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Abstract: Density functional methods have been applied to investigate the irreversible transamination between gly-
oxylic acid and pyridoxamine analog and the catalytic mechanism for the critical [1,3] proton transfer step in aspar-
tate aminotransferase (AATase). The results indicate that the catalytic effect of pyridoxal 5’-phosphate (PLP) may
be attributed to its ability to stabilize related transition states through structural resonance. Additionally, the PLP
hydroxyl group and the carboxylic group of the amino acid can shuttle proton, thereby lowering the barrier. The
rate-limiting step is the tautomeric conversion of the aldimine to ketimine by [1,3] proton transfer, with a barrier of
36.3 kcal/mol in water solvent. A quantum chemical model consisting 142 atoms was constructed based on the crys-
tal structure of the native AATase complex with the product L-glutamate. The electron-withdrawing stabilization by
various residues, involving Arg386, Tyr225, Asp222, Asnl194, and peptide backbone, enhances the carbon acidity of
4'-C of PLP and Ca of amino acid. The calculations support the proposed proton transfer mechanism in which
Lys258 acts as a base to shuttle a proton from the 4’-C of PLP to Co of amino acid. The first step (proton transfer
from 4’-C to lysine) is shown to be the rate-limiting step. Furthermore, we provided an explanation for the revers-
ibility and specificity of the transamination in AATase.
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Introduction

Pyridoxal 5'-phosphate (PLP)'~'* is ubiquitous and central to a
wide variety of anabolic and catabolic pathways in the metabo-
lism of amino acids. Aspartate aminotransferase (AATase) is
one of the most extensively studied PLP dependent enzymes,
catalyzing the reversible interconversion of dicarboxylic amino
and keto acids!'™? (Scheme 1). PLP acts as a coenzyme, alter-
nating between keto and amine forms in the two half-reactions
that constitute a catalytic cycle.

Based on the crystallographic studies and numerous kinetic,
spectroscopic, and mutational studies, the following reaction
mechanism (Scheme 2) has emerged for Aspartate aminotrans-
ferase.'*° PLP forms a Schiff base with the g-amino group of
Lys258, with a pK, relatively lower than the usual PLP Schiff
base in aqueous solutions and existing equilibrium between the
protonated and unprotonated forms. The Michaelis complex is
rapidly converted to the external aldimine via transimination.
Proton abstraction from C, of the substrate by Lys258 produces
the quinonoid intermediate and reprotonation at 4'-C of PLP
gives the ketimine which yields keto acid and EePMP (enzyme-
bound pyridoxamine 5’-phosphate) after hydrolysis. However,

from hydrogen kinetic isotope effects a concerted [1,3] proton
transfer mechanism was proposed for cytoplasmic isozyme of
AATase with L-aspartate whereas a stepwise mechanism for mi-
tochondrial AATase with L-glutamate.21 Furthermore, '°C and
SN kinetic isotope effects suggested the contribution of Co—H
cleavage, ketimine hydrolysis, and oxaloacetate dissociation to
the rate limitation.?> In the second half of the reaction, another
a-keto acid reacts with PMP to yield a new L-amino acid. The
enantiospecificity of the product is of ongoing focus*®~® due to
the biological requirement for L-transamination in constituting
L-amino acids.
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Experimental researches have shown that transamination
reactions with PLP as a co-factor can be simulated by heating a
mixture of an appropriate amino acid and stoichiometric equiva-
lent of pyridoxal.®® Pyridoxal was found to be converted to
pyridoxamine and the reaction was fully reversible with the
exception of glycine and pyridoxal.*® The transamination could
only occur between pyridoxamine and glyoxylic acid to yield
pyridoxal and glycine. However, it is still unknown how an o-
substituent influences the reaction equilibrium. Established ki-
netic studies on the reaction of pyridoxal and selected amino
acids suggested that the [1,3] proton transfer is the rate-limiting
step.>**® On account of the unique reactivity of PLP and PMP
in biological systems, many attempts have been made to develop
biomimetic compounds using these cofactors, particularly for
transamination reaction.*' !

Quantum chemical computational method has been used to
study the reactivity of PLP in decarboxylation,”*>® 1,2-amino
mutation,54 Schiff base formation,SS’56 transimination,ﬂ58 and
racemization.”® ! However, as far as we know, there are few
established theoretical works directed to the understanding of
the proton-transfer, where the inclusion of PLP plays an impor-
tant role in determining the chirality of newly formed amino
acid in enzymatic transamination. Salva et al.’® have performed
DFT calculations on the Schiff base formation of 3-hydroxy-4’-

pyridinaldehyde, methylamine, and one water molecule, which
shows that the dehydration is the rate-determining step. In our
previous study,®? we found the carboxylic group is indispensable
in the transamination reaction as it results in an alternate mecha-
nism through general acid-catalysis.

In the last 10 years, many researchers have applied quantum
chemical methods to study the enzymatic reaction mechanism
using a relatively small model of enzyme active site.*® The rest
of the enzyme is usually considered as a homogenous polarizable
medium and can normally be treated by dielectric cavity techni-
ques. With the computer power of today, using DFT method, one
is able to handle system up to 100 atoms. Generally, it is neces-
sary to employ as small models as possible of the active site, in
order to limit the computational time. At the same time, one has
to choose the quantum chemical model carefully in order to
reproduce the chemistry that occurs in the enzyme active site to
such a high degree that it can be used as polestar to answer
mechanistic and energetic questions. This methodology has been
applied for many enzymes, often with great success.’>™®

In this article, the reactivity of pyridoxamine in respect to
transamination with glyoxylic acid was studied by DFT calcula-
tions. The calculated results provide a detailed energetic profile
for transamination, in good agreement with the experimental
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Scheme 2. Reaction mechanism of Aspartate aminotransferase with L-aspartate.
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aldimine is rate-limiting. This also provides an opportunity to
compare with the direct transamination in order to ascertain the
catalytic effect of PLP. In addition, the proton transfer steps cat-
alyzed by Aspartate aminotransferase with L-glutamate is investi-
gated with a large quantum chemical model of the active site
constructed based on the crystal structure of the enzyme com-
plex with L-glutamate.69 The aim is to shed more light on the
reaction mechanism and specificity of AATase.

Computational Details

The molecular complex consisting of a pyridoxamine analog and
glyoxylic acid was used to simulate the transamination reaction.
Theoretical calculations presented herein were carried out using
the Gaussian98 and Gaussian03 program packages.””’' The geo-
metries of reactants, products, intermediates, and transition states
involved in this reaction have been fully optimized at the
B3LYP’*" level of theory. The 6-31G(d,p) basis sets were used
for the small model, while the 6-31G(d) basis sets were used for
the large model and additional p-type polarization function was
added for the transferred hydrogen atom [labeled as 6-31G(d)*].
Single-point  calculations were performed with the 6-
311+ +G(2df,2pd) basis sets on the optimized geometries for
model reaction while the 6-311+G(2d,2p) basis set was used to
correct the basis set effect for the large enzyme active site
model. The identity of all critical points was confirmed by ana-
lytical frequency calculations and structures were characterized
as residing at first-order saddle points (transition states, or TS
for short) or minima (equilibrium geometries) on the potential
energy hypersurfaces. Selected reaction pathways were subjected
to intrinsic reaction coordinate (IRC)’*73 analyses, in order to
trace their paths and to confirm that the optimized TS structures
connect the corresponding two structures residing at minima. In
the enzyme model, fixing the truncation atoms to their crystallo-
graphically observed positions gave rise to a few small negative
eigenvalues. These are very small, in the order of —10 cm ™',
and do not affect the obtained energetic results. In addition, the
entropic contributions can not be estimated properly and were
thus omitted. The solvation effect of water has been considered
by B3LYP/6-311++G(2df,2pd) single point calculations on the
B3LYP/6-31G(d,p) optimized gas-phase geometries using a rela-
tively simple self consistent reaction field (SCRF)’® model using
the UAHF set of solvation radii to build the cavity for the solute
in the gas-phase, which is based on the polarizable continuum
model (PCM) of the Tomasi’s group.””~”® For the large active
site model, the energetic effects of the protein environment were
estimated by solvation with a dielectric constant (¢) chosen to be
4 calculated at the B3LYP/6-31G(d)* level, which is the stand-
ard value used in modeling protein surroundings.*® When the
quantum chemical model of the active site is selected properly,
the selection of dielectric constant changes the energetics
slightly (less than 2 kcal/mol), as a large active site model al-
ready contains at the quantum level most of the polarization
around the reactive center of the active site (see Results and
Discussion section below). Usually, when large solvent effects
are obtained, it is indicative of some deficiencies in the chemical
model of the active site. The final energies reported below are
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obtained from the large basis set calculations, corrected for zero
point vibrational energies and solvation effects.

Results and Discussion

In this study, the full mechanism for the transamination
between pyridoxamine analog and glyoxylic acid was investi-
gated in gas phase first, then with water solvation correction.
Unlike the current gas phase model, the pyridine nitrogen
might be protonated and the carboxylate deprotonated. It
should be noted that it is not easy to simulate all the real proc-
esses for transamination in water solution using quantum
chemical approach. The only reliable model would be to
include water cluster interacting with the reactive center
directly, which should also be treated at high level in order to
describe the interactions properly. However, such kind of cal-
culations is hardly feasible and determining the accurate ki-
netic information for transamination in water solution is
beyond the scope of this article. Our present approach still
provides reliable qualitative and quantitative results related to
the intrinsic properties of these two molecules. The whole pro-
cess may be divided into five main steps (Scheme 3), similar
to those in our previous study®® on a direct transamination:
carbinolamine formation, dehydration, [1,3] proton transfer,
hydrolysis, and carbinolamine elimination. The optimized
structures of reactant complex (Re), all transition states, and
product complex (Pr) are sketched in Figure 1, whereas the
structures of all intermediates are shown in the supporting in-
formation. The detailed discussion of the mechanism and the
calculated energetics (Fig. 2) is presented in the following
subsections.

Carbinolamine Formation

In our calculations, reactant complex Re (Fig. 1) was taken as
the initial structure of this reactive process, in which N9 of PLP
is located nearly perpendicular to the glyoxylic acid plane with
a dihedral angle of —96.2°, formed by atoms 9, 10, 12, 11, and
at a distance of 2.570 A from C10. O13 forms a hydrogen bond
with H15 at the distance of 1.858 A. Because of the hydrogen
bonding interactions, the energy of Re is 3.9 kcal/mol (see Table 1)
lower than that of isolated reactants in the gas phase.

The nucleophilic attack is performed via TS1 (Fig. 1), in
which the distance of C10-N9 is 1.647 A. The barrier is calcu-
lated to be 7.7 (—0.6) kcal/mol (energies in parenthesis corre-
spond to calculations including water solvation effect) relative to
Re. Downhill from TS1, a zwitterionic intermediate Intl is
formed with a proton transfer from O14 to O12. In Intl, the key
distance of C10-N9 is 1.547 A, and N9 bears a positive charge
while the carboxylic group is anionic. Intl is relatively unstable,
and can produce the carbinolamine Int2 through TS2 (Fig. 1) in
which H15 is transferred from O7 to O13 and at the same time
H11 is transferred from N9 to O7. TS2 has been confirmed to
be a first-order saddle point with an imaginary frequency of 608i
em™!. The barrier for TS2 is calculated to be barrierless (—0.9
kcal/mol relative to Intl). This is due to the including zero-point
vibrational energy, which would lower the barrier (by 2.3 kcal/
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Scheme 3. Suggested mechanism for transamination between pyridoxamine and glyoxylic acid from

calculations.

mol for TS2) especially for transition states involving proton
transfer, as the classical electronic energy barrier is slightly posi-
tive (+1.4 kcal/mol). This kind of phenomena has also been
found in barrier calculations on low barrier hydrogen bond and
water cluster neutral-zwitterionic tautomerization.?!=%3 However,
it can be confirmed that this step is very fast. The hydroxyl
group of the PLP acts as a proton transferring carrier, thereby
lowering the barrier.

Because of the adjacent carboxylic group being a proton do-
nor, the carbinolamine is formed through a stepwise mechanism
with a barrier even lower than that in Salva’s one water assisted
but lacking a carboxylic group model.>® Including water solvent
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effect, the carbinolamine will be formed without barrier accord-
ing to our calculations. The schematic potential energy surface
is shown in Figure 2.

Dehydration

The Schiff base formation involves eliminating a water mole-
cule from the carbinolamine moiety. In the current model,
Int2 need to isomerize to Int3 through two single bond rota-
tion. Then the dehydration occurs through a five-centered
ring transition state TS3 in which a proton has already trans-
ferred from the carboxylic group to the hydroxyl group. After
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Figure 1. Structures of the reactant complex, transition states, product complex for the transamination
between pyridoxamine analog and glyoxylic acid with geometry optimized at the B3LYP/6-31G(d,p)
level. Selected inter-atomic distances are given in angstroms. The relative energy for each structure is

also listed (in kcal/mol).

TS3, a zwitterionic imine Int4 is formed, which would regen-
erate a neutral imine Int5 through a concerted proton transfer
transition state TS4 in which HI19 transfers from N9 to O;
whereas H,g is transferring from O7 to Ol4. In the first step,
the carboxylic group participates in the dehydration by
deprotonation whereas the PLP hydroxyl group stabilizes it,
whereas in the second step, the PLP hydroxyl group acts as
a proton transfer bridge. The results show that the barriers
for these two steps are 16.9 (8.9) and 18.8 (16.6) kcal/mol
relative to Int3. However, PLP is not as good as water in
lowering the barrier as our previous study has shown that the
barriers for these two steps with one water molecule assisted
are 13.4 kcal/mol and 5.9 kcal/mol.62 Comparing the barriers
of the carbinolamine formation and dehydration (see Fig. 2),
we can see that the latter step is the rate-limiting step in the
Schiff base formation, which is in good agreement with ex-
perimental kinetic studies.3*®®

Journal of Computational Chemistry

[1,3] Proton Transfer

The tautomeric conversion of ketimine to aldimine requires a
[1,3] proton transfer. If H17 is replaced by a methyl group or
some others, this proton transfer would produce a chiral amino
acid. However, in non-enzymatic transamination reaction both L
and L configurations are formed with zero specific rotation as
both H16 and H17 can be transferred without stereo-selectivity.
The pK, of a-H is 29 for zwitterionic glycine,89 while it
decreases to 17 for a glycine pyridoxal Schiff base,”® indicating
a much easier a-deprotonation process. However, the energetic
cost will be still very high.

In the current model, the water molecule produced from the
dehydration step was used to assist this step. In Int5, the water
molecule is hydrogen bonded to the carboxylic group, in order
to assist the proton transfer, it has to be hydrogen bonded to H,;
with the formation of Int6. A twisted six-centered ring transition

DOI 10.1002/jcc
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Figure 2. Reaction profiles for the transamination of glyoxylic acid
and pyridoxamine analog in gas-phase calculated at the B3LYP/6-
311+ +G(2df,2pd)//B3LYP/6-31G(d,p) level.

state TS5 (Fig. 1) was located, the structure of which corre-
sponds to a situation in which the hydrogen from CH, is being
transferred to the water molecule, which, in turn, has already
started to transfer hydrogen to C10 in a concerted way. Not sur-
prisingly, this transition state corresponds to the highest energy
barrier of the reaction path. From Int6 to TS5, C4-C8 decreases
from 1.516 A to 1.467 A, which might allow structural reso-
nance between the anionic carbon and pyridine ring. However,
there is no change of electron density (less than 0.0le) of the
pyridoxyl ring from Int6 to TS5, which have also been found in
theoretical studies on PLP dependent decarboxylation.” It does
not appear to be driven by the accepted paradigm of electron
delocalization through “electron sink". It is found that the phe-
nolic OH forms stronger hydrogen bond with the reactive nitro-
gen (H—N distance of 1.843 A) in TS5 than that (1.993 A) in
Int6. The barrier is 47.7 (33.4) kcal/mol relative to Int6 that is
about 7 kcal/mol lower than that in direct transamination
between glycine and formaldehyde in our previous study.®? This
is in consistent with the fact that the pK, of «-C in glycine is
lowered when bounded to pyridoxal. The high barrier indicates
that water is not a good bridge to assist the [1,3] proton transfer,
although adding more water molecules might lower the barrier
somewhat. In solution, the [1,3] proton transfer might be assisted
by an acid or a base, thereby lowering the barrier. From the data
in Table 1, it can be seen that the newly formed aldimine Int7 is
10.3 (9.0) kcal/mol more stable than ketimine due to the conju-
gation effect in the former, while the reverse reaction is hard to
occur, which can explain the experimental result that no transa-
mination occur between pyridoxal and glycine. The reason for
the equilibrium transamination between pyridoxal plus alanine
and pyridoxal plus pyruvic acid may be the compromise of the
hindrance between methyl and carboxylic group in aldimine and
the conjugation effect.

Schiff Base Hydration

The hydrolysis of aldimine is the addition of one water molecule
to the newly formed C=N double bond. First, Int7 isomerizes to

Int§8 in which the water molecule is hydrogen bonded to H16
with a distance of 2.245 A. From Int8, H19 connected to O7 is
transferred to N9 through TS6 that makes C8 more electrophilic,
the resulting zwitterionic intermediate Int9 lies 6.4 (2.1) kcal/
mol higher than Int8. This kind of zwitterionic structure has also
been located for the Schiff base formed by pyridoxal and ala-
nine, which lies 1.5 kcal/mol higher than the corresponding neu-
tral form at MP2/6-31G(d) level.’> Then Int9, with the water
molecule hydrogen bonded to H;¢, isomerizes to Int10 with the
water molecule hydrogen bonded with the carboxylic group, this
intermediate was located from the IRC calculation of the next
water addition transition state. From Int10, the water molecule
attacks C8 at the same time H17 transferred to O7 through a
twisted six-centered transition state TS7. In TS7, the distances
of 012-08, H17-O7 are 1.982 A, 1.418 A, respectively. This
step is calculated to be the rate-limiting step for hydrolysis, with
an accumulated barrier of 31.2 (19.2) kcal/mol relative to Int7.
Unlike the dehydration step, the carboxylic group has little influ-
ence on the hydrolysis as it is far away from the reactive center,
instead, the PLP hydroxyl group participates in the water addi-
tion by acting as a proton donor and acceptor.

Carbinolamine Elimination

The transamination is accomplished with the elimination of the
newly formed carbinolamine to yield pyridoxal and glycine. The
carbinolamine Intll produced from the hydrolysis cannot be
eliminated directly, unless it isomerizes to Int12 through three
single bond revolutions which can occur easily and will not be
discussed here. The mechanism for elimination can be seen as
zwitterionic and stepwise. First, H18 from the carboxylic group
is transferred to N9 through TS8 (see Fig. 1) and forms a zwit-
terionic intermediate Int13, in which N9 is the positive center

Table 1. Relative Energies (in kcal/mol) for the Stationary Points
Along the Transamination Path, Computed at the B3LYP/
6-311++G(2df,2pd)//B3LYP/6-31G(d,p) Level of Theory.

Relative energies Relative energies

SCRF-PCM SCRF-PCM

Gas-phase (water) Gas-phase (water)
G+P 0.0 0.0 Int8 —19.2 —15.9
Re —3.8 1.9 TS6 —13.6 —12.3
TS1 39 1.3 Int9 —12.8 —12.8
Intl —-2.2 —8.5 Int10 —14.1 —11.1
TS2 —3.1 -9.0 TS7 10.6 35
Int2 —123 -9.6 Int11 —12.2 —15.2
Int3 —10.3 =77 Int12 —6.3 —4.7
TS3 6.7 1.2 TS8 6.7 1.0
Int4 43 —0.3 Int13 6.8 —2.7
TS4 8.6 8.9 TS9 5.7 =5.1
Int5 —11.9 —6.7 Int14 4.6 —3.2
Int6 —10.3 —6.7 TS10 4.1 —-1.1
TSS 374 26.7 Pr —13.1 —8.8
Int7 —20.6 —15.7
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Table 2. Detailed Description of the AATase Active Site Mode Used in the Current Calculations.

Part included from crystal structure

Possible role in the model Fixed positions

PLP Whole part with phosphate excluded Covalent bond with substrate Oxygen bound to
Phosphate and 2'-C
Lys258 Propanamine Shuttling proton C,
Arg386 N-methyl-guanidine Binding substrate and electrostatic stabilization Cs
Arg292b N-methyl-guanidine Binding substrate Cs
Asp222 Acetic acid Locking PLP Cy
His143 Methyl-imidazole Hydrogen bonding with Asp222 Cy
Tyr70b Phenol Hydrogen bonding with Lys258 C,
Tyr225 Phenol Hydrogen bonding with pheonic oxygen of PLP C,
Asn194 Acetamide Hydrogen bonding with Arg386 and Cy

Tle37-Gly38-Val39 N-formyl-glycine amide

pheonic oxygen of PLP
Hydrogen bonding with a-carboxylate and Lys258

Backbone C(I1e37)
and N(Val39)

and the carboxylate is the negative one. This proton-transfer
weakens the C—N bond with its elongation to 1.600 A. Then
H17 is transferred from O7 to the carboxylate through TS9 (see
Fig. 1) and makes the negative center transferred to O7. At the
end, C8-NO is elongated and H21 is transferred to O7 through
TS10 to yield the product Pr. The participation of hydroxyl
group and carboxylic group of PLP lowers the barrier of proton
transfer. From Figure 2 it can be seen that the elimination step
occurs with lower barrier than the hydrolysis.

Proton Transfer in Aspartate Aminotransferase

The model cluster used to simulate the active site of AATase
was built starting from the 2.4 A X-ray structure of E. coli
AATase in complex with L-glutamic acid (PDB code 1X28).%°
The coenzyme PLP forms a Schiff base with the substrate gluta-
mate, which is locked by Arg386 and Arg292b (b indicates resi-
dues from another chain), in addition, Asp222 interacts with N1
of PLP. The proposed catalytic base Lys258 is located in the si-
face.”"*? All these parts are included in the quantum chemical
model. Additionally, all other important residues form hydrogen
bonds with the above reactive center are included, such as Ile37-
Gly38-Val39 peptide backbone, Tyr70b, His143, Asnl194, and
Tyr225. Trpl40, involved in n-stacking with PLP ring and
hydrogen bonding with substrate side chain carboxylate, is not
included as it would have a small effect on delocalizing the neg-
ative charge from the PLP ring during the proton transfer. It
should be noted that the phosphate group has been omitted on
the ground that it should not have a big effect upon the electron
distribution of the reactive center. Although this negative
charged fragment, which interacts with Arg266 and two addi-
tional peptide chains (Ser255-Phe256-Ser257 and Glyl07-
Gly108-Thr109), could exert a Coulombic influence on the reac-
tive center and fix Tyr70b through hydrogen bond, these effects
should be relatively small as there is no direct resonance interac-
tion with the pyridoxal ring and lysine, and the interactions with
all stationary points along the reaction path would be almost the
same. The different parts of the model, their possible role, and
points of truncation are shown in Table 2. The optimized geom-
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etry of the reactant species is shown in Figure 3. Lys258 is neu-
tral, as in the native enzyme, the nearby positively charged
Arg386 and Arg292b will lower the pK, of Lys258 much.
Experimentalists also proposed an equilibrium between a proto-
nated form and a non-protonated form.*> However, only a neu-
tral Lys258 will be reactive to act as the proposed base to cata-
lyze the proton transfer. Asterisks(*) show atoms which are kept
frozen at their crystallographically observed positions. This kind
of strategy can keep the various groups with their locations as
much as possible resembling the crystal structure. If done prop-
erly, this technique will ensure the structural integrity of the
model, but still with enough flexibility. The final quantum chem-
ical model is composed of 142 atoms and has an overall charge
of zero.

We started with a structure of Asp222 deprotonated by pyri-
dine nitrogen, however, an automatic proton transfer was
observed during the optimization, this might be an artifact of
current gas phase model. The protonation state should have

\.! = Argife

: 1,798 “I
«-—l@*\ i E:—Jw;%&:nm
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NedT-Gv3s-Val ,l‘:{

: o -
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Figure 3. Optimized structure of the AATase active site with a sub-
strate molecule 2-oxoglutarate (AA-Re). Distances are in angstroms.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 4. Optimized structures for the first proton transfer transition
state (AA-TS1) and resulting intermediate (AA-Int). Distances are in
angstroms.

some influence on the barrier of the [1,3] proton transfer, how-
ever, as will be discussed below, this effect is relatively small.
The first step of the suggested AATase reaction mechanism is
the proton transfer from 4’-CH, of PLP to &N of Lys258. In
AA-Re, The ¢-N in Lys258 is in a perfect position to accept a
proton from PLP, with a distance of 2.268 A. The transition
state for the first step (AA-TS1) was located, and the optimized
AA-TS1 structure and the resulting intermediate structure AA-
Int are shown in Figure 4. In AA-TS1, the key C-H and N-H
distances are 1.586 and 1.229 A, respectively. Without including
the solvation effects, the barrier is 19.1 kcal/mol and AA-Int lies
10.3 kcal/mol higher than AA-Re.

To approximately estimate the energetic effects of the parts
of the enzyme that is not included in the quantum chemical
model, the surrounding is assumed to be a homogenous polariz-
able medium with some dielectric constant ¢ In the current
study, ¢ = 4 and ¢ = 80 was used to investigate the influence of
dielectric constants on the energetics. As seen in Figure 5, the
barrier is changed less than 0.5 kcal/mol from ¢ = 4 (19.6 kcal/
mol) to ¢ = 80 (19.9 kcal/mol).

The second step is the proton transfer back from Lys258 to
oa-C of oxoglutarate. We have optimized the transition state
(AA-TS2, shown in Figure 6) for this step. This step occurs
with a barrier of 1.4 kcal/mol relative to AA-Int (10.2 kcal/mol
relative to AA-Re) in gas phase. However, when including the
solvation effect, it will occur with a slightly negative barrier

Journal of Computational Chemistry

22 -
20 —— "Cluster Model
- 7] "Cluster Model +PCM({eps=4)
E 16 ] Y, —— “Cluster Model +PCM(eps=80)
g 14 ,
= W, AA-Int
12 h 3
2 —
= 10
g 4] 11.7°
d 111"
= 10.3°
5 ]
2 - |
& AA-Re | |
1 oo
-2 -
4

Figure 5. Potential energy profile for the proton transfer with 2-
oxoglutarate as a substrate in AATase.

(—0.6 kcal/mol relative to AA-Int). At AA-TS2 (see Fig. 5), the
critical distance between proton and o-C of oxoglutarate is 1.532
A, whereas the distance between proton and &-N of Lys258 is
1.250 A. The tautomerization is slightly exothermic, with a
value of 2.7 kcal/mol in gas phase (2.2 kcal/mol with solvation

Aspl2l

Figure 6. Optimized structures for the second proton transfer transi-
tion state (AA-TS2) and resulting product (AA-Pr). Distances are in
angstroms.
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correction), consistent with the experimental observed reversible
transamination in AATase.

Experimental rate constants for the transamination in
AATase from different organisms with oxoglutarate are found
to be in the range of 100-600 s> which can be trans-
formed into barriers of around 14-16 kcal/mol by using classi-
cal transition state theory. In our calculations, the rate-limiting
step for the [1,3] proton transfer is the proton transfer from 4'-
CH, of PLP to &N of Lys253, with a barrier of 19.6 kcal/mol,
about 3-5 kcal/mol higher than the experimental ones. There
may be several reasons for this barrier overestimation. First,
the proton transfer from Asp222 to Pyridine nitrogen should
lower the barrier slightly as it can stabilize the transition state
more than the reactant. We fixed the critical N—H distance at
1.0 A and optimized the corresponding structures for AA-Re,
AA-Intl, and AA-Pr (these proton transferred structures labeled
as AA-Re-pt, AA-Int-pt, AA-Pr-pt and shown in supporting in-
formation). In gas phase, AA-Re-pt lies 5.1 kcal/mol higher
than AA-Re, in addition, AA-Int-pt and AA-Pr-pt are 6.1 and
0.8 kcal/mol relative to AA-Re-pt, respectively. As AA-Int has
the largest charge separation between Lys258 and PLP, AA-Int
has 2.7 kcal/mol additional stabilization energy from this pro-
ton transfer. (AA-Int lies 8.8 kcal/mol higher than AA-Re with-
out including the ZPE, the stabilization energy was derived
from large basis set calculations.) It is reasonable to predict
that when the pyridine nitrogen is protonated by Asp222, the
barrier may be lowered by around 2 kcal/mol or even less. Pre-
vious theoretical calculations on PLP dependent decarboxyl-
ation also found that this proton transfer has small influence on
the barrier.’* Although the reaction type is different, the role of
this proton transfer is the same in both cases. Second, the role
of Tyr70b is to stabilize the positive Lys258 during the proton
transfer, however, the hydrogen bond distance between Tyr70b
and Lys258 becomes just 0.019 A shorter from AA-Re to AA-
TS1, the transition stabilization seems to be underestimated.
The reason might be the truncation of Tyr70b at C,, including
one more carbon atom might lower the barrier slightly. Third,
the computational method (in this case DFT B3LYP functional
and the employed basis sets) can not be ruled out as a possible
source of error. In addition, the entropy effect is not included
as it can not be calculated accurately due to the fixing of
atoms. However, these changes are not of such a magnitude
that they will alter any conclusion about the mechanism of
AATase.

In AATase, Lys258 is the catalytic base, the proton transfer
introduces protonated Lys258, Tyr70b, and Ile37-Gly38-Val39
peptide backbone to stabilize it through hydrogen bonding. At
the same time, the heterolytic cleavage of C—H results in the
negative charge delocalization at the PLP plane, while Tyr225,
Arg386, and Ile37-Gly38-Val39 peptide backbone interact with
PLP plane through hydrogen bonds, the corresponding distances
are all shorter in AA-TS1 than those in AA-Re, as shown in Fig-
ures 3 and 4.

From the crystal data in the PDB, it can be seen that all the
L-transaminases have the catalytic lysine residue in the si-face
whereas all the bD-transaminases have a lysine in the re-
face.”'"> The position of catalytic base lysine determines the
stereospecificity of newly formed amino acid. Furthermore, our
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calculations also provide an explanation of why p-amino acids
are not reactive. First, Arg292b and Arg286 lock the two car-
boxylate group of aspartate, the p-amino acids will not bind
well as its o-H is in the si-face of PLP. Second, there is no
appropriate base in the si-face, the only possibility to allow
[1,3] proton transfer is to use a water solvent molecule to assist
this step on the assumption that it is water accessible. How-
ever, as we discussed before, the barrier for a water assisted
[1,3] proton transfer is over 40 kcal/mol in gas phase, thus this
side-reaction would not compensate with the natural one even
with the stabilization of residues around the active site. Unlike
amino acid racemase, there is no amino acid like Tyrosine in
the re-face to protonate Co,%®®' therefore no racemization
would occur in AATase. Furthermore, decarboxylation, another
important class of biochemical reactions involving o-amino
acids, cannot yet occur because of the salt bridge between the
a-carboxylate and Arg386, which makes the decarboxylation
have a very high barrier due largely to the separation of
charge.52

Conclusions

A theoretical examination of the detailed mechanism of PLP de-
pendent transamination was reported in this article. For the
transamination between pyridoxamine and glyoxylic acid, our
results indicate that the proton-transfer between ketimine and
aldimine is the rate-limiting step with the barrier of 36.3 kcal/
mol in water solution. In this system the aldimine is much more
stable than the ketimine, which could explain the irreversibility
for such specific transamination. The carboxylic group and the
PLP hydroxyl group play an important role in the reaction by
shuttling a proton. We also investigated the enzymatic proton
transfer in AATase using a large quantum chemical model. It
was found that Lys258 acts as a general base to shuttle the pro-
ton from 4'-C of PLP to «-C of amino acid, providing strong
evidence for the mechanism proposed experimentally. We were
also able to provide an explanation for the experimentally
observed specificity and reversibility of AATase. The role of dif-
ferent residues in the active site was analyzed. Interestingly, the
protonation of pyridine nitrogen by Asp222 does not lower the
barrier much.
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