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Abstract

Arginine methylations can regulate important biological processes and affect
many cellular activities, and the enzymes that catalyze the methylations are protein
arginine methyltransferases (PRMTs). The biological consequences of arginine
methylations depend on the methylation states of arginine that are determined by the
PRMT’s product specificity. Although the product specificity is a very important
property, it is still unknown concerning why different PRMTs may generate different
methylation states for the target arginine residues on protein substrates. PRMT7 is the
only known member of Type III PRMT that produces mono-methylarginine (MMA)
product. Interestingly, its EI81D and E181D/Q329A mutants can catalyze, respectively,
the formation of asymmetrically di-methylated arginine (o-N¢, NS-dimethylarginine or
ADMA) and symmetrically di-methylated arginine (o-N® N'S-dimethylarginine or
SDMA). The exact reasons for such product specificity modification as a result of the
mutations have been unclear. Here QM/MM molecular dynamics (MD) and potential
of mean force (PMF) free-energy simulations are performed for the E181D and
E181D/Q329A mutants to understand the catalytic mechanism and the origin of their
different product specificities from that of the wild-type PRMT7 as well as between
E181D and E181D/Q329A. The simulations show that while the free energy barriers of
E181D and E181D/Q329A for the first methylation are higher than that of the wild type,
E181D and E181D/Q329A have the ability to add the second methyl group to the target
mono-methyl arginine and generate ADMA and SDMA, respectively. The free energy
barriers for EI81D and E181D/Q329A to produce ADMA and SDMA, respectively, are
considerably lower than the corresponding barriers involving the wild-type enzyme.
Moreover, the computational study identifies some important structural, electronic and
dynamic features that lead to the different product specificities and activities of the
wild-type PRMT7, E181D and E181D/Q329A. These factors may play important roles

in controlling the activity and product specificity of other PRMTs as well.
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Introduction

It has been well established that protein, DNA and RNA methylations can play an
important role in regulating biological activities.!® The methylation processes are
catalyzed by methyltransferases, and S-adenosyl-L-methionine (SAM) is often used as
the methyl donor. Two of the best studied methylations of proteins are presumably
lysine and arginine methylations which are catalyzed by protein lysine and arginine
methyltransferases (PKMTs and PRMTs), respectively.!* The biological consequences
of lysine and arginine methylations (e.g., gene activation and repression) generally
depend on the methylation states of the residues. Therefore, it is of considerable interest
to determine why different methyltransferases may have different ability to direct
specific degrees of methylation (named as product specificity). Such knowledge may
also have important implications in developing strategies for manipulating signaling
properties. Considerable efforts have been made to understand how product
specificities are changed among PKMTs or PRMTs and to determine the structural and

energetic origins of the product specificities.

Some important structural features and interactions at the active sites that control
the product specificity of PKMTs have been identified. For instance, it has been
observed that certain Tyr—Phe mutation (i.e., at the Tyr/Phe switch positions in the
active sites) tends to increase the ability of PKMTs to add more methyl group(s) to the
target lysine (if the residue is Tyr in wild-type), while the Phe—Tyr mutation tends to
decrease this ability (if the residue is Phe in wild-type)."” This effect of the Tyr/Phe
switch has been well explained based on structural, biochemical and computational
studies.”” However, for PRMTs the methylation processes are more complex, and
question remains concerning what are the factors that control the PRMT product
specificity.!®!! PRMTs have three different types based on the products they generated.
Type I PRMTs catalyze the formation of the asymmetrically di-methylated arginine (-
NS, NS-dimethylarginine or ADMA) with the two methyl groups attached to the same
nitrogen N¢ atom,'>!3 while Type II PRMTs catalyze the formation of the

symmetrically di-methylated arginine (-NS, N'S-dimethylarginine or SDMA) with



each methyl group attached to one of the two nitrogen atoms (N¢ or N'¢).!* PRMT7 to
be studied in this work is the only member of Type III that generates mono-
methylarginine (MMA) product.”> MMA generated by PRMT?7 represents a unique
biological signal that is different from SDMA and ADMA. Recent experimental

observations!®-!8

of the changes of the PRMT?7 activities as a result of certain mutations
provide a unique opportunity for understanding the origin of the PRMT product
specificity. Indeed, it has been shown that the E181D and E181D/Q329A mutants of
PRMT?7 can catalyze the formation of ADMA and SDMA, respectively,'®!” while the
F711 mutant can convert the enzyme into a mixed type I/IL.'® The ability of E181D and
E181D/Q329A to add the second methyl at the specific positions is of considerably
interest, and this may not be simply explained by the increase of the active site space
as already shown from the earlier study of the F71 mutants.'® Moreover, some other
replacements from relatively large to relatively small residues either abolished the
activity or did not lead to di-methylation of arginine. For instance, the formation of
ADMA or SDMA was not observed for Q329A, W330A, E172D/E181D,
E181D/1173G, E181D/W330A, E181D/Q329N, E181D/M75A and E181D/F71A for
which one or two larger residues at the active site were replaced by smaller residues.
Furthermore, it is not clear as to why E181D can only generate ADMA, while
E181D/Q329A can only produce SDMA. Determination of the factors that lead to these
changes of the product specificity may significantly enhance our understanding how

the enzymes are able to fine-tune their specificities.

In our earlier comparative study of wild-type PRMT7 and E172Q, E181Q and
Q329A mutants, ' we showed that the activities followed the order of PRMT7 > Q329A >
E181Q > E172Q, consistent with experimental observations. Moreover, PRMT7 was
found to be only capable of generating MMA from the simulations. Through the
comparison of structural and electronic properties for the reactions catalyzed by
PRMT?7 and its mutants, we identified three strategies of PRMT7 in reducing the
activation barrier for the methyl transfer, including (1) formation of the reactive (near

attack) conformations with the substrate Arg, (2) strengthening the active-site



interactions at the transition state, and (3) generation of more effective nucleophiles by
changing the charge distributions on the target Arg through the active-site interactions.
It was demonstrated that it is a combination of these different factors that control the
methylation activity of PRMT7 and these mutants. It would be of considerable interest
to examine if some of these factors mentioned above would also play a role for changing
the PRMT7’s Type III product specificity as a result of the E181D and E181D/Q329A

mutations.

In this work, QM/MM molecular dynamics and free energy (potential of mean
force or PMF) simulations were carried out to study the activities and product
specificities for E181D and E181D/Q329A. The simulations show that the free energy
barriers of the E181D and E181D/Q329A mutants for the first methylation are about 1
and 2.5 kcal/mol higher, respectively, than that of the wild type PRMT?7.!? The results
are consistent with experimental observations that E181D and E181D/Q329A have the
ability to catalyze the formation of MMA with relatively lower activities and with the
activity order of PRMT7 > E181D > E181D/Q329A.'%!7 For the second methylation,
E181D was able to generate ADMA from MMA with a free energy barrier that is at
least 4 kcal/mol lower compared to the barriers of the second methylation in the wild-
type enzyme; ' the barrier is also lower compared to that of generating SDMA in E181D.
For E181D/Q329A, it was found that this double mutant was able to generate SDMA
from MMA with a free energy barrier that is about 5-6 kcal/mol lower than that from
wild type, while the barrier to produce ADMA in E181D/Q329A is as much as 10
kcal/mol higher compared to that of the SDMA formation. All these results are
consistent with experimental observations concerning the activities and product
specificity of the mutants. Analyses of the data generated from the simulations as well
as Mullikan charge distributions provide rather useful information concerning the
factors that control the product specificities and activities for PRMT7 and its mutants,
and such information may have important implication for understanding the product

specificity of PRMTs in general.

Methods



The initial coordinates were based on a crystallographic complex of PRMT7 with
S-adenosyl-L-homocysteine (SAH) and a histone H4 peptide (PDB ID: 4M38)
containing the targeting Arg residue.?’ The methyl group was manually added to the S;
of SAH to form a methyl donor SAM. The hydrogen atoms of this protein complex
were added using the HBUILD module?! in CHARMM. The initial structures for the
entire stochastic boundary systems were optimized using the steepest descent (SD) and
adopted-basis Newton—Raphson (ABNR) methods. The system was heated gradually
from 50.0K to 298.15K in 50ps, and the equations of motion were integrated with a
time step of 1fs. The coordinates were saved every 50 fs for analysis. The QM/MM MD
and free energy (potential of mean force) simulations were carried out to determine the
free energy profiles for the methyl transfer from SAM to the N1 or Nn2 atom of the
target Arg/methyl Arg and to characterize the active site dynamics for the mutants
(E181D and E181D/Q329A) of PRMT7 with the CHARMM program?>?*. The
—CH2-CH2-S"(Me)—CH2- part of SAM, the side chains of the substrate
arginine/methyl arginine and E172, D181 residues in E181D mutant (or E172, D181
and A329 in E181D/Q329A mutant) were treated by QM, and the rest of the system by
MM. An all-hydrogen CHARMM potential function (PARAM27)** was applied for the
MM region, and the self-consistent charge density functional tight-binding method
(DFTB3)*+® was used for the QM region. The link-atom approach?’ implemented in
CHARMM was used to separate the QM and MM region. An improved TIP3P water

model®® was used as the solvent.

Stochastic boundary molecular dynamics method?® was used for the QM/MM MD
and free energy simulations. The system was divided into a reaction zone and a
reservoir zone, and the reaction zone was further divided into a reaction zone and a
buffer zone. The reaction region is a sphere with radius r of 20 A, and the buffer region
has r in the range 20 A <r <22 A. The reference center assigned by the system is
located on the N2 atom on the substrate Arg/methyl Arg. The resulting system contains
about 5,800 atoms, including about 480 water molecules. The QM/MM MD

simulations of 1.5 ns were performed for the reactant complex of each methyl transfer



reaction, and the distributions of r(Cm—Nni2) and 8 were monitored. As discussed
previously,'”” the Sx2 methyl transfer from SAM to arginine/methyl-arginine is
presumably more efficient if the S—CH3 group of SAM is well aligned with the lone
pair of electrons on the Nni/2 atom of the target Arg/methyl Arg with a small 0 (say, less
than 30°) and a relatively short Cv—Ny12 distance (say, about 3 A)*°. 0 is defined as the
angle between the direction of the Cm—Ss bond (12) and the direction of the lone pair of
electrons on the Nni2 atom of Arg/methyl Arg (r1) (Figure la). Another important
structural parameter related to the efficiency of the methyl transfer is B(Ss-Cm---Nyi112)
angle®! which was also monitored in this work. The umbrella sampling method** and
Weighted Histogram Analysis Method (WHAM)?* were used to determine the changes
in the free energy (potential of mean force or PMF) along the reaction coordinates of
the methyl transfer from SAM to Nn1 or Ny2 of the target Arg/methyl Arg. The linear
combination of r(Cm—Nny1/2) and r(Cm—Ss) [R=1(Cm—Ss) — 1(Cm—Ny1/2)] was used as the
reaction coordinate. For the methylation process, 22 to 25 simulation windows were
performed, and for each window a production run of 100 ps was performed after 50 ps
equilibration. The force constant of the harmonic biasing potentials used in the PMF
simulations is 50—400 kcal mol™' A2 For each system, five independent PMF
simulations were performed. The free energies (PMFs) and statistical errors were taken,
respectively, as the average values and standard deviations from the five runs. As it was
pointed out in the earlier papers,®* for the simple and similar Sx2 methyl transfer
reactions such as those involving PRMT7 and its mutants studied here, the relative free
energy barriers for the wild-type and mutated enzymes should be rather reliable due in
part to the cancellation of errors. To study the effects of mutations on the charge
distributions of the guanidine group, the Mulliken charge analyses were performed
based on the DFTB3 calculations as used earlier;'? the cluster models'® of PRMT7 and
the mutants were also constructed with the Mulliken charge analyses performed at the

HF/STO-3G level using the Gaussian 03 suite of programs.®

Results and discussion

E181D mutant



The representative active-site structure of the reactant complex of E181D for the
first methylation and r(Cwm---Ny12)/0 distribution maps (based on 1.5 ns QM/MM
simulation) are plotted in Figure 1b. The average r(Cm—Ny1) and (Cm—Ny2) distances
between Cm and Nyi2 of Arg are about 3.5 and 3.1A, respectively, in the reactant
complex. Consistent with the average distances, there is a large population of the
structures with the relative short r(Cm—Nn2) distances (around 3.1 A) and small values
of the 0 angle in the corresponding r-0 distribution map (i.e., the map on the right). The
lone pair of electrons on Ny2 (the atom designations for mono-methylation are given in
Figure 1b) are better aligned with the methyl group of SAM, and therefore the methyl
group is likely to transfer to Ny2 rather than to Ny1.!” The average structure in Figure 1b
shows that while the salt bridge between E172 and Arg is similar to what was observed
in the wild-type enzyme complex,'” the interaction between D181 and Arg is somewhat
different from that involving E181. Indeed, only one of the carboxylate oxygen from
D181 interacts with Arg, presumably due to the shortening of the sidechain in going
from E181 to D181. Nevertheless, the interaction between D181 and Arg is quite strong.
One of the obvious structural effects from the mutation is the change of the relative
orientation of the transferable methyl group from SAM and target Arg. Figure 1c¢ shows
that while the B(Ss-Cwm- - -Ny2) angle can reach to 160-180° in the wild-type enzyme with
a significant population, it cannot do so in EI81D. Since B(Ss-Cm---Ny2) needs to be
close to 180° for the effective electronic overlap during the bond formation between Cm
and Nn2, the activity of E181D is expected to be reduced as a result. Consistent with
this suggestion, experimental results'®!” showed that the activity of E181D was
considerably lower compared to wild-type. Our previous study'® also demonstrated that
one of the possible roles of E181 is to reduce the positive charge on Arg and make its
attack on the positively charged methyl group of SAM energetically more favorable.
The Mulliken charge analysis given in Table S1 in Supporting Information shows that
there is an increase of the positive charge on the w-guanidino group as a result of
E181—D mutation, suggesting that D181 is less effective in this regard; this may

contribute to the reduction of the activity as well.



The free energy profiles for the methyl addition to Ny2 are given in Figure 1d and
1f for the cases of the proton transfer to E172 and D181, respectively. The free energy
barriers are similar in the two cases; the similar observation was also made in some
cases in the earlier study.!” The free energy barriers for the mono-methylation in E181D
are higher than that obtained for wild-type,' consistent with the discussion above and
experimental observations.!®!” The free energy simulations were also performed for the
methyl transfer to Nni. However, the free energy barrier is considerably higher
compared to those given in Figure 1d and 1f (see Figure S2). The active site structures
near transition state (TS) are given in Figure le and 1g for the cases of proton transfer
to E172 and D181 during the methylation, respective. As can be seen from these figures,
the proton transfer has not occurred at the TS; the proton transfer occurred about three
windows after passing the TS in the free energy simulations and these structures are
given in Figure S2. Comparison of the structures in Figure le and 1g with that in Figure
1b shows that the average distances for the salt bridge interactions between the substrate
Arg and E172/D181 decreases from 3.0 to 2.8 A in going from the reactant complex to
near TS, suggesting that the corresponding interactions become stronger at the TS.
Strengthening such interactions in going from the reactant state to the TS is expected
to contribute to the transition state stabilization for E181D; the similar observation has

been made for the wild-type enzyme as well.'’

Although PRMT?7 is Type LIl PRMT that catalyzes the formation of mono-
methylarginine (MMA) product, recent experimental studies!®!” demonstrated that
when an already methylated H4 peptide at Arg3 (H4'2'R3MMA) was used as a
substrate, the E181D mutant was able to catalyze the formation of ADMA. Since the
crystal structure of E181D in complex with H4'2'R3MMA is not available, we tested
the formation of ADMA or SDMA in E181D using QM/MM MD and free energy
simulations with a variety of the possible initial MMA configurations in the mutant (see
Table S2). The average structure of the reactant complex that led to the lowest free
energy barriers is given in Figure 2a along with r(Cwm---Nn1/2)/0 and B(Ss-Cm--Nn1/2)

distribution maps. For the second methylation, N2 is designated as the nitrogen atom



that has already been mono-methylated. Similar to the case for the first methyl transfer,
only one of the carboxylate oxygen from D181 interacts strongly with methyl Arg in
the reactant complex. It is of interest to note from Figure 2a that the transferable methyl
group is closer to the nitrogen that already has a methyl group on it (i.e., Ny2). Moreover,
the B(Ss-Cm---Ny2) angle is also more favorable for the methyl transfer to Nn2. One of
the reasons for the formation of such configuration is probably due to the steric
repulsions between the methyl group on MMA and some of the active site residues (e.g.,
Q329) that change the relative positions of the transferable methyl group and methyl
Arg. Consistent with this observation, the free energy barrier for the methyl transfer to
Ny2 with the proton transfers to E172 is lower than those to Ny1 (see Figure 2b and 2d);
however, the barrier for the methyl transfer to Nn1 with the proton transfers to D181 is
much higher. Moreover, the free energy barrier for the methyl transfer to Nn2in E181D
is also considerably lower (by as much 5-10 kcal/mol) than the all barriers obtained in
the wild-type enzyme for the second methyl transfer.!® Thus, the results of the QM/MM
MD and free energy simulations suggest that the possibility for di-methylation in the
E181D mutant is significantly higher than in wild-type and the di-methylation product

is likely to be ADMA rather than SDMA, consistent with experimental observation.!'®!”

E181D/Q329A mutant

The representative active-site structure of the reactant complex of E181D/Q329A
for the first methylation and r(Cwm---Nn12)/0 distribution maps are plotted in Figure 3a.
The average r(Cm—Nn1) and (CmM—Ny2) distances between Cm and Ny12 of Arg are about
3.5 and 3.1A, respectively, in the reactant complex. Figure 3a also shows that there is a
large population of the structures with the relative short r(Cm—Nn2) distances (around
3.1 A) and small values of the 0 angle in the corresponding r-0 distribution map.
Moreover, the B(Ss-Cwm- - -Nn12) distribution maps (Figure S3a) show that the both B(Ss-
Cwm -*Nn1) and PB(Ss-Cwm---Nin2) angles can reach to 160-180° in E181D/Q329A.
Therefore, the lone pair of electrons on Ny are better aligned with the methyl group of
SAM, and the methyl group is likely to transfer to N2 rather than to Ny1. Consistent

with this suggestion, the free energy barrier for the first methyl transfer to N2 (Figure



3b) is considerably lower than that for the first methyl transfer to Ny (Figure S3b); in
the both cases only the proton transfer to E172 was observed. The average structure
near TS is plotted in Figure 3c. As in the earlier cases, strengthening salt bridge
interactions involving E172 and D181 in going from the reactant state to the TS is
observed. The Mulliken charge analysis (Table S1) shows that there also is an increase
of the positive charge on the w-guanidino group as a result of E181—-D/Q329—A

double mutation, and this may contribute to the reduction of the activity.

The average structure of the reactant complex of the 2" methylation in
E181D/Q329A is given in Figure 4a along with r(Cwm---Nn1/2)/0 distribution maps. As
before, for the second methylation Nn2 is designated as the nitrogen atom that has
already been mono-methylated. It is of interest to see from Figure 4a that the
transferable methyl group is now well aligned with Ny1. Indeed, the average r(Cm- - Nn1)
distance is about 3.2A, while r(Cwm---Ny2) is about 3.8A. Thus, the second methyl group
is likely to transfer to Ny rather than to N2, leading to SDMA. One of the reasons for
the formation of this configuration favoring SDMA is probably due to the removal of
the steric repulsions between the methyl group on MMA and Q329 as a result of the
Q329A mutation, and this allows the methyl Arg to occupy the position favorable for
SDMA. Consistent with the structural and dynamic analysis, the free energy profiles
show that the barriers for the formation of SDMA (Figure 4b) are significantly lower
than the barrier of the formation of ADMA (Figure 4d) as well as some other barriers
(see Table S4). Some important bond distances in the active site of the reaction state
and transition state for the 2nd methylation in E181D, E181D/Q329A and wild type of
PRMTY7 are given in Table S3.

Conclusion

Question remains concerning why different PRMTs may generate different
methylation states for the target arginine residues on protein substrates. It has been
observed!®!” that the E181D and E181D/Q329A mutants of PRMT7 of Type III can
catalyze the formation of ADMA and SDMA, respectively. Thus, E181D has the



product specificity property of Type I PRMTs, while E181D/Q329A has the product
specificity property of Type Il PRMTs. The exact reasons as to why the mutants have
such abilities are not clear. In this work, QM/MM MD and free energy (PMF)
simulations have been performed to understand the origin of the product specificity
changes. The free energy profiles for the formation of ADMA and SDMA from MMA
in wild-type enzyme, E181D and E181D/Q329A are summarized in Figure 5. Figure
5a shows that for the formation of ADMA the free energy barriers for the second methyl
transfer in the wild-type PRMT7 and E181D/Q329A are more than 8 kcal/mol higher
than that in E181D, suggesting that ADMA can only be formed in E181D. Figure 5b
shows that for the formation of SDMA the free energy barriers for the second methyl
transfer in the wild-type PRMT?7 and E181D are more than 5 kcal/mol higher than that
in E181D/Q329A. Thus, only E181D/Q329A can produce SDMA. The structural,
dynamic and Mulliken charge analysis have been performed, and it was found that the
ability of the reactant complexes to form the good reactive, near attack configuration
seems to be a key factor. The simulation results make it possible to explain the changes
of the product specificity properties for the two mutants, and such information may
have important implications for understanding the product specificity of PRMTs in

general.
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Figure Caption

Figure 1. Results for the first methylation in E181D. Only the results for the methyl
transfer to Ny are given, as the free energy barrier for the methyl transfer to Ny 1s too
high (see Figure S1). (a) Relative orientation of SAM and Peptidyl-Arg in the reactant
complex. @ is defined as the angle between the two vectors 1 and 2. Here, 71 is the
direction of the lone pair of electrons on the Ny1 or N2 atom, and 2 is the vector pointing
from Cwm to Ss. (b) The reactant complex for the 1% methylation containing SAM
(methyl donor) and the substrate Arg along with 7(Cm-Nyi2) and @ distributions
obtained from the QM/MM MD simulations of the E181D mutant (left: the distribution
map for Ny1; right: the distribution map for Ny2). The average values of some distances
are also given. (c) 7(Cm-Ny2) and B(Ss-Cwm---Ny2) distributions for wild-type PRMT7
and E181D. (d) Free energy (PMF) profile for the 1% methyl transfer to Ny as a function
of the reaction coordinate [R = r(Cm—Ss) — (Cm—Nn2)] that is accompanied by proton
transfer to the carboxylate group of E172. The value of the reaction coordinate X at TS
and the free energy barrier Y are also listed as (X, Y). (e) A representative active site
structure of near TS of Figure Ic. (f) PMF profile and (g) a representative active-site
structure of near TS for the 1% methyl transfer to N2 that is accompanied by proton

transfer to the carboxylate group of D181.

Figure 2. Results for the second methylation in EI181D. Only the substrate
configuration with the methyl group of the mono-methyl arginine located near Q329 is
considered here, as the rest three configurations have either very high free energy
barrier for methyl transfer or unstable during dynamics (see Table S2). The
monomethylated nitrogen atom is designated as Ny for the second methylation. (a) A
representative active site structure of the reactant complex for the 2" methylation along
with some average distances and r(Cwm-Nyi1/2) and the distributions maps obtained from
the QM/MM dynamics simulations. (b) Free energy PMF profile and (c) a
representative active-site structure of near TS for the 2" methyl transfer to Ny2 that is
accompanied by proton transfer to the carboxylate group of E172. The value of the
reaction coordinate X at TS and the free energy barrier Y are also list as (X, Y) for the
free energy profile. (d) Free energy PMF profile for the 2" methyl transfer to Ny as
well as the proton transfer to E172 (top) or to D181 (bottom). (e) A representative
active-site structure of near TS for the 2" methyl transfer to Nyi and proton transfer to
E172; the corresponding structure for proton transfer to D181 is given in Supporting

Information (Figure S10).

Figure 3. Results for the first methylation for E181D/Q329A. Only the results for the



methyl transfer to N2 are given, as the free energy barrier for the methyl transfer to Ny
is much higher (Figure S3). (a) The reactant complex for the 1% methylation containing
SAM (methyl donor) and the substrate Arg along with »(Cm-Ny12) and @ distributions
obtained from the QM/MM MD simulations of the E181D/Q329A mutant (left: the
distribution map for Nni; right: the distribution map for Ny2). The average values of
some distances are also given. (b) Free energy (PMF) profile for the 1 methyl transfer
to Nn2 as a function of the reaction coordinate [R = r(Cm—Ss) — n(Cm—Nn2)] that is
accompanied by proton transfer to the carboxylate group of E172. (¢) A representative

active site structure of near TS of Figure 3b.

Figure 4. Results for the second methylation for E181D/Q329A. Only the substrate
configuration with the methyl group of the mono-methyl arginine located near A329 is
considered here, as the rest three configurations have either much higher free energy
barriers for methyl transfer (see Table S4). (a) A representative active site structure of
the reactant complex for the 2" methylation along with some average distances and
r(Cm-Ny12) and @ distributions obtained from the QM/MM dynamics simulations. (b)
Free energy PMF profile for the 2™ methyl transfer to Ny1 as well as the proton transfer
to E172 (top) or to D181 (bottom). (c) A representative active-site structure of near TS
for the 2" methyl transfer to Ny1 and proton transfer to E172. (d) Free energy PMF
profile and (e) a representative active-site structure of near TS for the 2! methyl transfer

to Ny2 that is accompanied by proton transfer to the carboxylate group of E172.

Figure 5. Comparison of the free energy profiles for the formation of ADMA and
SDMA from MMA in wild-type enzyme, E181D and E181D/Q329A. The value of the
reaction coordinate X at TS and the free energy barrier Y are also list as (X, Y) in each
case. (a) The ADMA methylation in wild-type enzyme, E181D and E181D/Q329A. (b)
The SDMA methylation in wild-type enzyme, E181D and E181D/Q329A.
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