chain pointing away from the arginine substrate
with a large distance of 3.0 ± 0.3 Å from the arginyl Hη12 atom
suggesting the deprotonation had occurred prior to the methyl
transfer (Figures 7A and S4).
The size of two distinct subregions within the active site has

been suggested to play a major role in PRMT7 product
specificity.32 Accordingly, the volume of the PRMT7 active site
was monitored over the course of the simulation for the second
methylation transition states in the MMA-Nη1 and MMA-Nη2
conformations. The size was determined using the POVME
program67 by selecting an amino acid near the center of the

Table 2. Computed Free Energies of Activation (ΔG‡; kcal/
mol) for the Second Methyl Transfer from AdoMet to the
Nη1 and Nη2 Atoms of the MMA Peptide in the WT and
F71I TbPRMT7 Enzymes to yield ADMA or SDMA

PRMT7 ADMA-Nη1
a SDMA-Nη1

a ADMA-Nη2
b SDMA-Nη2

b

WT 29.9 ± 0.2 22.7 ± 0.7 28.8 ± 0.3 N/Ac

F71I N/Ac N/Ac 21.9 ± 0.7 30.5 ± 1.2
aMMA bound in conformation where methyl group was covalently
bonded at the Nη1 position prior to reaction (i.e., MMA-Nη1).

bMMA
bound in conformation where methyl group was covalently bonded at
the Nη2 position prior to reaction (i.e., MMA-Nη2).

cDid not
energetically converge.

Figure 5. Active site structure from the QM/MM/MD transition
state FEP window for the second methyl transfer from AdoMet to
give ADMA product for the MMA-Nη2 peptide conformation in WT
TbPRMT7. Distances are in angstroms.
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active site, Trp330 in this case, and generating an inclusion
sphere with a grid spacing of 1.0 Å and radius of 9.0 Å. The
system with the lowest computed activation barrier, i.e., the
formation of SDMA-Nη1, possessed the smallest active site
volume of 9 Å3 compared to 18 and 19 Å3 for ADMA-Nη1 and
ADMA-Nη2 formation, respectively. It was rationalized that a
more spacious binding pocket may enable dimethylation; for
example, the SDMA-producing Glu181Asp/Gln329Ala
TbPRMT7 double variant and the ADMA-producing
Glu181Asp TbPRMT7 mutant both had higher binding
affinities toward the monomethylated histone H41-21

R3MMA peptide than the unmethylated peptide.31,32 How-
ever, the current calculations suggest that a larger active site
volume alone does not aid in the formation of a dimethylation
product as the ADMA binding orientation had a significantly
larger volume than SDMA but gave larger ΔG‡ values of 28.8−
29.9 kcal/mol compared to 22.7 kcal/mol, respectively (Table
2). Instead, in a similar fashion to the naked peptide, favorable
intermolecular interactions between the arginine substrate and
the active site residues Glu172 and Gln329 appear to be largely
responsible for both orienting and stabilizing the transition
structure during the second methylation reaction (Supporting
Information Figure S4).
F71I TbPRMT7. Our previous study of TbPRMT7

identified Phe71 as a key residue for dictating product
specificity.33 The mutation of Phe71 to Ile converted the

enzyme from a type III PRMT into a mixed type I/II capable
of forming three different arginine products (MMA, ADMA,
and SDMA). Our calculations found that changing residue size
at position 71, e.g., larger residues such as Phe (trypanosomal
form) or smaller residues such as Ser (human), resulted in
slightly altered binding geometries, which may have played a
role in determining the final product.33 Interestingly, the serine
and alanine mutants of Phe71 preserved the type III function
of the native enzyme.
Table 1 shows that, like the WT TbPRMT7 system, the

F71I mutant preferred to methylate the Nη2 position with a
computed ΔG‡ of 18.3 ± 0.7 kcal/mol compared to 32.5 ± 1.5
kcal/mol for the Nη1 position (Figure 8). The transition
structures had similar r(CM−Sδ) and r(CM−Nη) reacting
distances of 2.2 Å for both binding orientations, i.e., MMA-Nη1
and MMA-Nη2 (Figure 9). Calculated CM3 charges68 for the
Nη1 and Nη2 atoms at the transition state found the reacting
nitrogen be more negative for MMA-Nη2, −0.83 e, relative to
MMA-Nη1, −0.73 e, which is indicative of an enhanced
nucleophilicity for that particular orientation (Table 3). This
may be the result of a shorter interacting distance (and
presumably stronger hydrogen bond) between Gln329 and Arg
during the transition state for MMA-Nη2 with a Q329-O···
Hη11−Nη1 length of 1.9 ± 0.2 Å compared to 2.7 ± 0.4 Å for
MMA-Nη1 (Figure 9). In addition, the Glu172 residue has the
negatively charged carboxylate group positioned overall closer

Figure 6. Free energy profiles and ΔG‡ for the second methyl transfer from AdoMet to the Nη1 atom (blue) and Nη2 atom (red) of the MMA-Nη1
(top) and MMA-Nη2 (bottom) bound peptides in WT TbPRMT7.
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to the positively charged arginine guanidino group in the
MMA-Nη2 conformation (Supporting Information Figure S5).
Upon formation of monomethylated product (Supporting

Information Figure S6), the MMA-Nη2 binding orientation was
also favored over the MMA-Nη1 configuration with ΔGrxn
values of −16.0 ± 0.1 and −8.7 ± 1.7 kcal/mol, respectively
(Table 1). Inspection of the binding geometry of the naked
arginine transition state within the F71I TbPRMT7 active site
(Supporting Information Figure S5) suggests a correlation

between the ability of the active site residues Glu172 and
Gln329 to electronically stabilize the substrate and the
lowering of the activation barrier. However, unlike the WT
TbPRMT7 the Glu172 residue in the F71I mutant was not as

Figure 7. Active site structure from the QM/MM/MD transition
state FEP window for the second methyl transfer from AdoMet to
give (A) ADMA and (B) SDMA products for the MMA-Nη1 peptide
conformation in WT TbPRMT7. Distances are in angstroms.

Figure 8. Free energy profiles and ΔG‡ for the methyl transfer from AdoMet to the Nη1 atom (blue) and Nη2 atom (red) of the unmethylated
arginine peptide in F71I TbPRMT7.

Figure 9. Active site structure from the QM/MM/MD transition
state FEP window for the first methyl transfer from AdoMet to the
(A) Nη1 and (B) Nη2 atoms of the arginine peptide in F71I
TbPRMT7. Distances are in angstroms.

Table 3. Average CM3 Charges for the Nη1 and Nη2 Atoms
of Arginine in the Naked Peptide for the WT and F71I
TbPRMT7 Enzymes during the Transition State to Form
MMA Product

WT MMA-Nη1 WT MMA-Nη2 F71I MMA-Nη1 F71I MMA-Nη2

Nη1 −0.77 −0.62 −0.73 −0.62
Nη2 −0.64 −0.78 −0.64 −0.83
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ideally positioned within the active site to fully anchor the
peptide substrate, e.g., the Glu172-Oε2 atom did not hydrogen
bond with the proton on the opposite guanidino nitrogen atom
(Figure 9 versus Figure 4). This may partially explain why ΔG‡

increased to 18.3 ± 0.7 kcal/mol in the mutant compared to
16.9 ± 0.1 kcal/mol for WT (Table 1). The WT enzyme also
had additional hydrogen bonding provided by Phe174 that was
absent in the F71I mutant (Supporting Information Figure
S2).
Following a processive mechanism, where the substrate is

not released prior to the second methylation, the methyl
transfer in F71I TbPRMT7 would again favor the MMA-Nη2
orientation as the computed ΔG‡ and ΔGrxn values were both
lower in energy than that of the MMA-Nη1 configuration
(Table 1). Interestingly, the second turnover yielded a
reasonably low ΔG‡ of 21.9 ± 0.7 kcal/mol for the ADMA-
Nη2 dimethylation product compared to a much larger ΔG‡ of
30.5 ± 1.2 kcal/mol for the SDMA-Nη2 product (Table 2 and
Figure 10). With the isoleucine present in the active site, the
MMA substrate was able to move deeper into the binding
pocket where the Nη2 of arginine could better interact with the
base Glu172 (Supporting Information Figure S7). Favorable
electrostatic interactions between the arginine substrate and
the Glu172 and Gln329 residues were found again to be critical
for orienting the peptide during the SN2 mechanism. For
example, Figure 11 highlights a close distance of 2.0 ± 0.2 Å
between Q329-O···Hη11−Nη1 for the ADMA product route;
however, the formation of SMDA increased the Q329-O···
Hη11−Nη1 transition state distance to 4.2 ± 0.4 Å. The
reduction of electronic stabilization from Gln329 upon the
transition structure correlated with the increased activation
barrier. In addition, generalized Born free energy decom-
position calculations with AdoMet and MMA bound in the
F71I TbPRMT7 active site found a large substrate ΔGbind
contribution from Gln329 for the ADMA-Nη2 orientation with
a value of −2.8 ± 0.7 kcal/mol compared to −0.02 ± 0.2 kcal/
mol for SDMA-Nη2 (Supporting Information Table S2).
The QM/MM/MD calculations agreed with our previous

experiments showing the F71I TbPRMT7 mutant to be active
with both a naked and monomethylated single-arginine
peptide.33 However, the experiment identified the presence
of two dimethylated arginine species (ADMA and SDMA),
whereas, the present simulations found the activation barrier

too large for SDMA formation. Despite considerable effort, a
subsequent second turnover beginning from the MMA-Nη1
orientation leading to either an ADMA-Nη1 or SDMA-Nη1
dimethylation product did not energetically converge in the
simulations. This brings into question the viability of that
binding configuration, particularly when considering the
significantly higher ΔGrxn of −8.7 ± 1.7 kcal/mol for binding
in the MMA-Nη1 orientation compared to −16.0 ± 0.1 kcal/
mol for the MMA-Nη2 configuration (Table 1 and Supporting
Information Figure S6).

■ CONCLUSIONS
Mixed quantum mechanical and molecular mechanical
simulations have been performed for wild-type and mutant

Figure 10. Free energy profiles and ΔG‡ for the second methyl transfer from AdoMet to the Nη1 atom (blue) and Nη2 atom (red) of the
monomethylated arginine peptide in F71I TbPRMT7.

Figure 11. Active site structure from the QM/MM/MD transition
state FEP window for the second methyl transfer from AdoMet to
give (A) ADMA and (B) SDMA products for the MMA-Nη1 peptide
conformation in F71I TbPRMT7. Distances are in angstroms.
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TbPRMT7 enzymes to elucidate the role of electronics upon
product specificity. Two structurally conserved glutamate
residues from the “double-E” hairpin loop in WT TbPRMT7,
i.e., Glu172 and Glu181, were explored as potential active site
bases during the SN2 mechanism. The QM/MM calculations
coupled to molecular dynamics sampling and free energy
perturbation theory found Glu172 to have a significantly lower
ΔG‡ compared to Glu181, i.e., 16.9 and 47.3 kcal/mol,
respectively, when performing the proton transfer. Further
scrutinization of the mechanism examined the ability of each
guanidino nitrogen atom from the arginine substrate, Nη1 and
Nη2, to function as the nucleophile during the first turnover to
form the monomethylated product. The QM/MM/MD
simulations predicted the Nη2 atom to give lower ΔG‡ and
ΔGrxn values for all WT and mutant enzymes, suggesting that
the active site may be electrostatically preorganized to favor
that particular reaction pathway. Detailed examination of the
simulation trajectories found two WT TbPRMT7 active site
residues, Glu172 and Gln329, to be particularly important for
properly orienting the naked arginine peptide during the
methylation reaction and for enhancing the nucleophilicity of
the attacking guanidino group by reducing positive charge.
Accentuating the importance of Gln329 was a computed
increase in ΔG‡ to 30.1 kcal/mol for the mutant Q329S
TbPRMT7 compared to 16.9 kcal/mol for the WT enzyme.
Fittingly, experimental mutations of Q329S and Q329H
completely deleted or largely decreased the activity of
TbPRMT7.30

The sequential transfer of methyl groups onto a single
arginine peptide was examined using the QM/MM/MD
calculations by following a processive manner, i.e., does not
release the substrate prior to the second methylation, and a
distributive manner, where the substrate is released after the
first methylation. Following a processive mechanism,66 the
lowest energy reaction pathway computed for the second
turnover led to the ADMA product with a large ΔG‡ value of
28.8 kcal/mol. This substantial activation barrier would
impede the formation of a dimethylated substrate as
experimentally observed.66 Interestingly, when following a
distributive process, the formation of SDMA was predicted to
be energetically feasible with a computed ΔG‡ of 22.7 kcal/
mol, whereas ADMA formation still gave a large ΔG‡ of 29.9
kcal/mol. However, the formation of SDMA may be
problematic as it would require the MMA substrate and
AdoMet to both re-enter the enzyme through a narrow,
sterically poor arginine binding pocket entrance and to rebind
in an energetically poor conformation, i.e., MMA-Nη1, prior to
SN2 attack.
The mutation of Phe71 to Ile has been shown to convert the

enzyme from a type III PRMT into a mixed type I/II capable
of forming three different arginine products (MMA, ADMA,
and SDMA).33 The calculations found that the F71I mutant
energetically preferred to methylate the Nη2 position on both
the naked and monomethylated arginine substrates, which
favorably correlated with a processive mechanism for
PRMT7.66 The second turnover was computed to yield a
reasonable ΔG‡ of 21.9 kcal/mol for the formation of ADMA-
Nη2, similar to the ADMA-producing Glu181Asp TbPRMT7
mutant.31 While our previous experiments identified the
presence of two dimethylated arginine species (ADMA and
SDMA) for F71I TbPRMT7,33 the present simulations found
the activation barrier too large for SDMA formation at 30.5
kcal/mol. Electronic stabilization of the transition structure via

Gln329 appears to make a major difference on the overall
reaction energetics with a very large transition state distance
between Gln329 and the Arg substrate of 4.2 Å for SDMA
formation was compared to 2.0 Å for the energetically favored
ADMA.
In summary, the present study found that Glu172 and

Gln329 (TbPRMT7 numbering) in the WT and mutant
TbPRMT7 enzymes may play major roles in product
specificity by (1) properly orienting the peptide for SN2
attack, (2) enhancing the nucleophilicity of the substrate
guanidino group through the neutralization of positive charge,
and (3) lowering the free energy of binding for the subsequent
methylated products.
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