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Phosphoketolase (PK) is a thiamine diphosphate (THDP) dependent enzyme which plays key roles in the
metabolism of heterofermentative bacteria. By using density functional theory (DFT) method, the cata-
lytic mechanism of PK has been studied on simplified models. The calculation results indicate that the
formation of 2-a,b-dihydroxyethylidene-THDP (DHETHDP) and erythrose-4-phosphate (E4P) involves
one C–C bond formation and one C–C bond cleavage process. Each C–C bond formation or cleavage is
always accompanied by a proton transfer in a concerted but asynchronous way. The dehydration process
in the reaction of PK is distinct from that of other THDP-dependent enzymes. The Keto–Enol tautomerism
process is assisted with a mediator His553. His64, His553 and His97 are found to have the function to
stabilize the transition states and intermediates. His64 is a better candidate of B1 catalyst. His553 acts
as a proton donor to protonate the carbonyl oxygen, and plays intermediary role in the Keto–Enol tau-
tomerism process. His97 is the probable B2 catalyst in the dehydration process.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Phosphoketolase (PK) is a prominent enzyme in sugar metabo-
lism, which requires thiamine diphosphate (THDP) and a bivalent
cation as cofactors for enzymatic activity [1–4]. PK mainly plays
roles in the metabolism of heterofermentative bacteria, and func-
tions as key enzyme in two pathways. One pathway is the phos-
phoketolase pathway (PK pathway), which is the central pathway
in the metabolism of heterofermentative lactic acid bacteria
including the genera Lactobacillus and Leuconostoc [5]. The other
is the fructose-6-phosphate (F6P) shunt pathway called ‘‘bifid
shunt’’ [6]. PK can catalyze the formation of acetyl phosphate
(AcP) and erythrose-4-phosphate (E4P) from fructose-6-phosphate
(F6P), or the formation of AcP and glyceraldehyde 3-phosphate
(G3P) from xylulose-5-phosphate (X5P) utilizing inorganic phos-
phate (Pi) as acceptor, as shown in the following overall reactions
(1) and (2) [7]:

fructose-6-phosphate ðF6PÞ þ Pi

! erythrose-4-phosphate ðE4PÞ þ acetyl-phosphate ðAcPÞ ð1Þ

xylulose-5-phosphate ðX5PÞ þ Pi
! glyceraldehyde-3-phosphate ðG3PÞ þ acetyl-phosphate ðAcPÞ ð2Þ
According to substrate preference, PK is divided into two types,
namely XPK (EC 4.1.2.9) when specificity is for X5P, and XFPK (EC
4.1.2.22) when both X5P and F6P are accepted [8]. XPK is a key en-
zyme in the PK pathway of various microbes, but XFPK is only
found in bifidobacteria and can catalyze the two steps in the ‘‘bifid
shunt’’ pathway owing to its dual-substrate specificity [4]. Another
THDP dependent enzyme catalyzing the key step of ‘‘bifid shunt’’
pathway is transketolase (TK), which together with PK belongs to
TK family when THDP dependent enzymes are divided into four
families based on their primary and tertiary structures [9]. In the
past decades, many experimental and theoretical researches have
been made for understanding the properties of TK [10–13]. But
PK has been little studied since its distribution in the natural world
is not very widespread compared with TK [3].

In 2010, the high resolution crystal structures of XFPK from bifi-
dobacterium longum (PDB code: 3AI7) and bifidobacterium breve
(PDB code: 3AHC, etc.) were determined [3,4]. These three-dimen-
sional structures provide new insights into the fold of phosphoke-
tolases, binding mode of cofactors, and information of catalytic
reaction. PK is a dimeric molecule, which is the functional unit of
the enzyme (shown in Fig. 1) [14,15]. Each subunit consists of three
domains, including the N-terminal domain (residues 2–378), the
middle domain (residues 379–612) and the C-terminal domain
(residues 613–814). Residues from both subunits build up two re-
lated active sites that are involved in the binding of cofactor THDP.
From the active center of Bifidobacterium Longum PK shown in
Fig. 2a, we can see that this enzyme shares some similarities with
most other THDP enzymes [16–21]. Firstly, THDP adopts the V-like
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Fig. 1. The overall structure of PK. One subunit is color-coded red. For the other
subunit, the three domains are color-coded differently: N-terminal domain is blue,
middle domain is orange and C-terminal domain is yellow. Two THDP cofactors are
shown as spheres. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

2 J. Zhang, Y. Liu / Computational and Theoretical Chemistry 1025 (2013) 1–7
conformation to bring the N40-amino group of the pyrimidine ring
adjacent to the C2 of the thiazolium ring, greatly facilitating the
formation of ylide to initiate the catalytic cycle. Secondly, a univer-
sally conserved glutamate residue (Glu479) forms a hydrogen bond
with the N10 atom of THDP. It is important to note that PK and TK
have similar active site structures in spite that the sequence iden-
tity between them is only 17.1%. Several histidine residues in the
active site as well as other residues important for catalysis are
completely conserved between PK and TK [4].

A possible mechanism of PK has been proposed by Yevenes and
Frey [7,22], as shown in Scheme 1. Similar with other THDP-depen-
dent enzymes, THDP must be activated firstly to form THDP ylide
to initiate the catalytic cycle. A proton is transferred from the
side-chain of carboxyl group of Glu479 to N10-nitrogen of amino-
pyridine ring, which aids amino-imino tautomerization at 40-
NH2, and the imino group extracts a proton from the C2-carbon
of the thiazolium group (step0). Then, the catalytic cycle starts
with the nucleophilic attack of the deprotonated C2-carbon of
THDP ylide at the C200 carbonyl carbon atom of the substrate sugar
(F6P or X5P), producing the first covalent intermediate THDP-F6P
or THDP-X5P (step1). Next, the scissile C200–C300 bond of the sugar
moiety of THDP-F6P or THDP-X5P is broke to generate 2-a,b-
dihydroxyethylidene-THDP (DHETHDP), and the first product
(E4P or G3P) is liberated from the enzyme (step2). A proton accep-
tor B1 is required to deprotonate the C300 hydroxyl group of the
Fig. 2. (a) The active site of PK with the cofactors THDP and Ca2+ (PDB code 3AI7). (b) Th
optimized and then deposited into the active pocket using the Autodock program. The fi
THDP-F6P or THDP-X5P in this step. The third step is the dehydra-
tion process of DHETHDP which requires a proton donor (B2) to
protonate the C100 hydroxyl group (step3). A water molecule is re-
leased and enolacetyl-THDP is formed. Enolacetyl-THDP is then
converted to 2-acetyl-thiamine pyrophosphate (AcTHDP) by a
transformation of enol and ketone (step4). Finally, inorganic phos-
phate (Pi) attacks the AcTHDP to form acetyl-phosphate (AcP) and
the THDP ylide is regenerated (step5). The reaction of PK is distinct
from that of other THDP-dependent enzymes at the dehydration
process. In the case of TK, the elimination of water from DHETHDP
does not occur. Instead, DHETHDP intermediate combines with the
incoming aldose to yield a ketose with an extended carbon
skeleton.

Some experimental advances have been achieved in under-
standing the catalytic mechanism of PK. Takahashi et al. [3] super-
imposed the structures of PK with THDP and TK in complex with
THDP-F6P (PDB code: 2R8P) to generate the docking model of PK
with THDP-F6P. The docking model suggests that His64 or
His320 are possible B1 catalyst that extracts a proton from C300-hy-
droxyl group of the sugar moiety of THDP-F6P, while His142 or
His553 could be the B2 catalyst that causes the elimination of
water from DHETHDP. Shortly afterwards, Suzuki et al. [4] reported
the crystal structures of the two intermediates before and after
dehydration (DHETHDP and AcTHDP). Observation of the
DHETHDP and AcTHDP supports the previous notion that the dehy-
dration occurs in the absence of Pi [7]. Mutagenesis and crystallo-
graphic analysis of PK indicate that the most possible candidate of
B1 catalyst is His64. But the B2 catalyst remains unclear, and the
possible residues are assigned to be His553, the N40 group of the
pyrimidine, or His97. These studies expanded the structural insight
into the reaction mechanism of PK, but many questions still remain
to be settled besides the assignment of B1 and B2 catalysts. The de-
tailed description of each elementary step, the roles of key pocket
residues involved in proton transfer and stabilization of reaction
intermediates and transition states, and the energetics of the
whole reaction are still not fully understood.

In the present work, we perform a theoretical study on the cat-
alytic mechanism of PK (steps1–4) using hybrid density functional
theory (DFT) method on simplified models, which has been suc-
cessfully employed to study enzymatic systems and gain lots of
mechanistic insights [23,24]. Based on the crystal structure of the
wild type Bifidobacterium Longum XFPK (PDB code: 3AI7) deter-
mined by Takahashi et al. [3] with F6P as substrate, the computa-
tional models were constructed, and the residues acting as B1 or B2
catalyst were assigned. In addition, the reaction barriers and ener-
gies were calculated.
e calculation model employed in the present work. The F6P molecule is separately
xed atoms are labeled by asterisks.



Scheme 1. Proposed catalytic mechanism of PK for the formation of AcP and E4P utilizing F6P and Pi as substrates.
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2. Computational details

All calculations were performed by using the B3LYP density func-
tional theory method as implemented in Gaussian03 software pack-
age [25]. Geometry optimizations were carried out at the level of 6-
31G(d,p) basis set. The F6P molecule was separately optimized and
then placed into the active site using the Autodock program [26].
Some truncated atoms were fixed to their crystallographic positions
to prevent unrealistic movements of the groups during the optimi-
zation. More accurate energies were obtained by single-point calcu-
lations using the larger 6-311++G(2d,2p) basis set on the optimized
geometries. Frequencies were calculated at the same level of theory
as the geometry optimizations to confirm the nature of the station-
ary points and also to obtain zero-point energies (ZPE). Fixing coor-
dinates introduces a few small negative eigenvalues, in this case all
below 30i cm�1. These frequencies do not contribute significantly to
the ZPE and can be ignored. To consider the polarization effects of
enzyme environment on the energetics of each reaction step, we also
used the polarizable-continuum model (PCM) [27,28] with a dielec-
tric constant of 4 to calculate the single point energies at 6-
311++G(2d,2p) level for each species on the optimized geometries
[29–33]. All the transition states were confirmed by intrinsic reac-
tion coordinate (IRC) calculations.
3. Results and discussions

Now that the activation mechanism of THDP has been exten-
sively studied elsewhere [34–37], THDP ylide was chosen as the
beginning form in our computational model. Experimental studies
have proved that the universally conserved residue Glu479 plays a
key role in activating THDP and is essential for the PK activity
[7,38]. The carbonyl oxygen atom of Gly155 forms hydrogen bond
to 40-NH2 of THDP. In addition, experimental studies show that the
most possible candidate of B1 catalyst is His64, and the possible B2
catalyst are assigned to be His553, the N40 group of the pyrimidine,
or His97. His142 and His320 are excluded from the candidates of
B1 and B2 catalysts on the basis of mutagenesis and crystallo-
graphic analysis. Therefore, Glu479, Gly155, His 64, His 553 and
His 97 were included in the calculation model (shown in
Fig. 2b). As shown in Fig. 2b, the side chains of these residues were
truncated to decrease the computational consumption, and the
truncated atoms (asterisks in Fig. 2b) were fixed to their crystallo-
graphic positions during the optimizations. The terminal and trun-
cated carbon atoms of THDP ylide were frozen to keep the V-like
conformation of the THDP. This strategy is different from that of
the earlier studies [39,40], but it also can keep the V-conformation
of the THDP and maintain the middle moiety of THDP flexible. The
torsion angles UT from the four atoms C50–C3,50–N3–C2 and UP

from the atoms C40–C50–C3,50–N3 for defining the orientation of
THDP rings in all species will be given in the corresponding figures.

3.1. DHETHDP formation and E4P dissociation

As shown in Scheme 1, the formation of DHETHDP intermediate
and E4P requires two steps (step1 and step2). In our calculations, IM1
and IM2 are the simplified models of THDP-F6P and DHETHDP,
respectively. The optimized structures of initial reactant (R),
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transition states (TS1 and TS2) and intermediates (IM1 and IM2)
are shown in Fig. 3.

From Fig. 3 we can see that in reactant (R) the substrate F6P is
stabilized by two hydrogen bonds from His97 and His64. The
hydrogen bond length (r8) between His64 and the C300 hydroxyl
group of F6P is relatively long (2.05 Å) while that of His97 with
the carbonyl group of F6P is very short (1.83 Å, not shown in
Fig. 3). The C2 carbanion of thiazole ring is far from the C200 of
F6P (r1, 3.94 Å). In transition state (TS1), the C2–C200 distance
changes to 2.36 Å (r1) from 3.94 Å, and the distance (r3) of hydro-
gen atom of His553 with the carbonyl oxygen atom changes to
1.71 Å from 4.29 Å. But the proton transfer from the His553 to
the carbonyl oxygen does not start yet, i.e., the proton to be trans-
ferred is still at His553. In IM1, the C2–C200 bond is formed with a
distance of 1.55 Å (r1), and the proton transfer from His553 to car-
bonyl oxygen is completed. From the structures of R, TS1 and IM1,
we can see that the ligation of C2–C200 bond and the proton transfer
from His553 to the carbonyl group of F6P is a concerted process
but not precisely synchronous. The start of proton transfer is much
later than the ligation of C2–C200 bond. In addition, the hydrogen
bond length (r8) between His64 and the C300 hydroxyl group of
F6P is 2.17 Å in IM1, which will favor the next proton transfer.

As shown in Scheme 1 and Fig. 3, the next step is the cleavage of
C200–C300 carbon bond (r5) of THDP-F6P together with the proton
transfer from the C300 hydroxyl group of THDP-F6P to the proton
acceptor (His64) to generate DHETHDP carbanion/enamine inter-
mediate (IM2) and release the first product E4P via TS2. In TS2,
the C200–C300 distance (r5) changes from 1.61 Å to 2.12 Å, mean-
while, the proton of the C300 hydroxyl group transfers to His64,
which is marked by the change of r8 from 2.17 Å to 1.09 Å. In
IM2, the C200–C300 carbon bond (r5) further elongated from 2.12 Å
to 3.50 Å, which means the C200–C300 bond has completely broken.
By comparing the structures of IM1, TS2 and IM2, one can see that
this elementary reaction occurs in a concerted asynchronous
mechanism, i.e., the proton transfer is almost finished in TS2 while
the C200–C300 bond is on the way to be broken. Moreover, C2–C200
Fig. 3. The truncated active center of the optimized geometries for various species in
31G(d,p) level. The key bond distances are shown in angstrom and characteristic torsio
carbon bond (r1) changes from single to double bond during this
step, which agrees well with the proposed mechanism. It is worth
noting that our calculations further confirm the experimental spec-
ulation that His64 is a better candidate of B1 catalyst. In addition,
they also interpret the reason why an adduct-free THDP is trapped
by the H553A mutation is that His553 acts as a proton donor to
protonate the carbonyl oxygen in step1 [4].

The energy profile is shown in Fig. 4. To consider the polariza-
tion effects of enzyme environment on the energy barriers, the
polarizable-continuum model (PCM) single point calculations at
the level of 6-311++G(2d,2p) basis set were further performed on
the optimized structures. The calculated energy barriers on the
PCM model for the formation of IM1 and IM2 are 11.97 and
14.98 kcal/mol, implying that both of the two steps are easy to oc-
cur. The energy barriers in gas phase are 7.66 and 16.95 kcal/mol,
indicating the enzyme environment imposes significant but differ-
ent influences on each elementary step. The same effect was also
found in other steps.

3.2. Dehydration

The next step (step3 in Scheme 1) is the dehydration process of
DHETHDP which is different from other well studied THDP-depen-
dent enzymes [13,18,20,41]. The C100 hydroxyl group is protonated
by a proton donor B2 to form a water molecule and generate eno-
lacetyl-THDP.

After the first product E4P was removed from IM2, IM3 was ob-
tained, as shown in Fig. 5. From IM3 we can see that, the possible
B2 catalyst is His97, and the distance between the hydrogen of
His97 and the O atom of C100 hydroxyl group (r3) is 1.61 Å, which
is favorable for proton transfer. In transition state TS3, r3 changes
to 1.12 Å from 1.6 Å. The C–O bond (r2) changes to 1.73 Å from
1.48 Å. In IM4, the C–O bond has completely broken and the water
molecule is released. The energy profile is shown in Fig. 4. We
noted that the energy barrier for the formation of enolacetyl-THDP
(IM4) is lower than that of the formation of DHETHDP (IM2 and
the process of DHETHDP formation and E4P dissociation obtained at the B3LYP/6-
n angles UT and UP for the orientation of the THDP rings are shown in degree.



Fig. 4. Energy profile for the pK catalytic process (steps1–4). The ZPE-corrected relative energies obtained at the B3LYP/6-311++G(2d,2p)//B3LYP/6-31G(d,p) level in solution
phase and gas phase (values in parentheses) are given in kcal/mol.

Fig. 5. The truncated active center of the optimized geometries for various species in the dehydration process of DHETHDP obtained at the B3LYP/6-31G(d,p) level. The key
bond distances are shown in angstrom and characteristic torsion angles UT and UP for the orientation of the THDP rings are shown in degree.
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IM3) (10.35 vs. 15.98 kcal/mol). The relative energy of IM4 is
13.02 kcal/mol lower than that of IM3, meaning the intermediate
enolacetyl-THDP (IM4) is relatively stable and DHETHDP (IM2
and IM3) is easy to dehydrate and form enolacetyl-THDP. All of
Fig. 6. The truncated active center of the optimized geometries for various species in
distances are shown in angstrom and characteristic torsion angles UT and UP for the or
these calculation results agree well with the experimental observa-
tion of Suzuki et al. [4]. Our calculations also verify that His97 is
the favorable B2 catalyst, which cannot be easily identified by
experiment alone.
the Keto–Enol tautomerism obtained at the B3LYP/6-31G(d,p) level. The key bond
ientation of the THDP rings are shown in degree.
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3.3. Keto–Enol tautomerism

According to experimental studies, the nucleophilic attack by
the acceptor substrate (Pi) occurs on the keto form and not on
the enol form. Therefore, enolacetyl-THDP (IM4) must firstly un-
dergo the Keto–Enol isomerization (step4 in Scheme 1) to generate
AcTHDP, which then participates in the next nucleophilic
attack (step5 in Scheme 1). Our calculation results indicate that
His553 is probable to play a mediate role in the Keto–Enol
tautomerism.

From IM4 in Fig. 6, one can see the hydroxyl group of enolace-
tyl-THDP forms a hydrogen bond (r4) with His553 with bond
length of 1.63 Å, facilitating the proton transfer. In IM5, the
hydrogen has completely transferred to His553. The next step is
the proton transfer from His553 to the C100 of enolacetyl-THDP,
leading to the formation of AcTHDP (IM6). By comparing the
structures of IM4 and IM6 we found that the hydrogen has trans-
ferred from the hydroxyl group of enolacetyl-THDP to the C100

atom via the mediator His553, the Keto–Enol isomerization has
been finished. The energy profile is shown in Fig. 4. The energy
barrier for the proton transfer from His553 to the C100 of enolace-
tyl-THDP is relatively high (25.89 kcal/mol), which is possibly due
to the rotation of His553 leading to the increase of strain energy.
According to the activation strain model of chemical reactivity
[42], the strain energy was calculated to be 37.41 kcal/mol in
enzymatic environment, supporting our statement. The computa-
tional details of the strain energy are shown in Supporting
Information. In addition, the relative energy of AcTHDP (IM6) is
6.53 kcal/mol lower than that of enolacetyl-THDP (IM5), meaning
the intermediate AcTHDP (IM6) is more stable. This calculation
result is consistent with the experimental proposal that AcThDP
is a stable intermediate of PK in the absence of the acceptor
(Pi) [7].
4. Conclusions

The main mechanism of PK (steps1–4 in Scheme 1) has been
studied by using density functional theory (DFT) method on sim-
plified models. The calculations indicate that the formation of
DHETHDP and E4P (step1 and step2) involves one C–C bond forma-
tion and one C–C bond cleavage. Each C–C bond formation or cleav-
age process is always accompanied by a proton transfer between
the substrate and histidine residue, but the C–C bond formation
or cleavage and the proton transfer is a concerted process but
not precisely synchronous. The dehydration process (step3) occur-
ring in the reaction of PK is distinct from that of other THDP-
dependent enzymes. The Keto–Enol tautomerism process (step4)
is assisted with a mediator His553. His 64, His 553 and His 97
are found to have the function to stabilize the transition states
and intermediates. His64 is a better candidate of B1 catalyst.
His553 acts as a proton donor to protonate the carbonyl oxygen
in step1 and plays intermediary role in the Keto–Enol tautomerism
(step4). His97 is the probable B2 catalyst in the dehydration pro-
cess (step3). By comparing the energy barriers in gas phase and
in enzymatic environment by using polarizable-continuum model
(PCM), we found that the surrounding environment is crucial for
this enzymatic reaction. These results may provide useful informa-
tion for understanding the reaction mechanism of PK and span the
gaps in experiment.
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