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Introduction

The degradation of halogenated compounds has become a rel-
evant environmental issue,[1–3] where fluorinated compounds

are the most difficult to eliminate owing to the relatively high
strength of the carbon–fluorine bond.[4] This makes the dehalo-

genation process much harder to accomplish compared with

compounds possessing heavier halogen atoms. Sodium fluo-
roacetate (FAc) is a fluorinated a-haloacid present in plants en-

demic to Australia, Africa, and Central America, and is highly
poisonous for mammals,[5–7] which is an important problem for

the livestock industry. In nature, fluoroacetate dehalogenase

(FAcD) is the enzyme responsible for its degradation into
harmless glycolate through an hydrolytic dehalogenation reac-

tion.[8] The widely accepted mechanism of the defluorination
of FAc consists of a two-stage process (Scheme 1). It starts

with the nucleophilic attack (SN2) to the a-carbon (aC) of the

substrate by an aspartate residue, causing the dissociation of
the carbon–fluorine bond (aC@F) and the formation of an

ester intermediate (step A). Then, a water molecule activated
by an aspartate–histidine (Asp-His) pair hydrolyzes the ester

bond with the subsequent generation and release of the reac-
tion product (step B).

The architecture of the catalytic site of FAcD includes the

halogen pocket depicted in Scheme 1, which consists of three
residues that coordinate the halogen, namely histidine (His),

tryptophan (Trp), and tyrosine (Tyr). Experimental evidence
suggests that the mutation of Trp in FAcD results in the inacti-

vation of the enzyme.[10] Computational studies have been car-
ried out in haloalkane dehalogenase (HAD), which catalyzes

the dehalogenation of dichloroethane through the hydrolytic
cleavage of the carbon–chlorine bond. These studies have
highlighted the relevance of the electrostatic preorganization

of the binding site in the stabilization of the corresponding
transition state.[11, 12] In addition, it has been proven that other

possible explanations such as the so-called near attack confor-
mation (NAC) mechanism[13–15] have only a minor contribution

to the reduction of the barrier induced by several en-

zymes.[11, 16, 17] Unfortunately, the physical factors that govern
the catalysis and their relationship with the chemical structure

of the enzyme are not fully understood so far, which hampers
the design of new, more efficient catalysts.

Two recent theoretical studies based on the crystal structure
of the FAcD FA1 (Burkholderia sp.) performed by Yoshizawa

Fluoroacetate dehalogenase is able to cleavage a carbon–fluo-
ride bond, the strongest carbon–halogen bond in nature, in a

process initiated by a SN2 reaction. The role of the enzyme ma-
chinery and particularly of the halogen pocket in the SN2 reac-
tion is thoroughly explored by using state-of-the-art computa-
tional tools. A comparison between the non-catalyzed versus
enzyme-catalyzed reaction, as well as with a mutant of the
enzyme (Tyr219Phe), is presented. The energy barrier changes
are rationalized by means of reaction force analysis and the ac-

tivation strain model coupled with energy decomposition anal-

ysis. The catalysis is in part caused by the reduction of structur-

al work from bringing the reactant species towards the proper

reaction orientation, and the reduction of the electrostatic re-
pulsion between the nucleophile and the substrate, which are

both negatively charged. In addition, catalysis is also driven by
an important reduction of the electronic reorganization pro-
cesses during the reaction, where Tyr from the halogen pocket
acts as a charge acceptor from the SN2 reaction axis therefore

reducing the electronic steric repulsion between the reacting
parts.
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et al. ,[18, 19] confirm the notion that the most important factor
for the reduction of the activation barrier towards the aC@F

bond cleavage is the interaction of the fluorine with the halo-

gen pocket. It was suggested that the most important residue
from the halogen pocket in reducing the energy barrier is the

Tyr, which exhibits the shortest interaction with fluoride after
aC@F bond cleavage. These results reinforce the relevance of

the Tyr in the SN2 step of the reaction cycle. Nevertheless, the
mechanism by which Tyr reduces the energy barrier of the SN2

elementary step still needs to be explored to obtain a com-

plete picture of the halogen pocket inner working. Subsequent
studies were carried out by Pai et al. ,[9] in which they crystal-

lized a FAcD from Rhodopseudomonas palustris (RPA1163) in
complex with the substrate (FAc), and arrived at similar conclu-

sions. They also performed steady-state kinetic measurements
for several mutants of RPA1163, providing insights into the re-

activity. Among these, the mutation of Tyr219 to phenylalanine

(Tyr219Phe; numbering according to PDB ID 3R3V from Rho-
dopseudomonas palustris)[9] from the halogen pocket led to a

release of the steric constraint in the binding site, accompa-
nied with the loss of an interaction point for the halogen.

Based on this crystal structure, Zhang et al.[20] carried out a
quantum mechanical (QM)/molecular mechanics (MM) study of
FAcD by using a scheme involving several snapshots to calcu-

late the barrier of the reaction. They found that the reaction
barrier spreads over a range from 9.5 to 21.5 kcal mol@1, de-

pending on the snapshot used for the calculation. Also, they
pointed out the correlation existing between the angle formed

by (Asp110)O-aC-F in the reactant state and the reaction barri-
er, where angles closer to the theoretical 1808 may involve

lower energy barriers.
Considering all the previous studies mentioned above,

herein, we will unravel the source of the catalytic power pro-

vided by the enzymatic machinery for the initial SN2 elementa-
ry step, which holds information that may lead to the efficient

dehalogenation of other compounds. First, we transversely dis-
sected the reaction coordinate into three regions, each one

dominated either by structural or electronic contributions as

revealed by the reaction force analysis (RFA).[21–23] Afterwards,
to gain more insight into the physical factors involved in the

SN2 reaction, we used the activation strain model coupled to
the energy decomposition analysis (ASM-EDA) along the entire

reaction coordinate. To this end, we have performed an exten-
sive computational study by means of DFT by using the quan-

tum chemical cluster approach to model the catalytic site and
the substrate of the reaction. In addition, we also present a de-

tailed study of the impact of the Tyr219Phe mutation on the

SN2 reaction mechanism within the scope of the RFA and ASM-
EDA. This represents a paramount opportunity to explore the

role of the steric effect provided by the binding site, together
with the relevance of the electronic reorganization processes

involved in this type of catalysis. The comparative analysis be-
tween the native enzyme and the impaired mutant will allow

us to understand the inner working of the enzymatic machi-

nery, providing new chemical insights to support the develop-
ment of new environmental technologies focused on bioreme-

diation.

Results and Discussion

The analysis of the crystal structure 3R3V indicates possible hy-

drogen bonds between TyrOH and F or O atoms of FAc. The
TyrO···O distance is 2.74 a whereas the TyrO···F distance is

3.28 a, indicating a preference for the TyrOH···O hydrogen
bond. Figure 1 displays the time evolution of the distances of

TyrOH···O and TyrOH···F during the MD simulation. These two

Scheme 1. Proposed reaction mechanism for fluoroacetate dehalogenase. The first step (A) corresponds to the SN2 reaction, which is the focus of this study.
The second step (B) involves the hydrolytic cleavage of the ester intermediate. Adapted from reference [9] .

Figure 1. Plot of the interaction distances between the hydrogen from the
hydroxyl group of Tyr219 with the carboxylic oxygen (black) and with the
fluorine atom (red), both from FAc. Enclosed in the green box is the region
where some snapshots are found in a similar conformation as the crystal
structure (PDB code: 3R3V), namely a short Tyr···O interaction and a long
Tyr···F interaction.
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geometric parameters define the main conformations adopted
along the production trajectory, indicating the feasibility of a

TyrOH···O configuration. The results show that the TyrOH···O in-
teraction is rare (green rectangle in Figure 1). At variance, the

TyrOH···F configuration, which we will later identify as catalyti-
cally active, dominates. Selecting those snapshots with

TyrOH···O shorter than 2.0 a and simultaneously TyrOH···F
larger than 2.5 a, we found only 28 structures out of 4000

from our sampling, meaning that only 0.7 % of the production

trajectory had access to that conformation. The selection crite-
rion was defined according to the interaction distances pre-

dicted after adding the hydrogen atoms to the crystal struc-
ture, resulting in 1.74 a and 2.28 a for TyrOH···O and TyrOH···F,

respectively; but providing a certain range of flexibility to
these magnitudes to increase the population number. It is no-
ticed from Figure 1 that in general the TyrOH···F interaction is

shorter than TyrOH···O and it varies between a short range of
distances, whereas TyrOH···O seems to be less stable. From

these conformations, we selected our snapshot for further
studies by following the criteria detailed in the Computational
Details section.

The calculated energy barrier for the wild-type model (R1)

obtained from the selected snapshot was of 5.3 kcal mol@1,

close to the values previously reported by means of QM/MM
methods (4.3 kcal mol@1).[18] Our results are also in agreement

with the structural correlation proposed by Zhang et al.[20] oc-
curring between the angle formed by (Asp110)O-aC-F in the

reactant state and the reaction barrier, where the angle of the
reactant state of R1 was 1778, close to the theoretical value of

1808. This explains the low energy barrier obtained from our

careful snapshot selection. An additional explanation for the
low energy barrier compared with that calculated by Zhang

et al. seems to be associated with the method of choice for
the energy analysis. After calculating the energy barrier of R1
with our geometries at the ri-MP2, SCS-ri-MP2, and SOS-ri-MP2
levels of theory and by using their same basis set (cc-pVTZ),

we obtained values of 7.1, 8.4, and 9.1 kcal mol@1, which are

higher and closer to the values obtained in that work. Never-
theless, for the purposes of this work, B3LYP is still a good
choice as it provides reliable geometries as previously
tested,[18–20] and accurate enough energetics for SN2 reac-
tions,[24, 25] as the one studied in this work. All the calculated
energy barriers (DE¼6 ), reaction works (Wi), and reaction ener-

gies (DE8) are listed in Table 1, whereas the reaction force pro-
files are shown in Figure S2 (in the Supporting Information).
We defined the 5.3 kcal mol@1 as our reference value for further

comparative analysis. This energy barrier represents a tremen-
dous decrease compared with the 31.1 kcal mol@1 computed

for the non-catalyzed reaction in implicit aqueous solvent at
the same level of theory.[26] To rationalize this significant

energy decrease, RFA was applied next.

Reaction force analysis of the barrier height

As can be seen in Table 1, for R1 (wild-type enzyme) the struc-

tural changes (W1) were the dominant factor as they contribute
with approximately 72 % of the total DE¼6 . This value repre-

sents almost three times the contribution of the electronic re-
organization (W2) needed to reach the transition state (TS). Our

previous studies on the non-catalyzed reaction in implicit
water (model here designed as R0) showed a similar behavior,

where the structural work was nearly twice as strong as the
electronic work, with values of 20.7 and 10.5 kcal mol@1 for W1

and W2, respectively (W1/W2&2).[26] From these results, it is in-

ferred that the structural work is a dominant feature of this
particular reaction. The magnitude of W1 for the enzyme-cata-

lyzed reaction (R1) was 3.8 kcal mol@1; 18.4 % of the 20.7 kcal
mol@1 calculated for the non-catalyzed reaction. This involved a

reduction of W1 and thus, of the energy barrier, of 16.9 kcal
mol@1 with respect to the non-catalyzed reaction, highlighting

the role of the enzyme in minimizing the conformational

changes to begin with the O@aC bond formation.
Our starting geometry for the reactant state was the closest

to the TS conformation from our molecular dynamics (MD),
therefore, this result represents the highest probable reduction

of the structural work possible to obtain from our conforma-
tional sampling. The reduction of the structural work also re-

flects the decrease of the electrostatic repulsion between the

reacting parts and of the steric repulsion, where the latter will
be further discussed in the ASM-EDA analysis section. The re-

duction of the electrostatic repulsion is achieved through the
hydrogen-bonding network between the carboxylic moiety of
FAc and Arg111/Arg114 pair, the importance of which has been
previously shown,[20] together with the oxyanion hole, which

stabilizes the charge from the nucleophile (Asp110).
The reduction of the electronic work (W2) from 10.5 kcal

mol@1 for the non-catalyzed reaction to the 1.5 kcal mol@1 cal-

culated for R1 also indicates a remarkable decrease of the elec-
tronic reorganization taking place during the reaction. This cor-

responds to 14.3 % of the non-catalyzed energy barrier, show-
ing a slightly higher reduction in the electronic reorganization

than in the structural work. In this case, the electronic reorgan-

ization is associated with the two main chemical events of the
reaction, namely the O@aC bond formation and the aC@F

bond cleavage process. In addition, the stabilization of the in-
cipient negative charge of the fluorine atom has proved to be

an important factor for the reduction of the electronic work
and thus, of the DE¼6 as previously reported.[26] In our previous

Table 1. Reaction energies, energy barriers, and reaction works associat-
ed with reaction models R1–R5.[a]

Model DE¼6 W1 W2 W3 W4 DE0

R0[b] 31.1 20.7 10.5 @4.2 @11.8 15.1
R1 5.3 3.8 1.5 @10.6 @12.6 @17.9
R2 14.9 11.5 3.4 @6.0 @23.0 @14.1
R3 11.8 7.5 4.3 @6.5 @10.2 @4.9
R4 10.9 8.2 2.7 @8.8 @9.8 @7.7
R5 10.9 8.2 2.7 @9.3 @12.9 @11.3

[a] Values are in kcal mol@1. R1: reference model; R2 : from crystal struc-
ture; R3 : Tyr219Phe mutant; R4 : without His155; R5 : without Trp156. W1:
non-spontaneous structural work; W2 : non-spontaneous electronic work;
W3 : electronic relaxation, W4 : structural relaxation. [b] R0 corresponds to
the model for the non-catalyzed reaction, data previously published.[27]
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study, when FAc was protonated at its carboxylic moiety it was
able to transfer that proton to the fluoride during the aC@F

bond cleavage, decreasing the electronic work (W2) from 10.5
to 5.1 kcal mol@1. This indicated that the generation of the neg-

ative charge involves a huge amount of work of electronic
nature. At this point, we suggest that for R1 the factors re-

sponsible for the reduction of the electronic work are the assis-
tance in the O@aC bond formation, the reduction of the aC@F

bond strength through its stretching by the halogen pocket,

and the stabilization of the nascent negative charge coming
from the anion during the aC@F bond dissociation. In particu-

lar, the assistance of the O@aC bond formation is aided by the
binding site by positioning the nucleophile and the substrate

in a mutual orientation favoring an optimal orbital interaction
necessary to start the electronic reorganization process. In gen-
eral terms, these factors are probably connected to the preor-

ganized electrostatic environment hypothesis, similar to the
proposed mechanism for the binding site of HAD by Warshel
et al.[11, 12]

As explained in the Computational Details section, R2 is a

model directly obtained from the coordinates of the crystal
structure, where Tyr219 is hydrogen bonded to one of the car-

boxylate oxygens from FAc instead of the fluorine at the reac-

tant state as R1. Our calculations revealed that this reaction
model suffered the largest increase of DE¼6 , resulting in

14.9 kcal mol@1, which is approximately three times the energy
barrier obtained for R1. The magnitude of W1 for R2 was also

three times higher than that of R1, pointing out that R2 re-
quires a huge amount of structural preparation before entering

the transition state region (TSR). Meanwhile, in terms of the

electronic work (W2), R2 needs to carry out more than twice
the electronic activity performed by R1. Therefore, the reaction

work analysis identifies a combined source for the increase in
the reaction barrier, where the structural work was the most af-

fected by this impaired conformation. Figure 2 shows that the
TyrOH···O distance (dashed lines) remained almost unaltered

until the TS was reached. This missing interaction with fluorine
causes the lack of proper positioning of the halogen at the be-

ginning of the reaction, which results in a larger translational
movement of the halogen along the reactant region (RR) and

the first half of the TSR.
Actually, as can be seen in Figure 3, at the TS the computed

TyrOH···F distance for R2 was 2.70 a, much longer than the
1.58 a observed for R1, showing that at this stage of the reac-

tion the Tyr219 does not participate in the catalysis, leading to

the large increase of the DE¼6 .
According to these results, it can be concluded that the co-

ordinates from the crystal structure do not represent a catalyti-
cally active complex, and that Tyr219 has to be within the in-
teraction range of fluorine in the reactant state to then achieve
the proper reduction of the energy barrier. From the study of

R2, we found that adopting a different conformation than the

active one (represented here by R1) involves an increase of
almost three times the magnitude of DE¼6 , with the structural

work being the dominant contribution, also observed for R1.
For R2, we found that the structural work was three times

higher than the electronic work. This model in particular indi-
cates that not only the integrity of the enzymatic machinery

was necessary to achieve the catalytic process, but also the

proper interactions between the halogen pocket and the fluo-
rine. Here, the interaction of Tyr219 with the carboxylate

oxygen from FAc triggered an increase in the structural de-
mands to achieve the proper TS geometry, which even caused

a slight increase in the interaction distance between the nucle-
ophilic oxygen from Asp110 and the aC from R2, contributing

to the increase of the DE¼6 (see Figure 3).

The DE¼6 resulting from the model of the Tyr219Phe mutant
(R3) was 11.8 kcal mol@1, showing an increase of 6.5 kcal mol@1

with respect to the wild-type R1 system. According to experi-
mental results,[9] this mutation impairs the catalytic activity of

the enzyme, suggesting that this energy increase contributes
to the disruption of the normal catalytic activity of the
enzyme. According to the structural results presented in

Figure 3, the mutation caused an increase of the interaction
distance between (Asp110)O···aC of 0.13 a. On the other hand,
it also involved a slight decrease in the elongation of the aC@F
bond of 0.04 a, although this change was minor compared

with the detrimental effect in the (Asp110)O···aC interaction
distance. The shortest interaction distance between the halo-

gen pocket residues and the fluorine atom at the TS was the
Tyr219 (TyrOH···F 1.58 a), as can be seen in Figure 3. Mean-
while, His155 and Trp156 present a comparable contribution

inferred from the highly similar interaction distances with the
fluorine atom (1.84 and 1.83 a for Trp155 and His156, respec-

tively). This is confirmed by the analysis of the TS of R3, where
both Trp155 and His156 also interact with fluorine with highly

similar interaction distances, but shorter than that observed for

R1. Very likely, this occurs to compensate for the lack of stabili-
zation provided by Tyr219. The role of the absence of Tyr219

in the increase of the energy barrier confirms the crucial role
of a triad as the minimal structure for the halogen pocket in

defluorination reactions. However, to test our proposal, we
also designed two additional models with two residues each,

Figure 2. Interaction distances between TyrOH···F(FAc) (continuous line) and
TyrOH···O(FAc) (dashed line) from R1 (black) and R2 (blue) along the reaction
coordinate. For comparative purposes, we normalized the reaction coordi-
nate (x). Circles denote the position of the TS.
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Figure 3. Main structural parameters of the geometries obtained for the reactant, TS, and product states of the reaction modeled by R1, R2, and R3. In
orange are the carbon atoms from the enzymatic environment. In gray are the carbon atoms from the substrate and the fluorine atom is denoted in purple.
Blue and red are reserved for the nitrogen and oxygen atoms, respectively.
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one with a Tyr–Trp pair (R4), thus without the His, and the
other with a Tyr–His pair (R5), missing the Trp. The geometries

for the reactant, TS, and product states obtained for R4 and R5
are presented in Figure S1 (in the Supporting Information).

Both R4 and R5 showed the same energy barrier (10.9 kcal
mol@1) exposing a slightly lower barrier compared with R3. In
general, the three models showed an increase of the energy
barrier close to a factor of two with respect to R1. These re-
sults demonstrate the importance of the three residues as part

of the halogen pocket as a requirement for proper catalysis.
The magnitudes of the structural work (W1) required by R3

to pass through the RR and enter the TSR showed an increase
of almost two times with respect to R1. This exposes that the

absence of the OH group from Tyr219 causes an increase of
the structural demands needed to reach the TSR. R4 and R5
needed slightly more than twice of the structural work re-

quired in R1. The slightly larger increase of W1 for R4 and R5
compared with R3 is probably due to the complete removal of

His155 or Trp156, which increases the flexibility of the catalytic
site during the reaction. Once in the TSR, the electronic reor-

ganization process denoted by the values of W2 starts to domi-
nate the increase of the energy barrier. Here, R3 showed an in-

crease of three times the electronic work observed for R1,

whereas the increase in the electronic work of R4 and R5 was
only twice the magnitude calculated for R1. Then, the absence

of His155 or Trp156 has a lower impact on the electronic reor-
ganization. Our findings therefore suggest that Tyr219 is the

most important residue in terms of the electronic reorganiza-
tion to reach the TS configuration, and thus to overcome the

reaction barrier. This indicates that the impairment caused by

the mutation of Tyr219 is to a large extent the result of impair-
ment in the electronic reorganization.

The increase in the structural work is partially explained by
the fact that R3, R4, and R5 showed larger distances between

the nucleophilic oxygen from Asp and the aC from the sub-
strate at the reactant state (see Figure 3). Thus, positioning the

reactants in the proper orientation required for this transfor-

mation involved more structural work. However, the origin of
the increase in the electronic reorganization is difficult to be

unambiguously identified by means of the reaction force. For
this reason, we complement these results with the ASM-EDA
method (see below).

Reaction force analysis of product stabilization

The reaction energy (DE8) of R1 was @17.9 kcal mol@1, showing

an exothermic behavior with a large stabilization of the prod-
ucts of the SN2 reaction. R2 also showed a large stabilization of

the products with a DE8 of @14.1 kcal mol@1. After the TS
point, Tyr219 from R2 moves from interacting with the carbox-

ylic oxygen from FAc towards the fluoride ion (see Figures 2

and 3), leading both R1 and R2 to adopt very similar confor-
mations at the product state, thus explaining the obtained re-

sults. R5 showed a DE8 of @11.3 kcal mol@1, whereas R4 and R3
were less exothermic, with DE8 of @7.7 and @4.9 kcal mol@1, re-

spectively. The absence of the hydroxyl moiety from Tyr219
caused the largest loss of the stabilization provided by the cat-

alytic site, highlighting the role of this residue as a component
of the driving forces in charge of taking the reaction towards
the products of the SN2 reaction.

After crossing the TS point, each model is halfway in the for-

mation process of the O@aC bond, which should be very simi-
lar in each model in terms of the electronic activity. Conversely,

the aC@F bond cleavage and the coordination of the forming
fluoride is different for each model, therefore the main differ-

ences in W3 should be attributed to the latter process, mean-

ing cleavage of the aC@F bond. The maximum electronic relax-
ation denoted by the value of W3 was found for R1 with
@10.6 kcal mol@1. The absence of Trp156 as part of the halogen
pocket (R5) decreased this process by 1.3 kcal mol@1, followed

by R4 with a decrease of 1.8 kcal mol@1, thus indicating that
neither His155 nor Trp156 have an indispensable role in the

electronic relaxation process. On the other hand, the absence

of the hydroxyl moiety from Tyr219 (R3) resulted in a decrease
of W3 of 4.1 kcal mol@1, indicating that this residue is directly in-

volved in the completion of the cleavage process of the aC@F
bond.

The conformational relaxation in the binding site of the
ester and the fluoride as products of the reaction is quantified

by the value of W4. In this case, the values for R1 and R5 were

similar, hence exposing a minor role of Trp156 in the product
region (PR). Similarly, the lack of Tyr219 or His155 modeled by

R3 and R4, respectively, only slightly affected the structural re-
laxation of the products of the reaction. These results point

out that the structural relaxation is mostly focused on the final
accommodation of the ester product in the binding site, a pro-

cess that is similar among the models. This is because the resi-

dues needed for this accommodation, namely Asp110, Arg111,
and Arg114, are present on every model. Consequently, we

suggest that according to the magnitudes of W3, the maximal
stabilization and structural relaxation of the fluoride anion is

reached at the end of the TSR, before entering the PR, whereas
most of the ester accommodation takes places in the PR. R2
represents a special case among the models studied, as it in-

volved 23.0 kcal mol@1 of structural relaxation (W4). As ex-
plained above, one of the largest conformational changes ob-
served for R2 involved the Tyr219, which after the TS started
to move gradually towards the fluoride ion as denoted by the

decrease in the TyrOH···F distance (see Figure 2). Then, along
the PR it reached a similar interaction distance as that ob-

served for R1.

ASM-EDA: Effect of the mutant Tyr219Phe on the barrier
height

The ASM profiles of R1 and R3, depicted in Figure 4 a, showed
the expected behavior, in the sense that the strain energy was

the destabilizing contribution, whereas the interaction compo-

nent corresponded to the stabilizing contribution to the barrier
height. According to the fragmentation scheme used in this

study, the behavior of the interaction energy directly reflects
the bond formation process.

The comparison of the ASM diagrams computed for R1 and
R3 showed that the DEstrain term is nearly identical along the
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RR and the first half of the TSR, therefore indicating that this

contribution is not at all responsible for the different reaction
barriers computed for R1 and R3. This result is consistent with
the results obtained by using the RFA in the sense that despite

of the increase in the structural work observed after the muta-
tion modeled by R3, it was finally concluded that the increase
in the electronic reorganization led to the impairment of the
enzyme, because this contribution was mostly affected.

The main reason behind the increased structural work on
the mutant observed through the reaction force is actually re-

lated to the displacement of the TS towards a late stage of the

reaction coordinate with respect to R1, which is easily identi-
fied through the ASM profile (i.e. , the TS for R3 is reached later

than for R1). This means that when R3 reaches a similar con-
formation as the one adopted by R1 when entering to the

TSR, R3 is still required to continue with the structural defor-
mation to enter into this region and reach the TS, as a conse-

quence of the lower stabilization provided by DEint. This obser-

vation is supported by the fact that the aC@F bond length of
R3 at the TS is 0.11 a longer than R1, and the O···aC interac-

tion distance needs to be 0.12 a shorter in R3 to reach the TS.
Therefore, the main cause of the raise of the energy barrier

after the mutation of Tyr219 comes from a less stabilizing in-
teraction between the reactants of R3 with respect to R1

along the entire reaction coordinate (Figure 4 a). This is indica-
tive of a less favorable electronic process for R3 during the re-

action. To identify the source of the destabilization in the DEint

of the mutant enzyme, and thus of the electronic process in-

volved, we performed EDA calculations along the reaction co-
ordinate. As graphically shown in Figure 4 b, the DEelstat term

becomes the main contributor to the total interaction energy
from the reactants to the TSR. This is not surprising if we take
into account the ionic nature of the reactants complex. Despite

that, this electrostatic attraction is rather similar in both sys-
tems, and therefore is not the factor leading to the stronger in-

teraction computed for R1. Instead, the orbital stabilization de-
noted by DEorb is solely responsible for the higher DEint com-

puted for R1 in going from the RR up to the corresponding TS.
For instance, at the same C@F stretch of 0.3 a, the difference in

the orbital attractions DDEorb = 5.2 kcal mol@1 roughly matches

the total interaction energy difference between both transfor-
mations (DDEint = 5.0 kcal mol@1). This result reveals that the

donor–acceptor interaction between the electron pair at Asp
(donor fragment) and the vacant s* molecular orbital from FAc

moiety (acceptor) is stronger in R1 than R3.
To integrate our findings regarding the effect of the muta-

tion of the enzyme, we first have to consider that the chemical

reaction taking place in R1 and R3 is exactly the same, in the
sense that the nucleophile, electrophilic carbon, and leaving

group are identical, with the only difference between R1 and
R3 being the enzymatic environment, and more precisely, the

environment of the fluorine atom. Then, the question to be an-
swered is how the halogen pocket could possibly affect the

O@aC bond formation process. To this end, we additionally

studied the behavior of the electronic charge distribution be-
tween several fragments of our cluster models along the reac-

tion coordinate. To our surprise, the results presented in
Figure 5 showed that the central fragment of the reaction

(H2COO@) exhibits similar magnitudes for the native and mutat-

Figure 4. (a) Activation strain analysis and (b) EDA profiles calculated for the
SN2 reaction for the native enzyme modeled by R1 (black) and for the
mutant enzyme (Tyr219Phe) modeled by R3 (red).

Figure 5. Electronic charge redistribution of key fragments from R1 and R3
(HP: halogen pocket; H2COO@ : central moiety from FAc; F: fluorine; Asp: nu-
cleophile). This allowed us to establish the differences in charge localization
and transfer between the native enzyme (R1) and the mutant (R3). The var-
iation of the charges during the reaction process was projected along the
C@F stretch as reaction coordinate.
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ed enzyme in the RR and up to the TS. On the other side, the
fluorine atom also presented similar magnitudes between R1
and R3. Remarkably, the main differences were localized be-
tween the halogen pocket and the nucleophile, which are

placed at the two ends of the reaction axis connected by the
aC@F bond. This interesting finding reveals that the electronic

charge located in Asp is channeled through the SN2 reaction
axis, going from the nucleophilic oxygen, passing through the
aC@F bond, and finally being received by the hydroxyl moiety

from Tyr219. To sum up, the role of the Tyr219 in the reduction
of the energy barrier is to decrease the electronic charge from

the nucleophile, decreasing the Pauli repulsion between the
reacting parts and thus, decreasing the energy demands to
form the necessary donor–acceptor interaction derived from
the electron pair at Asp (donor fragment) to the vacant s* mo-

lecular orbital.

ASM-EDA for product stabilization: Effect of the mutant
Tyr219Phe

As evident from the reaction energies, R3 loses an important
part of its ability to stabilize the product of the reaction, thus

negatively affecting one of the main driving forces of the
enzyme. From the ASM analysis in Figure 4 a, it becomes evi-

dent that after the TS region, the DEstrain of R3 starts to in-
crease with respect to R1. This may be ascribed to the difficul-

ties of the halogen pocket to accommodate the leaving group
while it is actually dissociating from the aC. With respect to

DEint, after the TS, R1 maintains its higher stability compared

with R3, but without an appreciable increase in the DEint differ-
ence between the native and the mutated enzyme. Hence, we

suggest that the Tyr219Phe mutation impairs the ability of the
catalytic site to aid in the proper accommodation of the form-

ing products of the reaction. The EDA allowed us to properly
understanding the electronic nature of this SN2 reaction mech-

anism. An interesting feature of the mechanism is observed

from Figure 4 b, where DEorb and DEPauli show a mirror-like be-
havior along the reaction coordinate. Meanwhile, the shape of
the DEelstat curve parallels that of the total interaction (DEint),
therefore confirming the major role of the electrostatic interac-

tions in the process. After reaching the TS, R1 presents an in-
crease in DEPauli, which is then compensated by a slight in-

crease in DEorb, thus keeping the DEint differences between R1
and R3. After the ester bond is completely formed, the contri-
bution of the DEorb and DEelstat terms to the total interaction is

rather similar. Despite that, the main differences between R1
and R3 are still associated with the higher DEorb stabilization,

even though in the product state, R1 presents slightly higher
DEPauli repulsion. Thereby, our results rule out an electronic sta-

bilization of the products, and strongly point towards a stabili-

zation mechanism driven by the structural accommodation of
the products of the reaction. Then, Tyr219 is essential to keep

the proper architecture of the catalytic site, even more so than
the His155 and Trp156.

Conclusions

In this work, we presented a detailed description of the inner
workings of the catalytic machinery of defluorination through

the comparison of the enzyme-catalyzed reaction with the pre-
viously reported non-catalyzed reaction in implicit solvent. The

use of RFA showed the decrease of both structural and elec-
tronic work to achieve the DE¼6 reduction, and thus the cataly-
sis of the reaction. Along with these findings, we provided a

quantitative picture of each effect during the catalytic process.
By means of the ASM-EDA method, the results from the RFA
were complemented and a detailed picture of the physical fac-
tors governing the reduction of the DE¼6 , and more important-

ly, of the mechanism by which the enzyme reduces the elec-
tronic work, is presented. By comparing the native form of the

enzyme and a carefully selected mutant, which has been ex-

perimentally proven to impair the catalytic activity (namely the
Tyr219Phe mutant), we found that the halogen pocket is able

to act as a charge reservoir devoted to stabilizing the excess of
charge involved in the reaction axis of the SN2 reaction, mainly

caused by Tyr219. Thus, the origin of the increase of the DE¼6

after the mutation is related to electronic more than structural

grounds, which is also related to impairment of the TS stabili-

zation carried out by the enzyme. Our results mark the rele-
vance of the aromatic nature of the residues from the halogen

pocket, a feature that may facilitate the process of accepting
charge during the reaction. Another important finding was as-

sociated with the differences observed in the architecture of
the halogen pocket of FAcD with respect to HAD enzymes.

Here, the comparative analysis of the native and the mutant

enzymes allowed us to observe that the removal of one of the
anchoring points of fluorine, leading to a halogen pocket of

two residues analogous to the HAD binding site, impairs the
catalytic activity towards defluorination.

According to our results, we can conclude that the design of
a mimetic with better performance should be first focused on

the design of catalysts able to accommodate substrate and nu-

cleophile in the reactive orientation, and secondly on provid-
ing an electronic charge reservoir linked to the leaving group,

thus mimicking the role of the halogen pocket. This could be
provided in heterogeneous catalysis by using a proper surface
able to either attach the halogen through halogen bonds or to
act as a charge acceptor favoring the nucleophilic attack as in
the enzymatic context.

Computational Details

Conceptual background

Reaction force analysis (RFA): An elementary step of a chemi-

cal reaction is commonly described by the reactant(s), transi-

tion state, and product(s). However, much of the information
necessary to rationalize the barrier height of a chemical reac-

tion is hidden in the non-stationary states of a reaction.
Through the calculation of the minimum energy path, it is pos-

sible to get these non-stationary states associated with the
chemical reaction. With this at hand, a method to extract the
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information is necessary. One method that has proven to be
helpful in this sense is the so-called reaction force analysis

(RFA). The reaction force corresponds to the negative deriva-
tive of the reaction energy with respect to the reaction coordi-

nate (x) of the reaction,[21–23, 27] and is expressed according to
the following equation:

F xð Þ ¼ @ dE
dx

ð1Þ

This simple expression provides the critical points along the
reaction coordinate allowing us to separate it into three main
regions as depicted in Figure 6. The first region, named the re-

actant region (RR), is comprehended from the reactant(s) (xR)
to the minimum in the reaction force profile (x1). This is fol-

lowed by the transition state region (TSR), which includes the
transition state (TS) denoted by the point where the reaction

force is equal to zero (xTS), and continues until the maximum

in the reaction force profile (x2). Following the TSR is located
the product region (PR), which goes from the maximum in the

reaction force profile until the end of the reaction coordinate
where the product or products are located (xP).

According to this scheme, it is possible to analyze the chem-
ical reaction in terms of four reaction works (Wi):

W1 ¼ @
Z

x1

xR

F xð Þdx > 0 W2 ¼ @
Z

xTS

x1

F xð Þdx > 0

W3 ¼ @
Z

x2

xTS

F xð Þdx < 0 W4 ¼ @
Z

xP

x2

F xð Þdx < 0 ð2Þ

Each of these reaction works is dominated by particular fac-

tors that govern the progress of the reaction. A complete dis-
cussion about the definition and chemical interpretation of the

reaction works is presented in the Supporting Information. The
reaction work associated with the first region or RR, is quanti-

fied by the value of W1 and is dominated by structural
changes. Following along the reaction, the TSR is dominated

by electronic work, where W2 quantifies the energy necessary
to reach the TS, whereas W3 provides the magnitude associat-
ed with the electronic relaxation after crossing the TS. Once in

the PR, the structural relaxation dominates the reaction prog-
ress, which is quantified by W4. To sum up, the reaction works

allow us to analyze the reaction mechanism in terms of struc-
tural and electronic factors, where the reaction energy (DE8)

and the activation barrier (DE¼6 ) can be expressed according to
the following equations:

DE0 ¼ E xPð Þ@ E xRð Þ½ A ¼ W1 þ W2 þ W3 þ W4 ð3Þ
DE 6¼ ¼ E xTSð Þ@ E xRð Þ½ A ¼ W1 þ W2 ð4Þ

Thus, the physical nature of the energy barrier can be de-

scribed in terms of the relative weights of W1 and W2.
Activation strain model (ASM): Closely related to the RFA,

the ASM of reactivity has become an extremely useful method
to gain a quantitative understanding of what is behind a

chemical reaction and to design more efficient chemical pro-
cesses.[28–30] Here, we present the ASM analysis as a powerful

approach to explore the mechanisms involved in the impair-
ment of the enzymatic activity that results from the mutation
of a residue from its binding site. We will use it to understand

the effect of mutating the Tyr219 into phenylalanine. The ASM
model is based on the decomposition of the potential energy
surface into two main components that define the physical
factors of a reaction:

DE xð Þ ¼ DEstrain xð Þ þ DEint xRð Þ ð5Þ

Whereas the DEstrain term is the energy required to deform
the individual reactants from their equilibrium geometries, the

DEint term measures the interaction between the deformed re-
actants as they approach each other. Then, monitoring DEint

along the reaction allows us to shed light on the source of the
electronic activity quantified by the reaction work. The origin

of the interactions involves different components without

which it becomes difficult to really achieve a detailed rationali-
zation of the process under study. For this, it is necessary to

further decompose the interaction energy into contributions
that can be more intuitive for a chemist to rationalize and use

as a resource for the design of more efficient processes. To this
end, the so-called energy decomposition analysis (EDA)

Figure 6. Schematic representation of a reaction energy profile for an exo-
thermic reaction and its relationship with the reaction force profile and the
reaction works. The regions dominated by structural work are denoted in
yellow, whereas the region where the electronic work governs the progress
of the reaction is represented in blue. It is assumed that in the point of the
x between regions there is a combination of both components.
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scheme[31, 32] can be applied as it allows partitioning of the in-
teraction energy into the following meaningful energy contri-

butions:

DE int xð Þ ¼ DEorb xð Þ þ DEelstat xð Þ þ DEPauli xð Þ þ DEdisp xð Þ ð6Þ

Within this scheme, the orbital interaction (DEorb) accounts

for electron pair bonding, charge transfer, and polarization, the
DEelstat term corresponds to the classical coulombic/electrostat-

ic attraction and repulsion between electrons and nuclei, the
Pauli repulsion term (DEPauli) comprises the closed-shell repul-

sion between filled orbitals. Finally, the DEdisp term takes into

account the interactions that result from dispersion forces. As
a means to systematically identify the components that cause

the energy barrier increase after mutating Tyr219 into phenyla-
lanine, we used a fragmentation approach consisting of the

nucleophile Asp110 together with the formamide moieties
(oxyanion hole) as one fragment (Scheme 2; in green) ; and

FAc, the anchoring arginines together with the halogen pocket

as the other fragment (Scheme 2; in black). This scheme al-
lowed us to isolate the structural and electronic components

primarily associated with the O@aC bond formation process,
and thus with respect to the reactant state.

Experimental Section

Preparation of starting geometries : The high-resolution crystal
structure of bacterial FAcD (Rhodopseudomonas palustris) in com-
plex with FAc was used as a starting point (PDB entry 3R3V), which
was resolved to 1.5 a.[9] The residue numbering used in this work
follows that of the crystal structure. To capture the Michaelis com-
plex, the aspartate in charge of the nucleophilic attack (Asp110)
was mutated to asparagine, which was then manually modified
back to aspartate to obtain a wild-type structure of FAcD. After
visual inspection of this modified crystal structure, the Tyr219 resi-
due from the halogen pocket was placed closer to the carboxylic
acid of FAc (TyrO···O 2.74 a) than to the halogen atom (TyrO···F

3.28 a). Thereby, to evaluate the feasibility and stability of this con-
formation, the first step of this work consisted of running a short
molecular dynamics (MD) calculation of 4 ns of the enzyme–sub-
strate complex. For this purpose, we used VMD (v1.9.1)[33] to pro-
tonate and solvate the enzyme in a rectangular box of TIP3P water
molecules. The most probable protonation states of the titratable
residues were determined with PropKa,[34] considering a pH of 9.5
where the enzyme presents its highest proficiency. Ions were
added to reach a concentration of 0.05 mol L@1 and to ensure
charge neutrality of the system. The MD calculations were run with
periodic boundary conditions by using the NAMD code version
2.9,[35] and the CHARMM22 force field.[36, 37] The force field parame-
ters for the substrate were obtained from homologous atoms in
the CHARMM force field and the partial charges were calculated by
the NPA method.[38] The time step was set to 2 fs and the Langevin
piston Nos8–Hoover method[39] was used to keep the temperature
and pressure at 300 K and 1 atm. The equilibration process consist-
ed of four stages before the production dynamics. They first in-
volved the relaxation of the water molecules while the protein was
kept fixed through 2000 conjugate gradient steps and 0.1 ns of
MD simulation. This was done to accommodate the water mole-
cules located next to the cavities around the surface of the protein.
Then, three subsequent MD calculations of 0.1 ns each were ran
with a force constant restraint in the protein of 5.0, 2.0, and
0.1 kcal mol@1 a@2. Finally, a 4 ns MD calculation without restraint
was performed and defined as our production trajectory.

Quantum chemical cluster models design : For our study, we se-
lected the snapshot from the MD run with the closest geometry to
the expected TS conformation, which involved a short distance be-
tween the nucleophile and the substrate, as well as short distances
between the fluoride atom and the residues from the halogen
pocket. The method for a rigorous snapshot selection and the
proper number of structures needed for energy barrier determina-
tions is still controversial. For example, in the work of Zhang and
co-workers,[20] they used 20 snapshots per system. However, the
snapshot selection involved taking random structures at intervals
of 0.5 ns. This may lead to severe errors because some of these
structures do not represent active or probable conformations that
will actually contribute to the experimentally determined reaction
barrier. Meanwhile, the conformations closer to the TS conforma-
tion are structures with the ability to pass through the reaction
channel, leading to the best representation of the most probable
reaction pathway. This point is supported by a very instructive arti-
cle published by Fernandes et al. ,[40] where they stated that only
those conformations that coincide with possible reactant states
close enough in energy to overcome the reaction barrier, defined
by the potential energy landscape of the enzyme, will pass
through the reaction channel. Therefore, it is expected that from a
series of random reaction barriers, only those with low energy bar-
riers will contribute with the experimental observations, as we pro-
posed. Additionally, in a recent article from one of the authors of
the present work,[41] it was proved that it is more relevant to
choose a small number of snapshots that resemble the TS struc-
ture than selecting a large number of snapshots randomly. Careful
selection of one snapshot will provide a proper structure for mech-
anistic studies, although not for an accurate quantification of the
reaction barrier, which is not the goal of the present work. Here,
we aim to take one of the most probable reaction pathways and
to analyze in detail the inner structural and electronic phenomena
taking place along the reaction for which there is no need to take
more snapshots. After the snapshot selection, we designed a clus-
ter model defined as R1, which represents the catalytic site in its
wild type and therefore, constitutes our reference model. The

Scheme 2. Representation of the fragmentation scheme used to explore the
effect in the reaction mechanism caused by the mutation of Tyr219 into
phenylalanine. The first fragment (green) corresponds to the nucleophile
with the oxyanion hole. The second fragment, (black) is constituted by the
substrate, the halogen pocket, and the arginines in charge of anchoring the
substrate.
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quantum chemical cluster approach has proven to be a powerful
tool for the exploration of enzyme-catalyzed reactions with a high
degree of accuracy, thus is our approach of choice for this
study.[42, 43] To understand the consequences of using the crystal
structure conformation as a reference structure for computational
studies, we designed the model R2. This allowed us to reveal the
implications of using its coordinates for mechanistic exploration,
also conveniently providing insight into the effect that the
TyrOH···O interaction has on the barrier height and to determine
whether it has a positive or negative role in the catalysis. R1 and
R2 models included the His155, Trp156, and Tyr219 residues from
the halogen pocket; Asp110 as the nucleophile; and the backbone
atoms from Phe40 and Asp110 in the form of formamide molecules
constituting the oxyanion hole. The latter residues were partially
included because these interact with the non-nucleophilic oxygen
from Asp110 helping the carboxylic acid to adopt a proper confor-
mation for the nucleophilic attack. Arg111 and Arg114 were also in-
cluded because these are in charge of anchoring the substrate to
the catalytic site through the interaction between the carboxylic
acid from FAc and the guanidinium group from the arginines. The
final models for R1 and R2 consisted of 100 atoms. Considering
that we performed intrinsic reaction coordinate (IRC) calculations
with a large basis set, the size of the systems used in this work im-
plied a high cost in terms of computational resources. To explore
the mechanism by which the Tyr219Phe mutation disrupts the cat-
alytic behavior, we designed a model representing the mutant
form of the enzyme, defined as R3. To this end, we removed the
hydroxyl group from Tyr219 obtaining the characteristic benzyl
moiety from phenylalanine as the side chain. To systematically ex-
plore the functioning of the halogen pocket, and the architectural
need of three residues instead of two as observed for HAD, we de-
signed three additional models: one that lacks the His155 residue,
one without the Trp156 residue, and a model without Tyr219,
models defined as R4, R5, and R6, respectively. R3, R4, R5, and R6
were built from R1 and consisted of 99, 88, 81, and 84 atoms, re-
spectively. However, after the optimization of the model without
Tyr219 (R6), results shown in Figure S1 (in the Supporting Informa-
tion), the model presented an artifact consisting of Arg111 interact-
ing with the fluorine, an interaction that is not possible in the pres-
ence of Tyr219 because of spatial restrictions. This model does not
accomplish the requirement of having two interacting points for
the fluorine, and also includes an additional variable, that is, the
effect of losing an anchoring point for the carboxylate from FAc,
which is outside the scope of our study. Therefore, we only include
a brief discussion of the results obtained from this model in the
Supporting Information. Details about the procedure used to find
the TSs and models truncation are presented in the Supporting In-
formation. The polarizable continuum model (PCM) was used to
consider the polarization caused by the enzyme environment with
a dielectric constant set to 8.[44] Afterwards, we obtained the mini-
mum energy path (MEP) connecting reactants, TS, and products by
using the IRC approach.[45, 46] All geometry optimizations and IRC
calculations were carried out with Gaussian 09,[47] by using
B3LYP[48, 49] as the exchange-correlation functional and including
the D3-dispersion correction developed by Grimme[50–52] as imple-
mented in this software. The basis set used for production calcula-
tions was the 6-311 + g(d,p),[53] aiming to provide an acceptable ac-
curacy for the energetics and to obtain a more appropriate de-
scription of the anions present in our systems. The ASM-EDA calcu-
lations were carried out with the ADF software,[54] by using a TZP
basis set with the B3LYP density functional and incorporating the
dispersion correction[50–52] as implemented in ADF, to keep consis-
tency with the rest of the calculations. For these analyzes, we pro-
jected the energy profile and its contributions into the reaction co-

ordinate associated with the aC@F bond stretching taking place
during the reaction.
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