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Abstract

The catalytic mechanism of BphD (meta-cleavage product hydrolase,
the fourth enzyme of the biphenyl catabolic pathway) toward its natural substrate
2-hydroxy-6-oxo0-6-phenylhexa-2,4-dienoic acid (HOPDA) was investigated in
atomistic detail by QM/MM approach. The calculated Boltzmann-weighted average
barriers favor a substrate-assisted acylation mechanism, and the most feasible
acylation pathway involves a catalytic triad (Ser-His-Asp). The product
(2-hydroxypenta-2,4-dienoic acid) of the acylation process is replaced by three water
molecules, and one of which is involved in the deacylation process. The established
acylation and deacylation mechanism may shed light on investigating the degradation
processes of wt BphD toward hundreds of other differently chlorinated HOPDA. The
roles of seventeen residues during the catalytic process of wt BphD toward HOPDA
were also reported in search of new promising experimental mutation targets for the

improvement of BphD catalytic efficiency.

1. Introduction

Polychlorinated biphenyls (PCBs), known as persistent aromatic
pollutants, were widely manufactured and used during 1920s to 1970s in a variety of
industrial applications (1). Although banned worldwide by the Stockholm Convention
in 2004, there are still about 280 million kilograms of PCBs in the mobile

environmental reservoirs, causing severe environmental concerns (2-4). It is thus
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critically desiderated to set up strategies to minimize continued exposure of the
carcinogenic bioaccumulative PCBs to humans. Environmental biotransformation,
one of the most promising strategies with the lowest power input, has provided some
encouraging results and received worldwide acceptance in dealing with PCBs (5-7).

It has been evidenced that higher chlorinated PCB congeners are firstly
transformed to lower chlorinated PCB congeners through reductive dechlorination
pathways by anaerobic bacteria, while lower chlorinated PCB congeners are degraded
by aerobic bacteria (8-9). Among all the PCB-degrading aerobic bacteria,
Burkholderia xenovorans LB400 displays the broadest substrate specificity and thus
serves as the model organism for PCB aerobic degradation studies (10). The gene
cluster that is responsible for PCB aerobic degradation was named as bph because
biphenyl is the primary substrate for these PCB-degrading bacteria (including
Burkholderia xenovorans LB400) (11-12). The four enzymes involved in bph upper
pathway are thus named as BphA, BphB, BphC, and BphD, respectively. They can
successively degrade biphenyl to cis-2,3-dihydro-2,3-dihydroxybiphenyl, 2,3-
dihydroxybiphenyl, 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid (HOPDA), and
finally to 2-hydroxypenta-2,4-dienoic acid (HPD) plus benzoic acid (9). The
conversion of HOPDA to HPD and benzoic acid by enzyme BphD is extremely
important in the bph pathway and thus gets the most attention (13-20).

BphD (EC 3.7.1.8) belongs to meta-cleavage product (MCP) hydrolases
which possesses an alpha/beta-hydrolase fold and utilizes a Ser-His-Asp triad during

catalysis (14, 21). The crystallization data show that the active site of BphD has a
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nonpolar and a polar sub-site which can accommodate the phenyl and dienoate moiety
of its natural substrate HOPDA (16-17). Recent crystallization data, EI/GC/MS
studies, and site-directed mutation analysis have evidenced an acylation and
deacylation mechanism for BphD (22). Several following experimental investigations
have led to the proposal of a substrate-assisted nucleophilic mechanism for BphD
acylation (23-25). These experimental explorations have deepened our understanding
on BphD catalytic processes. Although the importance of substrate HOPDA during
BphD acylation was spotted, the involvement of His265 is still an open question
(18-22). In addition, there are still many short-lived intermediates cannot be
experimentally characterized. Understanding the details of the catalytic processes of
BphD can be of great importance in designing new promising catalysts to accelerate
the degradation of PCBs.

Combined quantum mechanics/molecular mechanics (QM/MM) method
has become an increasingly powerful tool to complement experimental enzyme
chemistry (26). In the present work, the detailed catalytic mechanisms of wild type
(wt) BphD at atomistic level were performed with the aid of QM/MM method. In
order to check the role of the catalytic triad (Serl12-His265-Asp237) during the
acylation process of wt BphD, the acylation mechanism of BphD-H265A mutant was
also investigated. In addition, electrostatic analysis was performed to investigate the
influence of seventeen active-site-constituting residues on the rate-determining step to

look for new promising targets for further mutation studies.
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2. Methods

The initial models for the acylation and deacylation simulations were
built on the basis of the X-ray crystal structure of BphD-HOPDA complex (PDB code
2PUH, resolution 1.82 A) and acylated BphD (PDB code 3VIN, resolution 1.59 A)
obtained from the Protein Data Bank (www.rcsb.org) (18,22). The mutated residues
(S112A in 2PUH and H265Q in 3VIN) presented in the crystal structures were
manually transformed back into their natural forms. The protonation states of
ionizable residues were determined on the basis of the pK, values obtained via the
PROPKA procedure and were manually verified through visual inspection (27). The
missing hydrogen atoms of BphD were added through CHARMM?22 force field in the
HBUILD module of CHARMM package (28-29). MolProbity software was used to
check the flipped Asn/Gln/His residues (30). The entire enzyme was dissolved in a
water droplet (TIP3P model (31)) with a radius of 32 angstroms. Then, the
enzyme-water system was neutralized by sodium ions via random substitution of
solvent water molecules before being relaxed through energy minimizations. The
whole system was firstly heated from 0 K to 298.15 K in 50 ps (1 fs/step) and
equilibrated thermally for 500 ps (1 fs/step) to reach the equilibration state. After that,
a 12 ns stochastic boundary molecular dynamics (SBMD) simulation was performed
at 298.15 K by using NVT ensemble for conformational sampling (32). During the
SBMD simulations, the whole system moves freely except the substrate (HOPDA for
2PUH, acylated Ser112 for 3V1N). Since both of the crystal structures are determined

with high resolution (1.82 A for 2PUH, 1.59 A for 3VIN), it is reasonable to restrain
5
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the coordinates of the substrates and keep their positions consistent with that in the
crystal structures. The leap-frog algorithm and Langevin temperature coupling
method implemented in CHARMM program were applied during the simulations.

The QM/MM calculations were performed by using ChemShell (33)
platform, which can integrate programs Turbomole (34) and DL POLY (35). The
charge shift model (36) and electrostatic embedding method (37) were used during the
QM/MM calculations. The geometries of the intermediates were optimized by using
hybrid delocalized internal coordinates optimizer while transition state searches were
done by using microiterative TS optimizer at the B3LYP/6-31G(d,p)//CHARMM?22
level (38). Microiterative TS optimizer can accelerate TS searches with less
computing cost through splitting the system into a reaction core containing with few
atoms and the environment (Scheme S1, ESIT). Frequency calculations were
performed to validate the one imaginary frequency character of transition state
structures, and the suitability of the transition vector was also confirmed. Additional
single point energy calculations were carried out at the
B3LYP/cc-pVTZ//CHARMM?22 level for better describing of the energy profiles.

The QM-region for wt BphD acylation system contains the side chains
of residues Ser112, Asp237, His265, and substrate HPODA while the QM-region for
BphD-H265A acylation system contains the side chains of residues Ser112, Asp237,
Ala265, and substrate HPODA. For deacylation system, the QM-region contains the
side chains of residues Asnl11, His265, Asp237, acly-Ser112 and a water molecule.

The truncated C-C bonds for the three systems were complemented by hydrogen link
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atoms. There are totally 50, 42, and 55 atoms included in the QM region of wt BphD
acylation system, BphD-H265A acylation system, and deacylation system,
respectively. All the atoms within 20 angstrom of N1 atom (Scheme 1) from His265
were selected to be the active region (about 3700 movable atoms). Atoms that lie
beyond 20 angstrom of N1 were fixed during the QM/MM calculation. Further details

of the QM/MM setup can be found in ESI7.

3. Results and discussion

Recent room-temperature single molecule experiments have shown that
the rate constant of a single enzyme molecule exhibits large fluctuations with a broad
range (1 ms~100 s), while the experimentally determined overall K, is believed to be
the integrated results by considering all the rate constant fluctuations (39-42). By
assuming that each snapshot from the dynamics trajectory corresponds to a local rate
constant, many excellent studies have shown that the calculated Boltzmann-weighted
average barrier correspond well to Ke, (43-44). Thus, three snapshots extracted at 6, 9
and 12 ns from the trajectory were used as the start points in the present study. The
differences of these snapshots were illustrated by some key distances, as shown in
Table S1, ESIf. The QM/MM results indicate that different snapshots can be
associated with different barriers. To analyze the barrier difference,

Boltzmann-weighted averaging method on the rate constant was used (45-48):

1 ~AE,
AE, =-RTIn {HZeXp (Wj} (1)

i=l
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Where, AE., is the average barrier, R is gas constant, n is the number of snapshots, AE;
is the energy barrier of path i, and T is the temperature. If not specially noted, the
"average barrier" mentioned in the following paragraphs refers to

Boltzmann-weighted average barrier.

3.1 Substrate-assisted acylation and Ser112-His265-Asp237 triad

It should be noted here that the basic idea of substrate-assisted acylation
for BphD was proposed by Eltis and co-workers (16, 18, 22). In our QM/MM models,
three investigated substrate-assisted acylation pathways (based on structures extracted
at 6, 9, and 12 ns) are defined as acy-6, acy-9, acy-12, respectively. For each of the
three pathways, three major steps were found: enol-to-keto tautomerization (R-1 to
IM-3), acylation (IM-3 to IM-4), and HPD formation (IM-4 to IM-5), as indicated in
Scheme 1. Energy profiles are provided in Figure 1 (details in Table S2, ESI}). The
step of enol-to-keto tautomerization consists of two elementary reactions. The first
elementary reaction is the deprotonation of HOPDA (R-1 to IM-1, average barrier 0.8
kcal mol™). By ignoring the role of Serl12, a second elementary reaction (IM-1 to
IM-2, His265-Asp237 based rearrangement) with a high average barrier (25.9 kcal
mol") was established. This average barrier agree well with the experimental findings
that IM-2 decays slowly in BphD-S112A mutant with a half-life 4.4 h (corresponds to
a Kear of 4.4x107 s and a barrier of 23.3 kcal mol™) (18). However, by considering
the role of Serll2, a second elementary reaction (IM-1 to IM-2,

Ser112-His265-Asp237 based rearrangement) with a much lower average barrier (8.0
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kcal mol™) can be established. Our calculated results combined with previous
experimental findings suggest the non-substitutable character of Ser112 during
substrate-assisted acylation .The detailed electron flows of the triad based and the
His265-Asp237 based rearrangements are indicated in Scheme 1 in red and blue
arrows.

After enol-to-keto tautomerization, the energies of IM-3 are about 6.2,
8.3, and 4.9 kcal mol™ lower than that of R-1 in pathways acy-6, acy-9, and acy-12.
The calculated average barrier for acylation step (IM-3 to IM-4) is 14.1 kcal mol™,
which is higher than triad based rearrangement (8.0 kcal mol™). IM-4 (acylated BphD)
is unstable and it quickly turns into HPD through C-C bond cleavage with an average
barrier 4.2 kcal mol™. As a result, acylation step (IM-3 to IM-4) is rate-determining
during the whole substrate-assisted acylation process of BphD (R-1 to IM-5), and the
corresponding average barrier (14.1 kcal mol™) is in good consistency with the
pre-steady-state kinetics result (~15 keal mol™) (22).

The possibility that only Serl12 but not Serl112-His265-Asp237 is
involved in substrate-assisted acylation was also considered. The corresponding
reaction pathways and detailed energies were provided in ESIf (Scheme S2 and Table
S3). The calculated average barrier of the rate-determining step (21.6 kcal/mol) is
much higher than that in Ser112-His265-Asp237 involved substrate-assisted acylation
(14.1 kcal/mol). This indicates the importance of residue His265. To confirm this
conclusion, QM/MM studies on the acylation process of the BphD-H265A mutant

were performed, and the calculated average barrier of the rate-determining step is 20.2
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kcal mol™. These data suggest that although substrate HOPDA can be solely attacked
by Serl12, the mutation of His265 to Ala265 is accompanied with a significant
increase of the average barrier (from 14.1 to 20.2 kcal mol™). This conclusion was
also supported by the experimental findings that the acylation rate of BphD is

dramatically reduced after H265A mutation (18, 22).

3.2 Deacylation and residue electrostatic analysis

The proposed deacylation mechanism and the corresponding energies
are represented in Scheme 1 and Figure 1. The three water molecules presented in our
QM/MM model root in the crystal water molecules (Wat440, Wat455, Wat465) found
in X-ray data of BphD-H265Q mutant (PDB code 3VIN, resolution 1.59 A), as
shown in Figure S1, ESIt. The average barriers for His265 assisted attack and benzoic
acid formation are 19.6 and 1.9 kcal mol™. This makes His265 assisted attack step
(R-5 to IM-6) not only the rate-limiting step of the deacylation process (R-5 to P-7),
but also the rate-limiting step of the whole acylation and deacylation process. Thus,
the electrostatic analysis of seventeen residues on this step was performed, and the
results were provided in Figure 2. All these residues are spatially close to the active
site, as indicated in Figure S2, ESIf. It should be noted here that His265 assisted
attack step is rate-limiting for the degradation process of BphD toward substrate
HOPDA, but may not be the rate-limiting step toward other differently chlorinated
HOPDA, such as 3-CI-HOPDA (19). However, the current work can serve as a model

study and provide basic concepts on the acylation and deacylation mechanism of

10
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BphD. Much more future work aimed at studying the degradation processes toward
hundreds of other chlorinated HOPDA is needed. The activation energy difference

[13%3]
1

caused by residue “i” can be described as:

AE™" = AE' - AE’ @)
Where AE™ is the energy changes of the barrier, AE' is the energy barrier with charges
on each atom of residue i set to 0, and AE® is the original values of the energy barrier.
During all these energy calculations, the geometry structures of the stationary points
were kept unchanged. We mention here that a positive value of AE™ means that

[13%3]
1

residue “1” facilitates the reaction.

As represented in Figure 2, the residue influence on the rate-determining
step ranges from -3.8 to 2.2 kcal mol™. In general, the positive or negative value of a
residue is due to the different stabilizing ability toward the transition state and the
reactant. If a residue stabilizes the transition state more than the reactant, it has a
positive value. On the other hand, if a residue stabilizes the reactant more than the
transition state, it has a negative value. For instance, large positive value of residue
Gly42 is likely due to the stronger hydrogen bond between residue Gly42 and
acylated Serl112 in TS-5-6 (1.75 A) than in R-5 (1.78 A), as shown in Figure S3.
Similar situation was found for Trp266: positive value and stronger hydrogen bonds in
TS-5-6 than in R-5. This is in agreement with the experimental findings that
substitution of Trp266 will reduce the catalytic activity (15, 49). In addition, it is
likely that the distance (average distance between each atom of Phe239 and oxygen

atom in the water molecule) increase from 4.24 A (R-5) to 5.00 A (TS-5-6) is

11
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responsible for the large negative value (3.8 kcal mol™) of Phe239 toward the
rate-determining step (Figure S3). This indicates that proper mutation of Phe239 may

improve the catalytic efficiency of BphD toward HOPDA.

3.3 Catalytic itinerary of wt BphD

The catalytic itinerary of wt BphD was represented by atom-atom
distance and NPA (Natural Population Analysis) charge variations along pathway
acy-6 and dea-6 (Figure 3). More detailed information of the fourteen critical points
were provided in ESI{ (Table S4~S5; coordinates of the QM atoms). The catalytic
itinerary was listed as follows: deprotonation of HOPDA (R-1, TS-1-2, IM-2), triad
based rearrangement (IM-2, TS-2-3-T, IM-3), acylation (IM-3, TS-3-4, IM-4), HPD
formation (IM-4, TS-4-5, IM-5), HPD release (IM-5, R-5), His265 assisted water

attack (R-5, TS-5-6, IM-6), and benzoic acid formation (IM-6, TS-6-7, P-7).

The deprotonation step (R-1 to IM-2) is monitored by distance variation
of D7 and D8. The NPA charge of substrate HOPDA varies from -1.02 to -1.86 while
the NPA charge of its phenyl group varies from -0.01 to -0.05. This indicates that the
newly generated negative charge in substrate HOPDA is hardly distributed to phenyl
group. The following triad based rearrangement (IM-2 to IM-3) can be represented by
distance increase of D8, D10 and distance decrease of D12, DI14. It is worth
mentioning that mulliken charge of atom C5 varies from -0.49 (IM-2) to -0.65
(TS-2-3-T) and -0.58 (IM-3), this suggests that electron sinks are generated in both
TS-2-3-T and IM-3 during the acylation of wt BphD, which confirms the previous

12
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assumptions (22). Charge of atom O2 drops to -0.87 during the acylation step (IM-3
to IM-4), while it increases back to -0.69 in the following HPD formation step (IM4 to
IMS), suggesting the C6=02 double bond formation. After HPD release, the empty
space of the active pocket is fulfilled by three water molecules (IM5 to R-5). Those
water molecules are directly or indirectly anchored by surrounding residues (Asnl11
and His265) through hydrogen bonds. This agrees with the experimental results that
substitution of residue Asnl11 reduces the reaction rate (15). The replacement of HPD
by three water molecules increases the charge of C6, and thus makes it more
electrophilic. A water molecule activated by His265 attacks C6 atom and thus results
in an unstable intermediate IM-6, as represented by D17, D18, and D19 variations
(R-5 to IM-6). Distance variation of D11 indicates that the benzoic acid is formed

during the last step (IM-6 to P-7).

4. Conclusions

In the present study we investigate the acylation mechanism of wt BphD
and BphD-H265A mutant in atomistic detail by using the QM/MM approach. A
Ser112-His265-Asp237 triad is involved in the substrate-assisted acylation process of
wt BphD. Three water molecules are found in the active pocket while one of them is
involved in the deacylation process. Residues Asnlll and His265 are found to
regulate the water molecules through hydrogen bonds. Significant roles of residues
Phel75, Argl90, and Trp266 reported by experimental method on the

rate-determining step were confirmed. Possible mutation targets (such as Phe239) in

13
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accelerating the degradation rates of BphD were also highlighted. The established
degeadation mechanism and residue influence analysis may shed light on
investigating the degradation processes of BphD toward hundreds of other differently

chlorinated HOPDA.
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Scheme 1 Substrate-assisted acylation (Serl112-His265-Asp237 involved) and
deacylation pathways of wild type (wt) BphD. Atoms (1~7 for C, 1~5 for O, 1~2 for
N, and 1~7 for H) are labeled in blue, distances (D1~D20) are labeled in red.

Figure 1 Energy profiles of three individual pathways along substrate-assisted
acylation (Ser112-His265-Asp237 involved) and deacylation pathways calculated at
B3LYP/cc-pVTZ//CHARMM?22 level. The Boltzmann-weighted average barriers of

each elementary step are provided in the braces.

Figure 2 Electrostatic influences of seventeen residues on the rate-determining step

(His265 assisted attack step, R-5 to TS-5-6) of pathway dea-6.

Figure 3 Key distance and NPA charge variations along substrate-assisted acylation

(Ser112-His265-Asp237 involved) and deacylation pathways (acy-6 and dea-6).
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