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Saccharopine dehydrogenase (SDH) is the last enzyme in the AAA pathway of L-lysine biosynthesis.
On the basis of crystal structures of SDH, the whole catalytic cycle of SDH has been studied by using
density functional theory (DFT) method. Calculation results indicate that hydride transfer is the rate-
limiting step with an energy barrier of 25.02 kcal/mol, and the overall catalytic reaction is calculated
to be endothermic by 9.63 kcal/mol. Residue Lys77 is proved to be functional only in the process of
saccharopine deprotonation until the formation of product L-lysine, and residue His96 is confirmed to
take part in multiple proton transfer processes and can be described as a proton transfer station. From the
point of view of energy, the SDH catalytic reaction for the synthesis of L-lysine is unfavorable compared
with its reverse reaction for the synthesis of saccharopine. These results are essentially consistent with

the experimental observations from pH dependence of kinetic parameters and isotope effects.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

As an essential amino acid for humans and animals, L-lysine can
only be obtained from protein in the diet. L-Lysine can be synthe-
sized de novo in some plants, bacteria and lower eukaryotes. Unlike
other proteinogenic amino acids that have only one biosynthetic
pathway, L-lysine has two distinct biosynthetic pathways, i.e., the
diaminopimelate (DAP) pathway found in a wide range of plants,
bacteria and lower fungi [1,2], and a-aminoadipate (AAA) pathway
unique to euglenoids and higher fungi [3-5]. The AAA pathway
consists of eight biochemical reactions and seven enzymes, and
has been found in several yeasts such as Saccharomyces cerevisiae
[6,7], Candida maltose [8] and Penicillium chrysogenum [9], as well
as human pathogenic fungi [10,11] and plant pathogens [1,11]. As
enzymes involved in AAA pathway are unique to L-lysine biosyn-
thesis in fungal organisms [1,6,12], the selective inhibition of their
activities by appropriate inhibitor can control the growth of fungal

Abbreviations: DAP, diaminopimelate; AAA, a-aminoadipate; SDH, saccharopine
dehydrogenase; a-Kg, a-ketoglutarate; NAD, nicotinamide adenine dinucleotide
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dinucleotide; AMP, adenosine monophosphate; OxGly, oxalylglycibe.
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pathogens [10,13], and they have been proved as suitable targets
for rapid detection of pathogenic yeasts and molds, and for the
development of antifungal drug [14].

Saccharopine dehydrogenase [N6-(glutaryl-2)-L-lysine:NAD
oxidoreductase, EC 1.5.1.7] (SDH) is the last enzyme in the AAA
pathway [4]. It catalyzes the reversible conversion of saccharopine
to L-lysine and a-ketoglutarate (a-Kg) using NAD as an oxidant, as
shown in Scheme 1 [4,15]. In the past years, the crystal structures of
SDH from S. cerevisiae have been determined successively [16,17].
For example, the X-ray structure of wild-type SDH apoenzyme was
firstly determined to a resolution of 1.6 A in 2007 [16]. It indicates
that the enzyme is composed of two similar domains with a
narrow cleft between them. The active site is located at the bottom
of the cleft. From the structure of active site, the authors suggest
that a hingelike conformational change should be occurred firstly
before the catalytic reaction because the distance between C4 of
nicotinamide and C4 of saccharopine is 4.7 A, which is too long for
hydride transfer. Then, West et al. reported three ligand-bound
structures in the presence of sulfate anion, adenosine monophos-
phate (AMP) and oxalylglycibe (OxGly), respectively [17]. In the
sulfate-bound structure, a sulfate ion binds in the cleft between
the two domains of SDH and the cleft shows partial closure. In
the AMP- and OxGly-bound structures, the ligands interact with
specific residues in the active site, which represents the manner
of substrate binding. Based on these structures, a semiempirical
model of the SDH-NAD-saccharopine for elucidating the catalytic
mechanism was proposed.
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Scheme 1. The catalytic reaction of saccharopine dehydrogenase.

Meanwhile, a series of experimental studies on the overall
kinetic mechanism of SDH have been carried out [18-21]. On
the basis of pH dependence of kinetic parameters, dissociation
constants for inhibitors and isotope effects, Paul F. Cook et al. pro-
posed a proton shuttle mechanism [21]. They suggested that two
residues with pK; of 6.2 and 7.2 might sever as the general base-acid
catalysts. As shown in Fig. 1, the general acid-base 1 firstly accepts
a proton from the e-amino group of saccharopine, which is accom-
panied by a hydride transfer from saccharopine to NAD to form
Schiff base intermediate (II). The general acid-base 1 then does not
take part in the catalytic cycle until the product L-lysine is formed.
Then, general acid-base 2 accepts a proton from a water molecule,
and the resulting hydroxyl attacks the carbon atom of Schiff base
(11) to form the carbinolamine intermediate (III). The proton again
transfers from general acid-base 2 to the carbinolamine to gener-
ate the protonated carbinolamine intermediate (IV). Then, the same
residue (general acid-base 2) accepts a proton from the hydroxyl of
protonated carbinolamine to give products a-Kg and L-lysine (V).
The last step of the whole cycle is the protonation of L-lysine by
residue (general acid-base 1). The identities of two residues sever-
ing as general acid-base catalysts have been given much attention.
In the references, some residues located at the active site have been
proposed to sever as general acid-base 1 and/or 2, including Lys77,
Glu122, Glu78, Asp271 and His96 [16,17,21]. However, all of these
proposals were given on the basis of structures with the active site
in open or partially closed form, or the semiempirical models. Since
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domain I and Il need a conformation change for closing the active
site, those proposals may be imprecise.

Recently, Ann H. West et al. determined the crystal structure of
the ternary complex of C205S enzyme with saccharopine and NADH
from S. cerevisiae for the first time by cocrystallization (pdb code:
3UH1, resolution 2.2 A) [22]. The structure of the C205S apoenzyme
is virtually identical to that of the wild type SDH. Superimposition
of the ternary complex and apoenzyme shows that domain I moved
rigidly about 9 A and rotated slightly to domain II, resulting in the
cleft region closed effectively for the reaction. Structure in this form
can give a clear picture of the ternary complex in the beginning of
the enzyme catalytic cycle. On the basis of structure information,
site-directed mutagenesis and pH dependence of kinetic parame-
ters, they concluded Lys77 is the base to accept a proton from the
e-amine of saccharopine (general acid-base 1) and His96 acts as the
other general acid-base (general acid-base 2) [22]. Others residues
may contribute to substrate and coenzyme binding and modulate
the catalytic environment.

Although a rough picture of the SDH-catalytic mechanism has
been obtained, open questions still remain. For example, the
detailed description of each elementary step and the energetics
of the whole catalytic cycle have not been understood yet. Besides,
explicit description of an enzymatic mechanismis crucial to explore
the biochemical role and design novel inhibitors with high effi-
ciency. Furthermore, some valuable information cannot be given
by experimental data alone. Therefore, theoretical studies at the
atomic level are required. At present, several theoretical studies
have focused on the catalytic mechanisms of some other enzymes
involved in AAA pathway of L-lysine biosynthesis, such as sac-
charopine reductase (SR) [23]. However, to our knowledge, the
mechanistic research on the SDH catalytic reaction using theoreti-
cal approaches is still very limited.

In this paper, the catalytic mechanism of saccharopine dehy-
drogenase in the last step of AAA pathway of L-lysine biosynthesis
has been studied by using hybrid density functional theory (DFT)
method [24-29], which has been applied widely in elucidating
the chemical reaction mechanism [30-38]. The detailed energetic
profile of the overall reaction, and the structures of all the inter-
mediates and transition states along the reaction pathway were
presented.
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Fig. 1. Proposed catalytic mechanism of saccharopine dehydrogenase for the biosynthesis of L-lysine [21].
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Fig. 2. The proposed pathway for the formation of Schiff base intermediate from E-NAD-saccharopine complex via water-assisted proton transfer and hydride transfer.

2. Computational details

The models used in this work were based on the recently
obtained crystal structure of saccharopine dehydrogenase with
closed cleft (pdb code: 3UH1) [22]. The full system includes
more than 6000 atoms after added hydrogen atoms. To improve
computational efficiency, our model only contains the substrate
saccharopine, coenzyme NAD, a crystal water molecule and some
key residues (Lys77, His96, Ala139, Ile318, Asp319, and His320).
The substrate saccharopine, coenzyme and all residues are trun-
cated, so that only important side chains or peptide backbones are
included. During the optimizations, the truncated atoms were fixed
to their crystallographic positions to avoid unrealistic movements
of the groups involved in the model, and the fixed atoms were
marked with asterisks in the corresponding figures.

There are a number of ionizable residues in the active site of
SDH-NAD:-saccharopine ternary complex, including Lys13, Argl8,
Arg131, Lys99, Lys77, Glu122, Glu78, Glu16 and His96 [22,39-41].
The crystal structure shows that Lys77 and His96 are within hydro-
gen bonding distance of the secondary amine of saccharopine and
could serve as acid-base catalysts in the dehydrogenase reaction.
Besides, Fujioka et al. revealed SDH is a basic protein with the iso-
electric pHof10.1[42].SDH has pH optima of 10.0 in the direction of
lysine formation and 7.0 in the direction of saccharopine formation
[43]. Considering the pK, values of Lys77, His96 and substrate (6.2,
7.2 and 10) [21] and our aim to explore the reaction mechanism
of saccharopine dehydrogenase, the general acid-base Lys77 and
His96 were set to their unprotonated states and substrate e-amine
in its protonated state.

All calculations presented here were carried out by means of
the Gaussian 09 [44] program package, using hybrid density func-
tional theory method. Geometrical structures were optimized at
B3LYP/6-31G(d,p)level of theory. To obtain more accurate energies,
single point calculations on the optimized structures were per-
formed with the larger basis set 6-311++G(2d,2p), which includes
diffuse functions and double polarization functions on each atom.
To consider the effects of the rest of enzyme that were not included
in our models on the energetics, we also used the polarizable-
continuum model (PCM) [45,46] using self consistent reaction field
(SCRF) model with the default UAKS radii (united atom Kohn-Sham
topological model) to calculate the single point energies for each
species on the optimized geometries at 6-311++G(2d,2p) level.
In this model, the solvent is represented by a constant dielectric
medium surrounding a cavity containing the solute. The empiri-
cal dielectric constant of the enzyme environment is chosen to be
4, which has been used in many studies [47-49]. Frequency cal-
culations were performed with the 6-31G(d,p) basis set to obtain
zero-point vibrational energies (ZPE) and to verify that all the opti-
mized geometries correspond to a local minimum that has no
imaginary frequency or a saddle point that has only one imaginary
frequency. All the energies involved in this paper have included ZPE

corrections and the relative energies were reported in AH. Since
some atoms were forced in their crystallographic positions during
the structure optimization, a few small negative eigenvalues usu-
ally appear, typically in the order of 10 cm~!. These frequencies do
not contribute significantly to the zero-point energies and thus can
be tolerated. In addition, freeze of some atoms reduces the freedom
of molecule, resulting in the model slightly more rigid, and this can
affect the energetics more or less. However, it was demonstrated
that no alterations on the conclusions have been observed con-
cerning the investigation of catalytic mechanism caused by these
effects. All the transition states have been confirmed by intrinsic
reaction coordinate (IRC) calculations [50,51].

3. Results and discussions
3.1. Formation of Schiff base intermediate (II)

Asshownin Fig. 1, the overall catalytic mechanism of SDH can be
divided into several parts. The catalytic cycle starts from a ternary
complex (I) formed by NAD, substrate and enzyme. Previous stud-
ies on the kinetic mechanism show that NAD binds to apoenzyme
firstly followed by saccharopine [52,53]. Once NAD and saccha-
ropine bind to the enzyme, the general acid-base 1 (Lys77) accepts
a proton from e-amine of saccharopine. It should be noted that the
water to attack the Schiff base carbon atom in the following step is
located at the center of Lys77, His96 and e-amine of saccharopine.
It may assist the hydrogen transfer as shown in Fig. 2.

Our calculations reveal that the protonated amino denotes its
proton to Lys77 firstly by the aid of water. Then the hydride of
the substrate transfers to NAD to form the Schiff base intermediate
(II), as shown in Fig. 2. We had tried to recognize the concerted
mechanism for the formation of intermediate (II). But all attempts
were failed.

The optimized structures and key parameters of the reactant
(R), transition states (TS1 and TS2) and intermediates (IM1 and
IM2) are shown in Fig. 3. In reactant R, some hydrogen bonds (not
shown in Fig. 3) are formed between substrate saccharopine, sur-
rounding residues and water molecule, which may greatly stabilize
the active site. Significantly, the water forms three hydrogen bonds
with Lys77 (ra), saccharopine (1) and His96 with lengths of 1.76,
1.67 and 1.85 A respectively. From R to IM1, a proton of water trans-
fers to Lys77 and the proton on e-amine of saccharopine transfers to
water molecule in a concerted manner. In IM1, r; and r¢ are short-
ened to 1.07 and 1.00A via 1.38 and 1.11A in TS1, respectively,
indicating the completion of the proton transfer. In TS2, the pyri-
dine ring distorts clearly, and the distance (r¢) between the carbon
atom of NAD and the hydrogen atom to be transferred changes from
2.96 to 1.34 A. In IM2, NAD is reduced to NADH and the heterocycle
returns to its original position as in IM1.

The energy profile of the whole catalytic cycle is shown in Fig. 4.
One can see that the energy barrier for the formation of IM1 is
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calculated to be 8.24 kcal/mol including solvation effects (¢=4).
The low barrier indicates that this proton transfer is facile. This
process is slightly endothermic by 0.47 kcal/mol, implying that this
intermediate IM1 is relatively stable. The subsequent hydride trans-
fer process corresponds to an energy barrier of 25.05 kcal/mol.
To examine the effect of protein electrostatic surroundings on
the energy barriers, single point calculations at the level of 6-
311++G(2d,2p) basis set were further performed on the optimized
structures in gas phase and two solvent phases (¢=10 and 80),
which is shown in the supporting information (Fig. S1). From this
energy profile, one can see that the energy barriers of proton trans-
fer and hydride transfer decrease to 7.10 and 23.85 kcal/mol in gas

Energy (kcal/mol)

phase, respectively, while they increase 9.08 and 25.91 kcal/mol
in solvent phase (¢=10) and to 10.06 and 26.94 kcal/mol in sol-
vent phase (¢=80). These changes of energy barrier in different
surroundings indicate that the enzyme environment exhibits clear
influence on the formation of Schiff base intermediate (II). The same
effect was also found in other steps (Fig. S1).

From the structural information, one can see that the pro-
ton transfer may be proceed without the assistance of water
molecule, which is called direct proton transfer pathway, as shown
in Fig. 5a. The calculated results are displayed in Fig. 5b, in which
the optimized structures of initial reactant, transition state and
intermediate are denoted as R, TS1’ and IM1/, respectively. In this
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Fig. 4. Energy profile of overall reaction for the formation of L-lysine catalyzed by saccharopine dehydrogenase in solvent phase (PCM, ¢ =4). The ZPE-corrected relative
energies obtained at the B3LYP/6-311++G(2d,2p)//B3LYP/6-31G(d,p) level are given in kcal/mol.
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pathway, the proton of e-amine transfers to Lys77 without the
assistance of water. In reactant R/, hydrogen bonds can be also
found between the substrate and residues. Among these hydro-
gen bonds, the one formed by Lys77 and e-amine of saccharopine
with a distance of 1.77 A (ry’) is crucial, which facilitates the pro-
ton transfer from e-amine to residue Lys77. From R’ to IM1/, ry’ is
shortened to 1.07 A via 1.34A in TS1'. The proton transfer is fin-
ished completely and the hydride transfer will occur in the next
step. In addition, Lys77 always interacts with His96 by a hydrogen
bond, which can be considered to stabilize the transition state and
intermediate significantly.

The energy profile of the direct proton transfer pathway is given
in Fig. 5¢, one can see that the calculated energy barrier in solvent

phase (e=4) is 3.18 kcal/mol, which decreases to 2.68 kcal/mol in
gas phase and increases to 3.60 and 4.11 kcal/mol in two solvent
phase (¢ =10 and 80, respectively). Compared with water-assisted
proton transfer pathway, the energy barrier decreases by a value of
about 5.0 kcal/mol. Thus, we can conclude that the water assistance
cannot decrease the energy barrier of proton transfer. This can be
understood by comparing the acid dissociation constants of H,O
and NH4*. The acid dissociation constant at logarithmic scale pK;
values of NH4* and H,0 are 9.24 and 15.7 (at 298 K) [54,55], respec-
tively, meaning that the deprotonation of NH4" is easier than that
of H,0. In the water-assisted proton transfer pathway, the con-
certed proton transfer involves the deprotonation process of H,0,
and thus increases the energy barrier. But the energy barriers of
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proton transfer in both direct pathway and water-assisted path-
way are all smaller than 10 kcal/mol, implying the proton transfer
is easy to occur.

3.2. Formation of intermediates carbinolamine (IlI) and
protonated carbinolamine (1V)

After the formation of Schiff base intermediate (II), the reaction
undergoes the water elimination to form intermediates carbino-
lamine (III) and protonated carbinolamine (IV). As shown in Fig. 6,
there are two possible pathways for the formation of protonated
carbinolamine (IV). In path a, firstly, the hydroxyl of the water binds
to the saccharopine and the proton transfers to His96 in a concerted
manner, then the protonated His96 denotes its proton to the &e-
amine of saccharopine to generate the protonated carbinolamine
intermediate (IV). In path b, the protonated carbinolamine inter-
mediate (IV) is formed directly, i.e., His96 does not participate in
the elimination of water.

The optimized structures of the species involved in pathways
a and b are shown in Fig. 7. In Schiff base intermediate (IM2), the
distance (rg) between the oxygen atom of the water and the carbon
atom of saccharopine is 3.71 A. In intermediate IM3, (the subscript
aorbrepresents the corresponding species in paths aand b, respec-
tively), g is shortened to 1.53 A via 1.72 A in TS3,, suggesting the
generation of C-O bond. In intermediate IM3y, rg is shortened to
1.39 Avia 1.56 Ain TS3},. During the formation of C-O bond, the pro-
ton of the water transfers synchronously to the acceptor. In path a,
the proton of water shifts to the pyrimidine ring of His96 to form
the unprotonated carbinolamine, while in path b the proton shifts
directly to the e-amine of saccharopine leading to the formation of
protonated carbinolamine. The intermediate IM3; in path a then
donates the proton of His96 to the e-amine of saccharopine to gen-
erate protonated carbinolamine intermediate IM4, via transition
state TS4,.

It should be noted that there is a minor difference on the
structures of intermediates IM4, and IM3,, due to the different ori-
entation of newly formed OH group. In IM3},, the OH group forms
a hydrogen bond with the nitrogen atom of His96. While in IM4a,
the newly formed OH group should undergo a rotation to form the
same hydrogen bond. Our calculations reveal that intermediates
IM4, could transfer to IM5, via a transition state (TS5,) with an
energy barrier of about 2 kcal/mol (Fig. 4). In fact, IM3;, and IM5,
correspond to the identical geometrical structure.

In path b, the calculated energy barrier of water elimination is
48.04 (e=4) upon inclusion of solvation effects, which is unfavor-
able as catalyticreaction of enzyme. Therefore, we only discuss path
a in the following section. The energy profile of path a is shown in
Fig. 4. One can see that the calculated energy barrier of water elim-
ination for the formation of carbinolamine intermediate IM3; is
lower than that of IM2 (16.97 vs 25.05 kcal/mol). Moreover, the rel-
ative energy of IM3, is 12.72 kcal/mol higher than that of IM2. But
it could easily transfer to IM5, via two transition states, as shown in
Fig. 4. IM5; is a relatively stable intermediate in the reaction cycle.

3.3. Collapses of protonated carbinolamine (IV) to generate x-Kg
and L-lysine

The collapses of protonated carbinolamine (IV) to generate a-
Kg and L-lysine is the last step of catalytic cycle. As shown in Fig. 2,
this step includes a C—N bond cleavage and a proton transfer. From
the optimized structures shown in Fig. 7, one can see that, in TS6,
the distance (r,) of C—N bond changes from 1.56 to 2.18 A, while
the distance (r|) between the hydrogen atom of hydroxyl group and
the nitrogen atom of His96 changes from 1.96 to 1.09 A, indicating
that the proton transfer is almost finished while the C—N bond is
on the way to be broken. Downhill from the transition state TS6,
to the product P,, ry and ry change to 3.88 and 1.04 A, respectively,
meaning the C—N bond has broken and the proton transfer has been
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completely finished. Therefore, it can be concluded that this ele-
mentary reaction occurs in a concerted asynchronous mechanism
and the proton transfer is prior to the cleavage of C—N bond.

From the energy profile of this step displayed in Fig. 4, one can
see that the energy barrier of this concerted process is calculated to
be 8.80 kcal/mol in solvent phase with ¢ =4. This process calculated
to be endothermic by 1.66 kcal/mol.

4. Discussions

Above mechanistic description gives more details about the
catalytic reaction and provides strong supports for the proposed
mechanism. In West and Cook’s works, by using multiple isotope
effects and proton inventory studies [21,22], the authors suggested
that the hydride transfer was major but not the sole rate-limiting
step, and proton transfer steps, existing in at least two sequen-
tial transition states, also contributes to the rate-limitation. They
conjectured that protons in the flight in the hydride transfer and
imine hydrolysis steps completely contribute to rate limitation.
According to our calculation results shown in Fig. 4, the hydride
transfer from saccharopine to NAD turns out to be the most energy
demanding and is the rate-limiting step. The calculated energy bar-
rier for this process is 25.02 kcal/mol. But the water elimination
only corresponds to an energy barrier of 16.67 kcal/mol. Thus, we
can conclude that hydride transfer contributes to rate limitation.

It has been reported that the optimal pH value of S. cerevisiae
enzyme is 10.0 in the direction of L-lysine formation and 7.0 in the
direction of saccharopine formation [36,38]. From the energy pro-
file shown in Fig. 4, it can be found that the reaction in the direction
of L-lysine formation is endothermic by 9.63 kcal/mol. Furthermore,
the calculated energy barrier of the reverse reaction of the rate-
limiting hydride transfer is 21.34 kcal/mol. Therefore, the reverse
reaction is more favored from energy point of view, which is in
accord with the experimental results.

Furthermore, the roles of the key residues in the active site can
be also illustrated by our studies. As mentioned above, Lys77, His96,
Ala139, 11e318, Asp319 and His320 are all included in our mod-
els. Agreeing with the experimental results [22], residues Lys77
and His96 act as the acid-base catalysts. Residue Lys77 abstracts
a proton from the saccharopine in the first step and then does not
function until product L-lysine is formed at the completion of the
reaction. Residue His96 firstly accepts a proton from the elimi-
nated water and then donates it to the e-amine of saccharopine.
Protons shuttle between residue His96 and some other groups in
three steps. Thus, residue His96 can be described as a proton trans-
fer station. The remaining residues mainly play a role in stabilizing
the transition states and intermediates.

5. Conclusions

In this paper, catalytic mechanism of saccharopine dehydro-
genase has been investigated by using density functional theory
(DFT) method. Details of each elementary step and the energet-
ics of the whole catalytic cycle were determined. The calculation
results indicate that proton transfer is almost involved in all steps,
which is consistent with the proton shuttle mechanism proposed
on the basis of experimental data. Residues Lys77 and His96 act
as the acid-base catalysts. Residue Lys77 abstracts a proton in the
process of saccharopine deprotonation and then does not function
until product L-lysine is formed at the completion of the reac-
tion. Residue His96 takes part in several proton transfer processes
and can be described as a proton transfer station. Based on our
models, the hydride transfer step is proved to be the rate-limiting
step with energy barrier of 25.02 kcal/mol, and the overall cat-
alytic reaction is endothermic by 9.63 kcal/mol. The reaction is

reverse-favored. In addition, by comparing the energy barriers of
each step in gas phase and in three solvent (¢ =4, 10 and 80) by
using polarizable-continuum model (PCM), we found that the sur-
rounding environment is crucial for this enzymatic reaction. Our
results are meaningful for the design of novel inhibitors with high
efficiency, and for redesign of enzyme activities for biocatalytic
applications.
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