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We present the results of combined molecular dynamics and full-quantum calculations aimed at eluci-
dating the role of residue Thr122 of the enzyme methylamine dehydrogenase. Calculations were per-
formed on the native structure and the T122A mutant. We found that the presence of Thr122 has a
deleterious effect on the proton transfer step that is proposed to determine the rate of the reaction.
Besides, at the PM3 level, the substitution of Thr122 by Ala does not significantly modify the preference
of the proton by atom OD2 of Asp76. Transmission coefficients obtained form MP2/6-31G(d,p)//PBE/DZP
minimum energy paths show that proton tunneling is significant.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Methylamine dehydrogenase catalyzes the oxidation of methyl-
amine to formaldehyde and ammonia. The reaction involves a pro-
ton transfer from the methyl group of the substrate to an active site
base [1]. This step presents an expanded kinetic isotopic effect
which is temperature independent [2]. However, the rate constants
are temperature dependent. The step has been the subject of sev-
eral theoretical studies [3–11].

Davidson and co-workers performed site-directed mutagenesis
experiments to determine the role of polar residues of the active
site in catalysis. However, this role could not be assessed as muta-
tions that removed the reactive oxygen atoms of these residues re-
sulted in very low levels of MADH production [12]. Fig. 1 shows a
model of the active site with the cofactor, TTQ [1], in the iminoqui-
none form. Residue numbers correspond to those found in MADH
from Paracoccus denitrificans (PDB entry 2BBK) [13]. It is now ac-
cepted that Asp76 is the base that participates in the proton trans-
fer step [8,14]. Besides, Davidson has demonstrated that this
residue is involved in the biogenesis of the cofactor [15]. The role
of Thr122 is still unclear.

Quantum calculations on active site models established that the
presence of Thr122 increases the barrier for the transference [8].
This detrimental effect can be rationalized considering that
Thr122 forms an H-bond with Asp76 and therefore withdraws
electron density from it. Later on, molecular dynamics simulations
showed that this H-bond restricts the rotation of the —CO�2 group
[8]. Thus, Thr122 could facilitate the reaction by holding the car-
ll rights reserved.
boxylic group in an appropriate orientation for the transference.
As the energy strongly depends on this orientation, it is not clear
which of the two effects is the most important. Thr122 could also
determine which oxygen atom (OD1 or OD2) is the most probable
acceptor. Recent studies have noticed this and have indicated that
Thr122 could have a role in modulating tunnelling probabilities
[10,11].

2. Computational details

We combined molecular dynamics (MD) simulations of the en-
zyme with full-quantum (QM) calculations of the active site model
of Fig. 1. In one set of computations we used the structure of the
native enzyme; in another set we used the structure obtained by
replacing Thr122 with Ala. Finally, with the data corresponding
to the wild type form, we estimated the transmission coefficients
for proton transfer to each oxygen atom of Asp76.

The MD simulations were done with AMBER7 [16], using the
AMBER96 force field and the parameters for TTQ that were presented
elsewhere [9]. The protocol used to prepare and equilibrate the
structures is the same as described in Ref. [9]. The production stage
at 300 K and 1 atm lasted for 900 ps. Configurations were sam-
pled every 1.0 ps. The simulation of the T122A mutant was
extended up to 5.0 ns to check its stability. The analysis of the
energies, temperature, pressure and RMSD showed that the struc-
ture remains stable (see Fig. 2). This in silico stability enabled us to
compare the dynamics of the two structures. Nevertheless, we
acknowledge that this fact does not preclude the idea that
Thr122 could be necessary to keep the enzyme in its folded state.
The unfolding process could take much longer times than the ones
analyzed here.
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Fig. 2. RMSD for the MD simulation of the T122A mutant.
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Fig. 1. Model of the active site used in the QM calculations. Note that each Ca atom
was replaced with a –CH3 group.
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Full-QM computations, performed with GAUSSIAN 98 [17], were
used to calculate the potential energy curves for the instantaneous
proton transfer, for structures sampled from the MD simulations.
From each structure, we cut the model shown in Fig. 1. Then, we
stretched the C–H bond from 1.0 Å to 2.8 Å in 19 steps and per-
formed single-point QM calculations at every step. During this pro-
cess, the rest of the atoms were kept in their initial positions. These
calculations were done at the PM3 level of theory.

Each curve was analyzed to see whether it had a double mini-
mum or not. Curves that did not show a double minimum were la-
belled as non-reactive. On the contrary, curves with a double
minimum were labelled as reactive, even though the barrier were
so high or the reaction so endothermic as to render the transfer-
ence very unlikely. The curves labelled as reactive were analyzed
to calculate the barrier for the transference and to see whether
the proton acceptor was atom OD1 or OD2. For the wild type form
we also evaluated the interaction energy, Ea

int, between Thr122 and
the reactive centre (Asp76 + TTQ):

Ea
int ¼ EaðAsp76þ TTQ þ Thr122Þ � EaðAsp76þ TTQÞ � EaðThr122Þ:

Here Ea (Asp76 + TTQ + Thr122) is the energy of the whole active
site model, while Ea (Asp76 + TTQ) and Ea (Thr122) are the energies
of the isolated subsystems. The superscript a indicates whether the
structure corresponds to reactants or products.
Full-QM computations were also used to determine the mini-
mum energy paths (MEPs) for the model of Fig. 1. These calcula-
tions were done with the SIESTA code [18] at a DFT level of
theory, with the PBE functional and a double zeta plus polarization
basis set. The structure of the model in the reactants configuration
was minimized by fixing the position of each Ca atom, to simulate
the restrictions imposed by the protein backbone. Then, the term
V(n) = k (n � n0)2 was added to the potential, where n is the reaction
coordinate and n0 is the desired value of the reaction coordinate.
The system was forced to follow the MEP by varying n0. We set
k = 200.0 kcal/mol and defined n = dCH–dOH, where dCH(dOH) is the
length of the bond being broken(formed). Finally, the energies
were recalculated at the B3LYP/6-31 G(d,p) and MP2/6-31G(d,p)
levels of theory, using GAUSSIAN 98.

The transmission coefficients were calculated using the
Hamiltonian:

Ĥ ¼ � �h2

2meff

o2

on2 þ VMEPðnÞ

Here meff is the mass of the proton divided by 4.0 and VMEPðnÞ gives
the energy along the MEP. The factor of 1/4 in meff arises because Ĥ
is expressed in terms of the reaction coordinate instead of the pro-
ton coordinate. We used the formula proposed by Miller [19]:

jðTÞ ¼ kðTÞ
kðTÞTST;CL

¼ 2pbebV#

0

Z 1

0
CffðTÞdt:

Here Cff(T) is the flux–flux autocorrelation function,

CffðTÞ ¼
X2

m¼1

fm umðtÞ F̂
��� ���umðtÞ

D E
;

fm and umj i are the eigenvalues and eigenfunctions, respectively, of
the boltzmanized flux operator F̂b ¼ e�bĤ=2F̂e�bĤ=2, F̂ ¼ ½Ĥ;h� and h is
the Heaviside function. To determine fm and umj i we diagonalized
the representation of F̂b in the basis set of the eigenfunctions of
Ĥ. The eigenfunctions of Ĥ were obtained using a particle-in-a-
box DVR basis set. Because umj i was expressed as a linear combina-
tion of eigenfunctions of Ĥ, the functions umðtÞj i were evaluated by
direct application of the evolution operator. We used 100 DVR func-
tions, expanding a range of 12.0a0 centred at the maximum of the
MEP. Only eigenfunctions of Ĥ with eigenvalues <55.0 kcal/mol
above the bottom of the reactants well were used in the expansion.
To avoid recrossings, the energy profiles were modified by setting
E ¼ Ereac

min for r 6 rreac
min and E ¼ Eprod

min for r P rprod
min , where rreac

min (rprod
min )

indicates the location of the reactants (products) well. Metiu and
co-workers have demonstrated that this approximation is similar
to conventional (i.e. not variational) TST [20]. The temperature
was set to 300 K.
3. Results and discussion

MD simulations confirm that replacing Thr122 with Ala gives
greater mobility to the carboxylic group of Asp76. For example,
the probability distribution for the Ca–Cb–C–OOD1 torsion shows a
broader distribution in the simulation of the mutant. The standard
deviations are r = 17.3� for the mutant and r = 12.0� for the wild
type form. Another indication of this greater mobility is that the
hydrogen bond between OD2 and Trp108 is weakened. This H-
bond appears in 32.2% of the structures of the wild type form,
but only 8.4% of the structures of the mutant.

The mutation has only a moderate effect on the H-bonds be-
tween the methyl group of the substrate and Asp76. The H-bond
with OD2 is present in 34.3% of the structures of the wild type form
and 38.0% of the structures of the mutant. For OD1 the figures are
18.8% (wild type) and 14.1% (mutant). Thus, in both cases, the H-
bond with OD2 is significantly more likely than the H-bond with
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Fig. 3. Distribution of the PM3 instantaneous barriers corresponding to proton tr-
ansfer to OD2. Black circles are used for the wild type form and white circles for the
T122A mutant.
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Table 1
Barriers in kcal/mol along to the MEPs

OD2 OD1

Ala Thr Ala Thr

B3LYP 3.39 7.86 1.82 7.31
MP2 4.01 8.46 4.26 10.71

Table 2
Main distances at the MEPs

Distance OD2 OD1

Reactants TS Reactants TS

C–H 1.14(1.14) 1.42(1.32) 1.14(1.14) 1.33(1.14)
C–O 2.96(3.02) 2.63(2.63) 3.07(3.24) 2.61(2.91)
H–O 1.82(1.87) 1.21(1.31) 2.48(2.49) 1.28(1.88)

Values within parenthesis correspond to the mutant.
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OD1, but the preference is somewhat smaller for the wild type
form.

We found 208 (23.1%) reactive curves for the wild type form and
234 (26.0%) for the T122A mutant. Atom OD2 was the acceptor of
the proton in 88.0% of the reactive cases of the wild type form and
87.2% of the mutant. The average values for the barriers were
27.6 ± 7.6 kcal/mol (wild type) and 22.0 ± 8.3 kcal/mol (mutant).
Fig. 3 shows the probability distributions for the barriers. The dis-
tribution of the mutant is clearly shifted to lower energies than
that corresponding to the native form. Similar results were ob-
tained for the transference to OD1. In that case the average barriers
were 27.5 ± 8.8 kcal/mol (wild type) and 21.8 ± 9.0 kcal/mol (mu-
tant). These results show that the transfer is favoured when
Thr122 is replaced with Ala: there are more reactive configurations
and they show significantly lower barriers. The results also suggest
that the replacement of Thr122 by Ala does not modify the prefer-
ence of the proton by atom OD2.

The instantaneous barriers vary within a broad range. More-
over, for many structures it is not even possible to calculate a bar-
rier, as the energy just increases when the C–H bond is stretched
(these are the non-reactive curves). This happens because all the
atoms, except the proton being transferred, were fixed during the
calculations. Having a relatively small barrier requires an appropri-
ate orientation between the donor and the acceptor. It also re-
quires that, when the proton is transferred, the –COOH group
adopts an appropriate configuration. Similar and even larger vari-
ations have been reported for other enzymatic reactions [21].

The values of Ea
int are plotted in Fig. 4. For both transferences,

Thr122 has a more favourable interaction with the structures cor-
responding to reactants than with the ones corresponding to prod-
ucts. For OD2, Thr122 has a stabilizing interaction in all the
structures of reactants and 65.5% of the structures of products.
The average interaction energies are �8.1 kcal/mol (reactants)
and �0.9 kcal/mol (products). For OD1, the interaction is stabiliz-
ing in nearly all the structures of reactants, but it is destabilizing
in all the structures of products. The average interaction energies
are �6.2 kcal/mol (reactants) and +6.9 kcal/mol (products). These
results agree with the ones of Ranaghan et al. [11] at indicating
that the interaction with Thr122 is more favourable for reactants
than for products. The agreement is significant considering the dif-
ferences in the methodologies used in each study. However, our
energies are higher than those of reference [11]. The differences
can be explained considering that the values reported in reference
[11] correspond to the MEP, while the ones presented here corre-
spond to the instantaneous profiles. Thus, for example, Ranaghan
et al. observed that the hydroxyl group of Thr122 rotates away
from Asp76 as the proton is transferred towards OD1. In our calcu-
lations, the residue is frozen and therefore the energy increases
with the transference. Núñez et al. [10] also evaluated the effect
of Thr122 and found that the residue mainly stabilizes the prod-
ucts. In those QM/MM calculations the MEPs were determined
relaxing the geometry of the quantum subsystem while fixing
the geometry of the classical subsystem (which included residue
Thr122). As Ranaghan et al. discussed in reference [11] this treat-
ment would be the origin of the stabilizing effect reported by
Núñez et al.

The barriers along the MEPs are displayed in Table 1. Different
levels of theory agree at indicating that the barriers become lower
when Thr122 is replaced with Ala. Thus, the deleterious effect of
Thr122 is not eliminated by relaxing the structures. Table 2 shows
structural details of the MEPs. Good agreement is found between
the distances of Table 2 and those reported elsewhere [11], with
the exception of d(C–OD1) and d(H–OD1) at the reactants configu-
ration. In these cases we got somewhat higher values. Finally, we
note that the B3LYP/6-31G(d,p)//PBE/DZP barrier for the wild type
form is similar to the B3LYP/6-31G(d)//PM3 barriers reported else-
where [8].

In Fig. 5 we show the CffðtÞs obtained from the MEPs deter-
mined at the MP2/6-31G(d,p)//PBE/DZP level. The corresponding
transmission coefficients are 272.3 for transfer to OD2 and 62.2
for transfer to OD1. At the B3LYP/6-31G(d,p)//PBE/DZP level,
the transmission coefficients are 18.9 for OD2 and 4.5 for OD1.
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Observed differences are attributed to B3LYP barriers being lower
than the MP2 ones, and also to the transfer being exothermic in
MP2 calculations (DE = �1.30 kcal/mol for OD1 and �1.83 kcal/
mol for OD2), but endothermic in B3LYP calculations (DE = 0.52 k-
cal/mol for OD1 and 1.83 kcal/mol for OD2).

The fact that jðTÞ is larger for OD2 than OD1 can be explained
noting that the OD1 barrier is wider. To verify this, we adjusted
the MP2 MEPs with the functional form proposed by Ahmed [22]:

VðxÞ ¼ V0 1� 1� expðx=aÞ
1þ c expðx=aÞ

� �2
 !

:

The parameters were a = 0.5128, c = 0.9337 and V0 = 0.0170 for OD1
and a = 0.3525, c = 0.9036 and V0 = 0.0135 for OD2 (all in atomic
units). Is should be noted that the barriers in the original and the
fitted curves are exactly the same. Using the analytical expression
for the microcanonical transmission coefficient given by Ahmed
[22] we calculated the corresponding j(T). We obtained j(T) = 81
for OD1 and j(T) = 319 for OD2. These values are similar to the ones
evaluated from the original curves. On the other hand, the transmis-
sion coefficients calculated by applying the flux–flux autocorrela-
tion function formalism on the fitted curves are 76 for OD1 and
303 for OD2, in good agreement with the values obtained using
the formulas of Ref. [22].

Results presented here agree with previous calculations at indi-
cating that tunnelling is significant for this transference. However,
recent reports indicate that the effect is more important for OD1
than OD2 [10,11]. Differences between those results and ours can
be attributed to the use of different levels of theory to calculate
the MEPs. One should also note that the MEPs presented here were
obtained with an active site model. Considering the effect of the
whole protein environment could make the barriers somewhat
higher, but also the DE more endothermic [11]. As these variations
tend to compensate to each other, it is not easy to predict their im-
pact on the transmission coefficients.

Summarizing: combined MD + QM computations indicate that
the presence of Thr122, a residue that is 100% conserved in MADH,
is detrimental for the proton transfer step that determines the rate
of the catalyzed reaction. Besides, at the PM3 level, the absence of
Thr122 does not modify the preference of the proton by atom OD2
of Asp76. Transmission coefficients obtained from the PM2/6-
31G(d,p)//PBE/DZP MEPs indicate that the contribution of tunnel-
ing is significant and is more important in the transfer to OD2 than
OD1.
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