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Abstract Chalcone synthase catalyzes formation of
phenylpropanoid chalcone from one p-coumaroyl-coen-
zyme A (CoA) and three malonyl-CoA molecules. In order
to elucidate structural and energetic features of the reaction
mechanism, we performed the quantum mechanics calcu-
lations and obtained the following results. In loading step,
only a tetrahedral intermediate is located without transition
state (TS). Our results indicate that His303 acts as a Hs;
donor, but not a hydrogen bond donor, to stabilize the
intermediate formation. In decarboxylation step, the reac-
tion proceeds via a TS and is sensitive to the environment.
In elongation step, a tetrahedral TS is located. All of the
results above support the reaction mechanism and further
complement the proposal of Noel JP et al.

Keywords PKS - CHS - DFT - Reaction mechanism -
TS

1 Introduction

Polyketide synthases (PKS) catalyze the biosynthesis of
structurally diverse natural products in plants, fungi, and
bacteria [1-3]. Many polyketide products possess phar-
macological properties and are used as antibiotics,
immunosuppressants, anti-cancer agents, and anti-fungal
agents [4, 5]. Three types of PKS are known until now.
Type 1 PKS are multifunctional enzymes which are
organized into modules, each of which contains a set of
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distinct, non-iteratively acting activities for the catalysis
of one cycle of polyketide chain elongation [6]. The main
biosynthesis products of type I PKS are macrolides,
polyethers, and polyene [6]. Type Il PKS are multienzyme
complexes that carry a single set of iteratively acting
activities responsible for the biosynthesis of aromatic
polyketides (often polycyclic) [6]. Type III PKS, also
known as chalcone synthase (CHS) -like PKS, essentially
are iteratively acting condensing enzymes responsible for
biosynthesis of aromatic polyketides (often monocyclic or
bicyclic) [6]. The CHS-like PKS are structurally and
mechanistically the simplest PKS of the three types,
which functions as homodimeric iterative PKS with two
independent active sites that catalyzes a series of decar-
boxylation, condensation, and cyclization reactions [2, 3,
7, 8]. The best studied type III PKS is CHS, a plant-
specific PKS, which uses p-coumaroyl-CoA as a starter
molecule and three malonyl-CoA as extender molecules to
form a tetraketide intermediate that is cyclized into
4,2' 4’ 6'-tetrahydroxychalcone (chalcone) (Fig. 1a) [9].
The chalcone is essential for the biosynthesis of anti-
microbial isoflavonoid phytoalexins, anthocyanin floral
pigments, and flavonoid inducers of Rhizobium nodula-
tion genes [10, 11]. Particularly, flavonoids are of interest
as pharmacological agents and are constituents in plant-
rich diets associated with a reduced risk of cardiovascular
disease and some forms of cancer [12-16].

Due to the product diversity of biosynthesis intervened
by chalcone, the studies on the reactions synthesizing
chalcone are meaningful. Based upon experimental results,
the roles of four conserved residues of CHS, Cysl164,
Phe215, His303 and Asn336, have been characterized
during the formation of chalcone, and the reaction mech-
anism has been proposed which involves loading,
decarboxylation, elongation (Fig. 1b), and cyclization steps
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[17, 18]. In loading step, the thiolate of Cys164 attacks the
thioester carbonyl carbon, and then the CoA moiety and
sulfur atom dissociate from p-coumaroyl-CoA, leading to
the transfer of the coumaroyl to Cys164. Besides forming a
hydrogen bond with p-coumaroyl-CoA, His303 could
interact with Cys164 through the interaction between N
and S ion, which stabilizes the thiolate anion and induces
the formation of the imidazolium-thiolate ion pair that
plays a significant role in polyketide biosynthesis [17-20].
Asn336 stabilizes the tetrahedral intermediate formation
through hydrogen bonds with p-coumaroyl-CoA in the
step. In decarboxylation step, malonyl-CoA binds to the
active site and orients the malonyl moiety to Phe215. The
decarboxylation proceeds through a transition state (TS).
His303 and Asn336, in the step, create an electron sink
accommodating the negative charge by hydrogen bond
interactions with malonyl-CoA, which potentially stabilize
the TS. In elongation step, attack of the carbanion on the
carbonyl carbon of the enzyme-bound thioester releases the
thiolate anion of Cys164 and transfers the coumaroyl to the
acetyl moiety of the CoA thioester, which results in the
formation of the elongated diketide-CoA. Two hydrogen
bonds from His303 and Asn336 could stabilize the tetra-
hedral TS. The three steps above accomplish the first cycle.
Recapture of the elongated diketide-CoA by Cys164 and
release of CoA initiate the second cycle. After three cycles,
the tetraketide reaction intermediate will be formed and
then cyclize by an intramolecular Claisen condensation
into the product chalcone, a hydroxylated aromatic ring
[17, 18].

Despite of extensive biochemical studies, to our best
knowledge, theoretical studies on the formation of chal-
cone catalyzed by CHS, which can deeply characterize
structural and energetic features of the reaction in elec-
tronic level, have not been reported yet. In the present
study, quantum mechanics (QM) calculations on large

@ Springer

3 Malonyl-CoA — Chalcone OH
o ] HO
CoAsJ\/U\OH
OH O
) Cysies
Hissos >_\ Hisgos sy
RS -
A ZN N (\ HN N N. Y R
JoN - S
S s 0~ I
)J\ -H @6215 )J\ /
Asngzg N S (o} _H s
H \Co A Asngag N \
H CoA
Decarboxylation Elongation

chemical models from X-ray crystal structure were carried
out to describe the reaction mechanism in the first cycle,
including loading, decarboxylation, and elongation steps. A
similar modeling approach has been used previously to
investigate a number of other enzyme reaction mechanisms
[21-25].

2 Computational method

The molecular simulations were performed on the SGI
03900 server using Insightll software package developed
by Accelrys [26]. The consistent-valence forcefield
(CVFF) was used for molecular docking and energy min-
imization. QM calculations were carried out using
Gaussian 03 [27]. The Becke’s three parameter functional
and the Lee—Yang—Parr functional method with the 6-
31G(d) basis set (B3LYP/6-31G(d)) was employed for the
calculations of geometry optimization and frequency
analysis [28-30].

2.1 Initial structure of the enzyme-substrate model
in loading step

From the experimental geometries found in the Protein
Data Bank (http://www.rcsb.org) for CHS, the structure
(PDB code 1BQ6) with CoA as substrate was taken as the
initial input. Since the substrate for our study was
p-coumaroyl-CoA, the terminal sulfhydryl hydrogen
atom of the inherent substrate CoA was replaced by
coumaroyl in 1BQ6 with the aid of Builder module of
InsightIl software [26]. Affinity, a suite of programs for
automatically docking a ligand to a receptor by a com-
bination of Monte Carlo type and Simulated Annealing
procedure, was used for docking p-coumaroyl-CoA to
CHS and 100 steps energy minimization of conjugate
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Fig. 2 The initial CHS-
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gradient with a convergence value of 0.05 kcal mol™
A™! was performed for the docked complex to release
any internal strain in the structure [31]. To speed
convergence of geometry optimization, the initial struc-
ture of loading step from the minimized geometry
involves the whole of Cys164 and His303, the side chain
of Asn336 plus C, atom, and part of the substrate

p-coumaroyl-CoA (Fig. 2a). Hydrogen termination atoms
were added to satisfy the valencies of the border atoms.
This 71-atom model was used to characterize the loading
step. Based on the proposal that thiolate anion is present
at physiological pH [19], the imidazolium-thiolate ion
pair was employed artificially in our initial theoretical
calculation model.

@ Springer



160

Theor Chem Account (2009) 122:157-166

Fig. 2 continued c
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2.2 Initial structure of the enzyme-substrate model in
decarboxylation step

As the substrate in the step was malonyl-CoA, we replaced
the terminal sulthydryl hydrogen atom of the inherent
substrate CoA in 1BQ6 with malonyl and generated the
CHS-malonyl-CoA complex by molecular docking [31]. An
energy minimization of 100 steps of conjugate gradlent with
a convergence value of 0.05 kcal mol™' A~! was then
performed for CHS-malonyl-CoA complex. This 71-atom
initial structure of decarboxylation step, which consists of
the whole of Phe215 and His303, the side chain of Asn336
plus C, atom, the malonyl-CoA substrate wherein the CoA
moiety is the same as that in loading step, and hydrogen
termination atoms (Fig. 2b), was used to elucidate the
reaction property. Cys164 was not contained in the step as
Cys164 is not essential for malonyl-CoA decarboxylation
[18]. In addition, the Phe215 mutant experiments demon-
strated that neither F215S nor F215Y significantly alters the
K4 for CoA or acetyl-CoA binding, but both dramatically
alter the turnover rates for malonyl-CoA decarboxylation
[18], meaning Phe215 plays an important role in decar-
boxylation step. Therefore, in our present study, Phe215
was only considered in decarboxylation step. In order to
probe the role of Phe215 in further, the decarboxylation
reactions of mutants, Phe215Tyr (F215Y) and Phe215Trp
(F215 W), were also described, respectively. The models of
mutants were obtained by the Builder module and refined
by energy minimization [26].
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2.3 Initial structure of the enzyme-substrate model in
elongation step

To obtain the initial structure of elongation step, a
molecular docking was performed on the complex formed
by the modified CHS, where the thiolate of Cys164 was
rebuilt to thioester with coumaroyl, and the substrate in
which the coumaroyl moiety of p-coumaroyl-CoA was
displaced with enol [31]. After 100 steps energy minimi-
zation of conjugate gradient with a convergence value of
0.05 kcal mol~! A~!, the initial structure of elongation
step was intercepted from the minimized CHS-substrate
complex. This 76-atom model, including the whole of
Cysl164 plus thioester and coumaroyl, the side chain of
His303 plus C, atom, the whole of Asn336, substrate, and
hydrogen termination atoms (Fig. 2c), was used to describe
the reaction process.

3 Results and discussions
3.1 The loading step

In order to theoretically characterize the loading step in
detail, we constructed the 71-atom model as mentioned
above (Fig. 2a) and carried out the QM calculations to scan
the potentlal energy surface (PES) with a range of Slz—ng
(2.50-1.90 A) and S5,—Cs3 (1.90-2.90 A) distances in 0.1-A
steps. In total 77 structures were generated, in which all
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Fig. 3 Potential energy surface in loading step (Energy of the
structure D (S;,—Cs3) = 1.90 A and D (S5,—Cs3) = 1.90 A was taken
as zero)

geometric parameters, except for S;,—Csz and Ss5,—Css
lengths, were optimized with six hydrogen termination
atoms (H;, Hy4, Hys, H33, Hs4, H3s) frozen at the original
positions.

The PES of loading step, based on the scan results, is
shown in Fig. 3. It is clear that the reaction proceeds via an
intermediate without TS for none of first order saddle point
is located on the PES. At the beginning of the step, the S|,
anion attacks the carbonyl Cs; atom. As the distance
between them decreases gradually, the total energy of the
reaction also decreases accordingly until the intermediate is
formed which is the point with lowest energy on PES, D
(S1>-Cs3) = 1.90 A and D (Ss»—Cs3) = 1.90 A (Fig. 3).
After the intermediate formation, the Ss, atom with CoA
moiety dissociates from p-coumaroyl-CoA which means
the distance between Ss, and Cs3 atom increases over-
coming the energy disadvantage. This is the minimum
energy reaction path from reactants to products. As a mere
stationary point on the reaction path, the intermediate
structure extraordinarily interests us. Due to the optimiza-
tion with fixed S;,—Cs3 and S5,—Cs5 distances, the structure
obtained from the PES scan may differ from the real that
the intermediate ought to have. To get the real structure of
the intermediate, the optimization with only hydrogen
termination atoms fixed was done and frequency calcula-
tion was then carried out to verify the rationality of the
optimized structure. Figure 4 shows the optimized geom-
etry without any imaginary frequency. The intermediate
adopts the tetrahedral geometry with little distortion, in
which three angles of Os54—Cs3—Sq5, Os54—Cs3—Css, and
054—Cs3—Ss, are 113.15°, 113.40°, and 107.99°, respec-
tively which are close to that of standard tetrahedral
configuration (109.50°) (Figs. 2a, 4). The S;,—Cs3 and Ss,—
Css distances, 1.89 and 1.88 A for, respectively, are both

Cysl64
His303 ~

Asnile I 9

p-coumaroyl-CoA

J

Fig. 4 Structures of intermediates obtained through optimization
with only hydrogen termination atoms fixed in loading step

Table 1 The charges of residues and p-coumaroyl-CoA in Reactants
and Intermediate of loading step with the change of them (Q/e)

Reactants Intermediate Change
Cysl64 —0.452 0.042 0.494
His303 0.784 0.516 —0.268
Asn336 0.004 0.012 0.008
p-coumaroyl-CoA —0.336 —-0.570 —0.234

close to the original distance 1.90 A. The bond distance
similarity confirms the rationality of our PES scan.
Atomic charge analysis, reflecting the electron transfer
to reveal the roles of residues during the reaction, was
performed. Table 1 lists the charges determined by Mul-
liken population analysis in reactants and intermediate with
the change of them. The charge of each residue or the
substrate is the summation of atomic charge of all of the
constituent atoms. It is clear that the charges of Cys164 and
Asn336 increase which means the lost of electrons, how-
ever the charges of His303 and substrate p-coumaroyl-CoA
decrease which means the gain of electrons (Table 1).
The charge increase of Cys164 (0.494 Q/e) is more than the
decrease of p-coumaroyl-CoA (0.234 Q/e), indicating that
the electrons of Cys164 have transferred not only to the
substrate p-coumaroyl-CoA, but also to the electron-gained
residue, His303, which means the S;,—Cs3 bond has been
formed and the interaction between Cys164 and His303
does exist. Our theoretical deduction from atomic charge
analysis supports the proposal, that an imidazolium—
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thiolate ion pair is present through the interaction between
Cys164 and His303 [17-19].

Besides interacting with Cys164, His303 was proposed
to act a hydrogen bond donor towards Osy, stabilizing the
formation of the tetrahedral intermediate [20]. In the
present study, our results indicate His303 could indeed
stabilize the intermediate formation, however, not through
the hydrogen bond with p-coumaroyl-CoA, but break of the
N3¢—Hsz; bond to form the H5;—Os, bond. The distances of
N30—Hj3; and H3,—0s,4 have changed from 1.06 to 1.60 Ain
reactants (data not shown) to 1.75 and 1.01 A in interme-
diate (Fig. 4) respectively, which means Hjz; atom have
transferred from N3, to Os, with break of the N3g—Hs; bond
and formation of the H3;—Os4. This may result from the
increased negative charge of Osy4. The charge of Osy is
—0.573 Q/e in reactants while —0.652 Q/e in intermediate,
implying 0.079 Q/e negative charge increase (data not
shown). The negative charge increase induces the enhanced
electrostatic interaction between Hsz; and Os4 thus ulti-
mately result in the Hjy; transfer from His303 to
p-coumaroyl-CoA. It is the H3;—Os4 bond formation that
neutralizes the increased negative charge of Os,4 and further
stabilizes the tetrahedral intermediate formation. After that,
with the elongation of Ss5,—Cs; distance, the negative
charge of Os,4 decreases gradually, thus H3; atom starts to
transfer from Os4 to N3 under the attraction from N3o and
bonds to N3 in the product of the step. Therefore, we think
His303 acts as a Hz; donor through break of the N;o—Hjs;
bond to stabilize the intermediate formation in loading
step. Furthermore, Asn336 stabilizes the intermediate for-
mation through hydrogen bond, with the H;o—Os,4 distance
2.05 A (Fig. 4).

3.2 The decarboxylation step

The next reaction step to be studied is decarboxylation of
malonyl-CoA. To investigate the decarboxylation reaction
path, a potential energy curve (PEC) scan was performed
for a range of fixed Cg—Cgo distances from 1.6 to 2.8 Ain
0.1-A step on the 71-atom model built above (Fig. 2b).
Thus a series of 13 structures was generated, in which all
geometric parameters of the model, except for the Cgs—Ceo
bond length, were optimized with seven hydrogen termi-
nation atoms (H;, H,4, Hys, Hyy, Hys, Hye, Hs3) frozen at
the original positions.

The PEC based on the scan results is shown in Fig. 5a. It
can be seen that the energy increases during the elongation
of Cge—Cgo distance from 1.70 to 2.30 A and decreases
from 2.30 to 2.80 A. Therefore the TS is thought to be
around 2.30 A and a finer PEC scan is performed with the
Cg—Cgo distance ranging from 2.20 to 2.40 A in 0.02-A
step. The maximum energy appears at 2.36 A of the Ceg—
Ceo distance in the finer PEC scan (data not shown). This
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Fig. 5 Potential energy curve in decarboxylation step for CHS,
F215Y and F215 W, respectively: a CHS (Energy of the structure D
(Cg6—Ce9) = 1.63 A was taken as zero); b F215Y (Energy of the
structure D (Cy44—C47) = 1.60 A was taken as zero); ¢ F215 W
(Energy of the structure D (C44—Cy47) = 1.60 A was taken as Z€ero)

structure is subsequently refined and confirmed to be a TS
by the frequency analysis for only one imaginary frequency
exists. The structure of TS is described in Fig. 6, together
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Table 2 The charges of residues, malonyl-CoA (not include CO,),
and CO, in Reactants and TS of decarboxylation step with the change
of them: (a) CHS; (b) F215Y; (c) F215 W (Q/e)

Reactants TS Change
(2)
Phe215 —0.054 —0.009 0.045
His303 0.830 0.778 —0.052
Asn336 —0.001 —0.009 —0.008
Malonyl-CoA —0.229 —0.580 —0.351
CO, —0.546 —0.180 0.366
(d)
Tyr215 —0.083 —0.037 0.046
His303 0.818 0.761 —0.057
Asn336 —0.025 0.008 0.033
Malonyl-CoA —0.165 —0.575 —0.410
CO, —0.545 —0.157 0.388
(©
Trp215 —0.084 —0.001 0.083
His303 0.829 0.727 —0.102
Asn336 0.006 0.022 0.016
Malonyl-CoA —0.191 —0.616 —0.425
CO, —0.560 —0.132 0.428

with that of reactants. During the formation of TS, the
configuration of Phe215 changes mostly, referring to the
rotation of benzene ring around the Co—C;, bond, which
happens at 2.24 A of the Ce6—Cgo distance (Fig. 6).

The roles of residues involved in the TS formation were
described based on the geometries of reactants and TS, and
the atomic charge analysis determined by Mulliken popu-
lation. The charge of Phe215 changes from —0.054 Q/e in

reactants to —0.009 Q/e in TS (Table 2a), which means
Phe215 is nearly neutral in TS and could provides a non-
polar environment for the decarboxylation of malonyl-
CoA. The distances of N4;—Hy4, and H4,—Ogs have changed
from 1.04 and 1.74 A in reactants to 1.10 and 1.51 A
respectively (Fig. 6) caused by the negative charge
increase of Ogs, from —0.495 Q/e to —0.623 Q/e (data not
shown), implying the hydrogen bond interaction between
Hy4, and Ogs has been enhanced. The enhanced hydrogen
bond interaction also happens between Hs; and Ogs for the
decreased distance, from 2.46 A in reactants to 2.11 A in
TS. Therefore, His303 and Asn336 both stabilize the
developing negative charge via hydrogen bond interactions
with thioester carbonyl Ogs of malonyl-CoA during the TS
formation (Fig. 6).

To probe the role of Phe215 in further, the F215Y and
F215 W mutants were modeled for the decarboxylation
reaction calculations respectively. The PEC scans were
performed, respectively, to locate TS of each mutant in the
same method as that used in CHS. The scan results were
shown in Fig. 5. After that, the Mulliken population anal-
yses were carried out again for each mutant (Table 2b, c).

It can be seen that the energy decreases at 2.30 A in
F215Y and at 2.40 A in F215 W (Fig. 5b and 5c¢). Thus the
structures around were used for locating TS. Figure 7 lists
the TS structure for each mutant respectively in the step. In
TS of F215Y, the C44—C,47 bond distance is 2.36 A, which is
the same as Cgg—Cgo bond distance in CHS, while TS of
F215 W happens later at 2.45 A of C44—C47 bond distance.
The energy barriers (AE), which were calculated by means
of AE = E (TS) — E (Reactants) with zero point energy
(ZPE) correction, are 5.5, 12.7, and 13.2 kcal mol !
for CHS, F215Y, and F215 W, respectively, meaning
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Fig. 7 Structures of TS for mutants in decarboxylation step: a F215Y; b F215 W

that the decarboxylation reactions proceed via increased
energy barriers, thus leading to the reaction activity in
CHS > F215Y > F215 W order. The reaction activity
order from our theoretical calculation accords well with that
of the kinetic parameters obtained by Noel JP et al., which is
F215Y and F215 W mutants retain decarboxylation activity
but with 80 and 450-fold reductions compared to CHS for
the decarboxylation reaction respectively [18]. The con-
sistency of the activity order validates the rationality of our
model.

What have caused the decreased activity of each
mutant? In F215Y, the distances of H,p—O43 and Hy9—Oy43
are 1.52 and 1.90 A respectively, in TS (Fig. 7a), indi-
cating two hydrogen bonds are formed and thus His303 and
Asn336 function in the same way as that of CHS in the
step. In F215 W, the distances of H,—O,43 and Hpg—Oy;3
1.47 and 2.40 A, respectively in TS (Fig. 7b), also indicate
His303 and Asn336 play the same role as that of CHS. It is
hence evident that the decreased activity of decarboxyl-
ation of malonyl-CoA arises from the role of residue215.
As proposed by O’Leary MH that the conversion of a
carboxylate group, which is polar and charged, into carbon
dioxide, which is nonpolar and uncharged, is sensitive to
environment [32], thus the environment in the step attracts
our attention. Through the atomic charge analyses, we
found that two aspects are essential for the malonyl-CoA
decarboxylation: one is the nonpolar environment, the
other is the change in environment. It can be seen that the
charge changes of Phe215 and Tyr215, 0.045 Q/e and
0.046 Q/e, respectively (Table 2a, b), are nearly the same,
meaning the changes in the environment that residue215
induces are nearly the same. Under the condition of that,
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we infer that the nonpolar environment is important for the
decarboxylation, because Phe215 could provide more
nonpolar environment compared to Tyr215 both in reac-
tants and in TS, leading to the higher activity of CHS.
Furthermore, the charge change of Trp215 (0.083 Q/e) is
much larger than that of Tyr215 (0.046 Q/e), (Table 2b, c),
indicating the change in environment in F215 W is larger
than that in F215Y. Though Trp215 could provide more
nonpolar environment due to the less charge in TS com-
pared to Tyr215 (Table 2b, c), F215 W is still less active
than F215Y. Therefore, we infer that the change in envi-
ronment is more important than the nonpolar environment
in the case of large differences of the environmental
changes. In conclusion, the environmental change plays a
dominant role for the malonyl-CoA decarboxylation;
however, under the condition of similar environmental
changes, the nonpolar environment is critical.

3.3 The elongation step

To investigate the features of the reaction path, a PEC scan
was performed for a range of fixed C,5—Csg distances from
1.7 to 2.7 A in 0.1-A step on the 76-atom model con-
structed above (Fig. 2c). Therefore, 11 structures were
generated in total, in which all geometric parameters of the
model, except for the C,4—Csg bond length, were optimized
with four hydrogen termination atoms (H;, Hyg, Hys, He7)
frozen at the original positions.

As shown in Fig. 8, we can see that the maximum
energy point, which is thought to be a TS, appears at
1.90 A of C,6—Csg distance. This structure is subsequently
optimized and verified to be a TS by the frequency
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calculation result that only one imaginary frequency exists.
The distances of C,s—Csg and S;,—Cyg in TS are 1.89 and
2.03 A, respectively (Fig. 9). The three bond angles of
CSS_CZG_SIZs C53—C26—027, and C58_C26_C28 are 104.310,
104.15°, and 104.98°, respectively, indicating that the TS
adopts tetrahedral geometry with little distortion. More-
over, two hydrogen bonds, which could stabilize the TS
formation, are formed between H,4 and Os; atoms and Hy5
and Os; atoms with the distances 1.62 and 2.20 A for
respective (Fig. 9). The results indicate His303 and Asn336
both act as a hydrogen bond donor in the step.

4 Conclusions

The QM calculations were carried out to characterize
loading, decarboxylation, and elongation steps in the first

cycle of CHS catalytic reactions at the level of B3LYP/6-
31G(d). In loading step, the reaction proceeds via a tetra-
hedral intermediate without TS for none of first order
saddle point is located on the basis of PES scan. Atomic
charge analysis confirmed the interaction between Cys164
and His303 and indicates that His303 acts as a H3; donor
through break of the N;o—Hj; bond, but not a hydrogen
bond donor, to stabilize the intermediate formation.
Asn336 forms a hydrogen bond between Hyy and Os4 to
stabilize the intermediate. In decarboxylation step, the
reaction proceeds via a TS, in which the TS happens at
2.36 A of Ce6-6o bond. His303 and Asn336 form hydrogen
bonds with thioester carbonyl Ogs of malonyl-CoA that
stabilize the developing negative charge. In order to probe
the role of Phe215 in further, F215Y and F215 W mutants
were modeled for decarboxylation reaction calculations,
respectively. The TS of each mutant happens at 2.36 and
245 A of Cu~Cs; bond, respectively. The calculated
reaction energy barriers are 5.5, 12.7, and 13.2 kcal mol ™'
for CHS, F215Y, and F215 W respectively, which means
the reaction activity is in CHS > F215Y > F215 W order,
corresponding well to that on experiments [18]. Through
the charge analyses for Phe215, Tyr215, and Trp215, we
found the environmental change plays a dominant role for
the malonyl-CoA decarboxylation; however, under the
condition of similar environmental changes, the nonpolar
environment is critical. In elongation step, the reaction
proceeds via a tetrahedral TS, in which the distances of
Cr6—Csg and S1,—Cyg are 1.89 and 2.03 A respectively. All
of the theoretical results could support the reaction mech-
anism and further complement the proposal of Noel et al.
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