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Hyperconjugation promoted by hydrogen bonding
between His98/His241 and a carboxyl group
contributes to tyrosine decarboxylase catalysis†

Jie Ni,a Guochao Xu,a Wei Dai,a Yi-Lei Zhao *b and Ye Ni *a

The utility of the σ → π* hyperconjugation in pyridoxal 5′-

phosphate (PLP)-dependent tyrosine decarboxylase (TyDC) is dem-

onstrated here for the first time. His98 and His241 form hydrogen

bonds with the carboxyl group of an external aldimine and con-

tribute to the hyperconjugation of TyDC from Lactobacillus brevis.

The dihedral angle of C–Cα–NSB–C4′ in PLP–substrate covalent

complexes was found to be vital to the decarboxylation efficiency

of TyDC.

Pyridoxal 5′-phosphate (PLP, vitamin B6) is widely required as
a prosthetic group by many enzymes participating in the me-
tabolism of amines and amino acids.1,2 Comprehensive re-
search has been conducted on reactions catalyzed by PLP-
dependent enzymes throughout the previous decades.3 A com-
mon first step is shared among all PLP-dependent enzyme
catalyzed reactions. The aldehyde group of PLP covalently
binds to the amino group of highly conserved lysine residues
in active sites through an imine bond, forming an internal
aldimine. Then, the unprotonated amino group of the sub-
strate attacks the Schiff base of the internal aldimine, break-
ing the imine bond and forming a new Schiff base between
PLP and the amine substrate, which is known as an external
aldimine.4 Afterwards, diverse reaction paths occur according
to the specific distribution of key catalytic residues and result
in a wide variety of reactions, including transamination, race-
mization, β-elimination, and retro-aldol cleavage.5–7

Nevertheless, the molecular mechanism for the catalytic
capacity and divergence in reaction specificity of PLP-
dependent enzymes remains largely elusive. A commonly ac-
cepted mechanism of the reaction was proposed by

Dunathan et al. (1966), in which stereoelectronic effects were
important in governing reaction specificity.8 Their hypothesis
for the catalytic mechanism suggests that carboxylate binding
sites could modulate the conformations of a Cα–NSB (SB =
Schiff base) bond and the position of residues in the active
site. The arrangement of specific residues in active sites
would determine which bonds oriented toward Cα are likely
to be broken. Afterwards, a scissile bond is in an orientation
which is parallel to the p orbital of the conjugated π system
through hyperconjugation in the external aldimine interme-
diate.5 Fundamentally, hyperconjugation is a stabilizing fac-
tor for the delocalization of electrons in either bonding σ or
π orbitals (HOMO) into an empty or partially occupied anti-
bonding σ or π orbital (σ* or π*) (LUMO).9 Over 50 years after
the original hypothesis, Dajnowicz et al. found more detailed
physical information connecting the hypothesis and catalytic
power employing the neutron structure of recombinant por-
cine cytosolic aspartate aminotransferase (AAT).10 In both
internal and external aldimines, N1 of PLP was protonated,
while O3′ of PLP was deprotonated. The substrate in the ex-
ternal aldimine was activated by the AAT enzyme through
orienting the Cα–H bond perpendicular to the conjugated
π-system of PLP and the σ orbital of Cα–H parallel to the π*
orbital of the Schiff base, followed by a hyperconjugation ef-
fect.11 In the AAT model, Arg386 and Arg292 form hydrogen
bonds with the carboxylate group of the substrate throughout
its simulation, which could anchor the substrate in an appro-
priate conformation for hyperconjugation.12

Tyrosine decarboxylase (TyDC, EC 4.1.1.25) is a PLP-
dependent fold-type I enzyme13 that catalyzes the decarboxyl-
ation of L-tyrosine, L-3,4-dihydroxy-phenylalanine (DOPA), and
other phenolic/indolic amino acids, generating tyramine, do-
pamine, and corresponding aromatic amines of pharmaceuti-
cal relevance.14,15 TyDC is classified as group II decarboxylase
by evolutionary origin, similar to histidine decarboxylase
(HDC), glutamate decarboxylase (GDC), and DOPA decarbox-
ylase (DDC).13 Only two crystal structures of bacterial TyDCs
have been resolved and deposited in the protein database:
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one is TyDC from Methanocaldococcus jannaschii (PDB code:
3F9T, MjTDC)16 and the other is TyDC from Lactobacillus
brevis (PDB code: 5HSJ, LbTyDC), which was resolved in both
apo and holo structures in our previous study. LbTyDC is a
homodimer with an active center located at the interface of
dimerization.17,18 In the holo structure of LbTyDC, conserved
Lys392 forms an internal aldimine with PLP, while conserved
Asp328 directly couples to the pyridinyl nitrogen of PLP.19,20

Alignment of the crystal structures of LbTyDC and AAT re-
vealed that the spatial arrangement of substrate binding sites
is different, which might orient the carboxyl group of tyrosine
perpendicular to the PLP conjugated π system in the forma-
tion of the external aldimine, leading to the breaking of the
Cα–COO− bond and producing tyramine.21 The heterolytic
cleavage of this Cα–C bond is thought to be the rate-limiting
step of the decarboxylation reaction catalyzed by TyDC, since
this bond is nearly perpendicular to the conjugated π-system
of PLP in highly efficient decarboxylases.22 Besides, studies
have demonstrated that ground-state destabilization played a
vital role in the catalysis of proton transfer and reaction spec-
ificity of some PLP-dependent enzymes.23,24 To the best of
our knowledge, LbTyDC is one of the most efficient tyrosine
decarboxylases with a kcat of 165 s−1 as determined by the
production of tyramine. Thus, the focus of our study was to
explore the key amino acid residues involved in the
hyperconjugation in LbTyDC.

The holo structure in complex with PLP of LbTyDC was
used to generate a model of the external aldimine of
LbTyDC.17 Appropriate substrate conformations were selected
for multiple molecular dynamics (MD) simulations.
According to the previous QM/MM calculations,22 the rate-
determining step of PLP-dependent decarboxylase was con-
sidered to be the decarboxylation step from the external
aldimine substrate. The protonation states of the internal
and external aldimines are shown in Scheme 1. In accor-
dance with aspartate aminotransferase, the pyridine nitrogen
(PLP-N1) was protonated, the phenolic oxygen (PLP-O3′) was
deprotonated, and the nitrogen of the Schiff base (NSB) was
protonated in the external aldimine.

Consistent with Dunathan's hypothesis, the density distri-
bution of the dihedral angle of C(Cα), Cα, NSB, and C4′
carbon (C–Cα–NSB–C4′) in the external aldimine of LbTyDC
was close to 90° (Fig. 2D), demonstrating that the carboxylate

group was perpendicularly positioned towards the PLP cofac-
tor when using L-tyrosine as a substrate. A cluster analysis
was conducted in the equilibrated region of the MD simula-
tions, and Fig. 1 shows the structures with stretched C–C
bonds of LbTyDC in complex with the external aldimine from
the constrained MD simulations. Considering that the con-
formation of the external aldimine with the stretched C–C
bonds was similar to the transition state, density functional
theory (DFT) calculations in combination with HOMO and

Scheme 1 (A) Structures of PLP, internal aldimine, and external
aldimine. (B) Structures of L-tyrosine and L-DOPA.

Fig. 1 Hyperconjugation in TyDC. (A) The highest occupied molecular
orbital (HOMO) of the external aldimine structure with stretched C–C
bonds in LbTyDC. (B) Lowest unoccupied molecular orbital (LUMO) of
the external aldimine structure with stretched C–C bonds in LbTyDC.
(C) Reaction potential energy of external aldimine decarboxylation and
the stabilization energy of σC–C → π*NC and πNC → σ*C–C along the
intrinsic reaction coordinate. (D) C–Cα–NSB bending angle and C–Cα–
NSB–C4′ dihedral angle along the intrinsic reaction coordinate.

Fig. 2 Active site of the representative structure and the distribution
of the C–Cα–NSB–C4′ dihedral angles in WTLbTyDC with L-tyrosine and
L-DOPA as the substrate. (A) Active site of WTLbTyDC with L-tyrosine in
the external aldimine state. (B) Active site of WTLbTyDC with L-DOPA in
the external aldimine state. Ball and sticks: external aldimine; sticks:
key amino acids. (C) External aldimine with labels for atoms included in
the torsional angle of interest. (D) Probability density distribution of the
C–Cα–NSB–C4′ dihedral angles with L-tyrosine sampled during MD sim-
ulations. PRS: best orbital overlapped conformation. (E) Probability
density distribution of the C–Cα–NSB–C4′ dihedral angles with L-DOPA
sampled during MD simulations.
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LUMO analysis and natural bond orbital (NBO) analysis were
performed on these structures. Comparison of the HOMO
and LUMO demonstrated that the charge in the external
aldimine was concentrated on the carboxyl group of
L-tyrosine and CNSB Schiff base. After the decarboxylation,
the negative charge was accommodated on the conjugated
π-system of PLP, especially on NSB. The second order pertur-
bation theory analysis of the Fock matrix in NBO basis
suggested that the donor–acceptor interaction were over 45.0
kcal mol−1 between σ(C–Cα) and π*(CNSB) by the ωB97x-
DĲCPCM,water)/6-31G(d) method, respectively (Fig. 1C). This
hyperconjugation interaction increased significantly in the
pre-reaction state by weakening the Cα–C σ bond and pro-
vided a substantial contribution to lowering the activation en-
ergy. Furthermore, the hyperconjugation effect between
CNSB and the breaking C–Cα bond was found to be corre-
lated with the bending angle of C–Cα–NSB and the dihedral
angle of C–Cα–NSB–C4′ (Fig. 1D).

The representative conformation with the highest proba-
bility was extracted from the MD simulations and analyzed as
shown in Fig. 2. Similar to the crystal structure, a number of
hydrogen bond interactions exist in the representative confor-
mation of the LbTyDC model. Conserved Thr298 and Asp328
form crucial hydrogen bonds with PLP-O3′ and PLP-N1, re-
spectively, which were advantageous for the specific proton-
ation states of the PLP cofactor and the optimization of de-
sired chemical transformation. Gly158, Ser159, and Ser440
were responsible for stabilizing the phosphate group of the
PLP cofactor. The position of the PLP cofactor was anchored
through π–π stacking between the imidazole ring of His241
and the pyridine ring of PLP.

Based on the appropriate distance between His98 and
L-tyrosine (N⋯O 3.3 Å) and His241 and L-tyrosine (N⋯O 2.9
Å), these residues formed hydrogen bonds with the carboxyl
group of L-tyrosine during the simulation. These new contacts
were the essential interactions between the external aldimine
and the active site residues and were responsible for the sta-
bilization of the external aldimine intermediate. These two
histidine residues anchored the substrate by orienting the
Cα–C bond of L-tyrosine perpendicular to the π-conjugated
system of the PLP cofactor. The hydrogen bonds between the
histidines and the carboxyl group of L-tyrosine positioned the
carboxylic group in the correct orientation and this specific
orientation leads to the possibility of charge transfer between
the occupied and unoccupied orbitals. Interestingly, residues
Lys240 and His241 constituted a highly flexible short loop
and rotated in response to PLP according to the alignment of
apo-LbTyDC and holo-LbTyDC. When PLP entered the active
center of LbTyDC, this short loop switched to the opposite
position and restrained PLP in the active center. Further-
more, a π–π stacking interaction was observed between the
pyridine ring of PLP and the imidazole ring of His241,
according to the force analysis mentioned above.

To probe the role of key amino acids that contributed to
the hyperconjugation in LbTyDC, site-directed saturation mu-
tagenesis was performed on His98 (Fig. S2 ESI†), Lys240 (Fig.

S3 ESI†), and His241 (Fig. S4 ESI†). Almost all variants of
His241 lost decarboxylase activity toward either L-tyrosine or
L-DOPA, and variants H241N, H241S, and H241Q retained
less than 5% relative activity of wild-type LbTyDC
(WTLbTyDC). The kcat toward L-tyrosine of H241N was 4.02
s−1, which was only 2.4% of WTLbTyDC (Table 1). The Km

values of variants H241S and H241Q significantly increased
and could not be precisely determined due to the low solubil-
ity of L-tyrosine (5.5 mM). The above results demonstrated
that residue His241 played an important role in the decarbox-
ylase activity of LbTyDC by: stabilizing the location of the PLP
cofactor by π-stacking between the imidazole ring of His241
and the pyridine ring of PLP; orienting the Cα–C bond nearly
perpendicular to the conjugated π-system of PLP through hy-
drogen bonding; contributing to the cleavage of the Cα–C
bond. To explore the role of K240 and H241 on the binding
affinity of PLP by LbTyDC, the KD values toward PLP of
WTLbTyDC and the variants were determined by isothermal ti-
tration calorimetry (ITC) (Fig. S5 & Table S1 ESI†). WTLbTyDC
exhibited a high affinity toward PLP with a KD of 7.32 × 10−2

μM, which was much lower than the KD of lysine decarboxyl-
ase (72 μM).25 The KD of H241A increased to 48.1 × 10−2 μM,
6.6-fold higher than that of WTLbTyDC, whereas H241F has a
KD value of 3.81 × 10−2 μM (47.7% of WTLbTyDC). Both the
imidazole ring of His241 and the phenyl ring of Phe241 inter-
acted with PLP through π–π stacking interactions, while no π

system existed in Ala241. It is speculated that the π–π stack-
ing interaction was strengthened in Phe241, since the KD of
H241F was much lower than that of WTLbTyDC. This further
demonstrated the vital role of His241 in PLP binding. The en-
thalpy change (ΔH) values of WTLbTyDC and H241F were
−5.07 and −5.21 kcal mol−1 respectively, while the ΔH of
H241A was −9.06 kcal mol−1. Similar binding enthalpies be-
tween WTLbTyDC and H241F indicated that no new hydrogen
bond was formed in H241F. However, variants H241A and
H241F were almost inactivated towards L-tyrosine and
L-DOPA. This result suggests that His241 has dual roles in an-
choring PLP and the carboxyl group to form
hyperconjugation, and providing its imidazole nitrogen (Nδ2)
as a proton donor in the catalytic reaction. Sequence align-
ments of tyrosine decarboxylases with more than 40% identi-
ties with LbTyDC showed that His241 was highly conserved
and played an irreplaceable role in the decarboxylation reac-
tion (Fig. S6 ESI†).

Table 1 Kinetic analysis of WTLbTyDC, H241N and H98M toward
L-tyrosine and L-DOPA

Substrate Variants

Specific
activity
(U mg−1) kcat (s

−1) Km (mM)
kcat/Km

(s−1 mM−1)

L-Tyrosine WT 43.1 ± 1.0 165 ± 2.4 1.18 ± 0.1 140 ± 4.1
H241N 1.35 ± 0.1 4.02 ± 0.2 0.05 ± 0.1 7.28 ± 0.4
H98M 1.33 ± 0.1 4.26 ± 0.2 0.77 ± 0.1 5.53 ± 0.2

L-DOPA WT 22.5 ± 1.5 159 ± 7.7 3.72 ± 0.3 42.9 ± 1.5
H241N 0.08 ± 0.01 4.02 ± 0.2 0.05 ± 0.01 7.28 ± 0.4
H98M 1.96 ± 0.02 7.10 ± 0.5 1.62 ± 0.2 4.38 ± 0.3
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Specific activities of the variants of His98 were also deter-
mined by saturation mutagenesis. Only H98Q displayed a
specific activity of 23.6 U mg−1, which is 54% of the activity
of WTLbTyDC towards L-tyrosine, while all the other mutants
retained less than 10% of the activity of WTLbTyDC. Multiple
sequence alignment analyses among various group II de-
carboxylases revealed that the site with histidine or gluta-
mine was significantly conserved (Fig. S6 ESI†). As mentioned
above, His98 formed a hydrogen bond with the carboxyl
group of L-tyrosine and restrained it in the hyperconjugative
state. When histidine at position 98 was substituted by aspar-
agine, the amide nitrogen of asparagine substituted for the
nitrogen of histidine; this also allowed for the formation of a
functional hydrogen bond with nitrogen. Significantly, the
hydrogen bond between His98 and the carboxyl group of the
substrate allowed for an appropriate position for efficient
decarboxylation.

It is generally accepted that PLP-dependent group II de-
carboxylases possess a narrow substrate spectrum and high
substrate specificity.26 WTLbTyDC has lower specific activities
of 26.5 U mg−1 and 8.36 U mg−1 towards L-DOPA and L-
phenylalanine, respectively. L-DOPA was also used as the sub-
strate in the MD simulations. In comparison with L-tyrosine,
different conformations were achieved in the MD simulations
with L-DOPA due to the extra m-hydroxyl group. In a TS-like
model, L-DOPA accessed the active center in the form of an
electron–hole, and no new hydrogen bonds were formed with
other residues. Also, a new hydrogen bond was found be-
tween the m-hydroxyl of L-DOPA and the phosphate group of
PLP, which deformed the external aldimine and weakened
the original hydrogen bond between the p-hydroxyl of
L-tyrosine (Fig. 2). The distance between His98 (Nδ2) and
L-DOPA was 4.1 Å, which is significantly larger than 3.3 Å
with L-tyrosine as the substrate.

The dihedral angle of C–Cα–NSB–C4′ in the L-DOPA com-
plex became obtuse on the account of the new hydrogen
bond between the m-hydroxyl of L-DOPA and the phosphate
group of PLP. As the dihedral angle increased, the
hyperconjugation weakened and a higher activation energy
was required to cleave the C–Cα bond. The broad distribu-
tion of the dihedral angle was predominantly responsible for
the lower specific activity toward L-DOPA than L-tyrosine.

Interestingly, H98M showed a higher specific activity to-
ward L-DOPA than L-tyrosine; the specific activities were 1.96
U mg−1 and 1.33 U mg−1, respectively (Table 1). The poor abil-
ity of methionine in charge interactions makes it difficult to
cleave the C–Cα bond. H98M retained low decarboxylase ac-
tivity. However, the kcat of H98M towards L-DOPA was 7.10
s−1, which is 66.7% higher than the kcat of 4.26 s−1 towards
L-tyrosine. A structural model of H98M was constructed for
further MD simulations. When histidine 98 was substituted
with methionine, the Dunathan angle of L-tyrosine and the
PLP complex became acute, which contributed to the signifi-
cant reduction in catalytic efficiency. In addition, M98 weak-
ened the distorted conformation of the L-DOPA complex and
had a higher specific activity toward L-DOPA than L-tyrosine

(Fig. S7 ESI†). The dihedral angle of C–Cα–NSB–C4′ was af-
fected by the interaction between His98 and the carboxyl
group of the substrate. The overlapping of the π orbital an-
gles in the transition state was predominantly responsible for
the catalytic efficiency.

In conclusion, MD simulations, HOMO and LUMO analy-
sis, NBO analysis, site-directed saturation, and ITC were
performed to clarify the key amino acid residues which pro-
moted the hyperconjugation and decarboxylation of LbTyDC.
Our results demonstrate that the σ → π* hyperconjugation
interaction is significant during decarboxylation which can
lower the activation energy of the reactants. In LbTyDC,
His98 and His241 formed hydrogen bonds with the carboxyl
group of the external aldimine and oriented the Cα–C bond
perpendicular to the conjugated π-system of PLP. These two
crucial residues contributed to the σ → π* hyperconjugation,
and His241 played an irreplaceable role in conformation sta-
bility. Besides, the dihedral angle of C–Cα–NSB–C4′ in the ex-
ternal aldimine was found to be vital to decarboxylase effi-
ciency and the vertical dihedral angles resulted in the highest
breakage efficiency of the C–Cα bond.
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