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Water-Assisted Transamination of Glycine and Formaldehyde
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A computational study on the transamination reaction of molecular complexes that consisiGHi}XHOH

+ CH,O + nH,0O, wheren = 0, 1, 2, is presented. This work has allowed the description of the geometries
of all the intermediates and transition states of the reactions, which can be described by five steps:
carbinolamine formation, dehydration, 1,3 proton transfer, hydrolysis, and carbinolamine elimination. Among
the five steps of the reaction, hydrolysis and elimination occur with the existence of general acid catalysis
related to the carboxylic group. The water molecules can be involved in the reaction by performing as a
proton-transfer carrier and a stabilizing zwitterion. It can be predicted from our calculations that in the
transamination betweem-amino acids andi-keto acids, the carbinolamine is formed with small barrier or
even barrierless while the dehydration occurs easily at room temperature. However, without heating the 1,3
proton transfer could not occur as the barrier is 26.7 kcal/mol relative to the reactant complex when including
two water molecules. Our results are in good agreement with experimental conclusions.

1. Introduction SCHEME 1
. . . . . R H
Transamination reactions have been of practical importance <y *° R\CI)/HCOOH Ry ©00H R\T/COOH R\ 000K Ry 000
and fundamental interest in the metabolism of nitrogen- ° = W = N\ — N — N = NH,
. . . NH, 0
containing compounds, which are usually considered to be R./KCOOH R'/Il_l\COOH R,)LCOOH R-/(L\HCOOH . )]\COOH

reactions that involve transfer of an amino-group from one R~ COOH
molecule to another without the production of free ammonia as
an intermediaté. Furthermore, it is one of the most crucial
processes in the formation eafamino acids, in which the
L-transaminases catalyzed the conversiorodeto acids to
L-amino acids but nob-amino acids. Direct transamination,
uncatalyzed by enzyme, was observed between amino acids an@
o-keto acids, and the mechanism of the reaction could be
formulated as follows.

In the reaction, the formed cabinolamine intermediate loses
one water molecule to produce an imine (imine 1 in Scheme
1), following an isomerization (transferring a proton to become
imine 2), which on hydrolysis yields nem+keto acid and amino
acid. The key step of the reaction is the proton transfer as it
determines the chirality of the generated amino %aitd also
it is the rate-limiting step of the whole reactibriHowever,
without the participation of the enzyme, bathand p-amino
acids could be generated. Furthermore, the effect of substituent
on the feasibility of biomimetic isomerization has been studied
experimentally, and it was found that the reaction rate strongly

depends on both the CH acidity and steric availability of the water is the solvent of biological reactions in an organism, which

transferring protof. . . can influence the reaction barriéby electrostatic stabilization
QL_lantum_ mechamc_:s calculat_mps have_ been fopused on theof ionic transition structures, formation of a strong hydrogen

carbllnollamlne formgtlon anq el!mlnat_|on .|nvolved n the tran- bond, and acting as a proton-transfer carrier, it is of immense

samination. Theoretical stud|e§ investigating ammonia Or.am!neimportance to investigate the influence of the water solvent

addl_tlon to the carbor_1y| group |nd|ca_tgd a decrease of activation medium, so the effects of one water molecule and two water

barrier when associated with ao_ld|t|onal water or ammonia n,q1ecles on this model transamination are considered.

molecules The effect of some different substituents on the

nitrog'en anql carbon atoms on the additioq barrier was found to 5 Computational Details

be minor with the exception of a difluorinated amih&he

subsequent elimination of carbinolamine has also been calculated Theoretical calculations presented here were carried out with
the Gaussian03 program packdg&he geometries of reactants,

* To whom correspondence should be addressed. Pheif&8){L0-5880- products, intermediates, and transition states involved in this
2051. E-mail: jianguo_yu@bnu.edu.cn. reaction have been fully optimized at the B3L*Revel of

at various levels of theor§:n8 In addition, Salveet al? have
performed theoretical calculations on the imine formation of
4-pyridinaldehyde and methylamine. They suggested the purpose
of including one water molecule in the model reaction was as
reactive species for the reaction to avoid the lack of potential
arrier when just the methylamine approached the carbonyl
carbon. All these results show that the rate-limiting step of the
imine formation is elimination, which is consistent with the
experimental result¥. However, as far as we know, very little
theoretical information is available for the 1,3 proton-transfer
step that plays a key role in the whole reaction, especially in
the determination of the chirality of amino acids in enzymatic
transaminations.

Direct transamination is known to be a symmetrical reaction;
therefore, we choose a formaldehyde molecule instead of an
amino acid to study the effect of the carboxylic group in the
Yransamination. In this paper, the reference reaction of enzymatic
transamination of glycine and formaldehyde as a simple model
will be discussed by both ab inito and DFT calculations. As
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Figure 1. Optimized (B3LYP/6-31G(d,p)) geometries of the starting reactant complexes GF1-1, GF2-1, GF3-1. The MP2/6-31G(d,p) values are
in parentheses. The distances are given in angstroms.

) : . : TABLE 1: Relative Energies (in kcal/mol) for the Stationary
theory. The 6-31G(d,p) basis set was used in this study 3Spoints Involved in the Transamination of Glycine and

polarized functions on the hydrogen atoms could provide more gormaldehyde in Various Computational Level§
accurate descriptions for the hydrogen transfer reactions and
hydrogen-bonded species of this study. The 1R&ilculations B3LYP® MP2 CCSb(Ty  cCsb(Ty

at the B3LYP level showed that all optimized TSs were in the G*F 0 0 0 0
right reaction pathways. To obtain more accurate energies, GF1-1 24 -15 —14 —1.9
. ; . - GF1-TS1 28.3 20.9 25.8 26.0
single-point calculations on the optimized structures were ggq.o 63 ~11.6 —91 -89
performed with the larger basis set 6-31tG(3df,3p). GF1-3 -75 —-13.5 —10.5 -10.3
The optimized structures of both no water model and one GF1-TS2 43.1 38.8 44.4 445
water model from the B3LYP level were reoptimized with the =~ GF1-4 —4.3 7.5 —4.6 —4.6
frozen core Mgllet-Plesset perturbation theory, MP2(FC)/6- GF1-5 —68 —10.9 —84 —90
. . . GF1-TS3 47.9 455 56.0 55.8
31G(d,p), computational level, and the single-point MP2(FC) gk 75 105 —78 —8.2
calculations on the optimized structures were also performed GF1-7 -10.6 —14.1 —125 -12.8
with the larger basis set 6-3+1-G(3df,3p). In addition, CCSD- GF1-TS4 2.1 -1.8 2.8 2.8
(T)/6-31G(d,p) single-point calculations have been carried out GF1-8 12 -13 2.9 3.0
for no water-assisted model to evaluate the reliability of the GF1-TS5 9.9 8.5 12.3 12.7
. GF1-9 —8.6 —14.8 —13.0 —-12.7
barrier calculated at the B3LYP and MP2 levels. GF1-10 96 ~162 144 142
Water solvent effects have been considered by B3LYP/6- GF1-TS6 8.2 11 6.1 6.3
311++G(3df,3p) single point calculations on the optimized gas- GF1-11 -2.2 -5.0 -5.4 -5.6

phase geometries of the two water-assisted model by uUSing @ & ang F represent glycine and formaldehyde, respectively. Super-
relatively simple self-consistent reaction field (SCRMased scripts a, b, ¢, and d represent calculations at the B3LYP/6-
on the polarizable continuum model (PCM) of the Tomasi's 311++G(3df,3p)//B3LYP/6-31G(d,p), MP2/6-31+G(3df,3p)//IMP2/
group?® 6-31G(d,p), CCSD(T)/6-31G(d,p)//B3LYP/6-31G(d,p), and CCSD(T)/

All reported energies are corrected by adding the unscaled 8-31G(d,p)//MP2/6-31G(dp) levels, respectively.

Zero-Point Energy (ZPE) calculated at either the B3LYP/6-31G-
(d,p) or the MP2/6-31G(d,p) level.

In the five reactive stepscarbinolamine formation, dehydra-
tion, proton transfer, hydrolysis, carbinolamine elimination
GF1, GF2, and GF3 were used to represent pathways for the
transamination of NbCH,COOH+ HCHO + nH,0, wheren
=0, 1, and 2.

found for the neutral and zwitterionic forms of glyciteAs
the carboxylic group is a good proton donor that can form strong
hydrogen bonds with the electronegative group, in this study,
water molecules were added to evaluate the effect of both the
carboxylic group and water on stabilizing the zwitterion. When
one water molecule was involved, GF2-1 (see Figure 1) is
. . formed with the distance of C&N1 being 0.316 (0.256) A
3. Results and Discussion shorter than that of GF1-1 in our optimizations, which indicates
3.1. Structure of Reactant ComplexFrom our calculations @ Stronger interaction between these two atoms. Although the
(B3LYP/6-31G(d,p), Figure 1), in the initial molecular complex forming hydrogen bond would stabilize the complex, the
GF1-1, N1 of glycine is located perpendicular to the form- €nergies of both complexes are slightly higher than those of
aldehyde plane at a dihedral angle formed by atoms 1, 6, 7,isolated reactants due to the distortion of glycine in GF1-1 and
and 8 of 87.0(81.9) and at a distance from C6 of 2.539 (2.702) GF2-1.
A (data in parentheses correspond to the MP2/6-31G(d,p) If two water molecules participate in this carbinolamine
calculations), which means there is a weak interaction betweenformation, N1 would attack C6 without any energy barrier and
N1 and C6, otherwise the formaldehyde may rotate and one ofthe distance of N3C6 in the formed zwitterion GF3-1 (see
its hydrogen atoms forms a hydrogen bond with the glycine Figure 1) would be 1.638 A, indicating a stronger interaction
nitrogen. Although some other conformations were possible for between N1 and C6. The energy of the complex is 7.9 kcal/
this complex, our IRC calculations show that the carbinolamine mol lower than that of the isolated compounds, while consider-
addition starts from GF1-1, therefore just GF1-1 is discussed ing the solvent effect the stabilization energy is lowered to 3.3
here. kcal/mol. However, without the carboxylic group the zwitterion
Zwitterion formation between methylamine and formaldehyde is formed with a 2.6 kcal/mol barrier and is also 1.3 kcal/mol
has been reported theoretically, and the zwitterionic complex higher in energy than the neutral complex in the gas phase at
becomes more stable including more water molec¥ésyhich the G2 leveF’ which indicates that the generation of the
indicates the importance of water molecules in the existence of zwitterion is much easier in the glycine and formaldehyde model
a gas-phase zwitterionic minimum. Similar results were also (GF model).
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TABLE 2: Relative Energies (in kcal/mol) for the Stationary
Points Involved in the Water Assisted Transamination of
Glycine and Formaldehydé

Liao et al.

(H10). With incorporation of two water molecules, GF3-1 can
produce the carbinolamine GF3-2 through GF3-TS1, which
involves the concurrent transfer of three protons within the eight-

B3LYP*  MP2 B3LYP*  B3LYP® membered ring. The structures of GF1-2, GF2-2, GF2-3, GF3-
G+HE+W 0 0 GHE+W 0 0 1, and GF3-2 can be seen in the Supporting Information.
GF2-1 02 -67 GF3-1 -7.9 —33 The schematic potential energy surface for the carbinolamine
GF2-TS1 20 -49 GR3TS1 26 —0.9 formation is given in Figure 3, revealing the catalytic effect of
GF2-2 3.2 -59 GF3-2 —15.5 —-7.1 ; .
GF2-TS2 04 06 GF3-3 _175 ~10.9 water molecules. Relative to the reactant complexes, the barrier
GE2-3 —74 —17.3 GF3-TS2 10.8 12.6 decreases from 25.9 kcal/mol, to 9.6 kcal/mol, and to 5.3 kcal/
GF2-4 -111 —189 GF3-4 —-13.7 -2.8 mol with the inclusion of more water molecules at the B3LYP
GF2-TS3 19.2 14.7  GF3-5 —13.2 —0.1 level. The barriers calculated at the MP2 level are about 3 kcal/
GF2-5 —-10.0 157 GF3-TS3 24.8 23.4 mol lower than those at the B3LYP level far= 0 and 1 6
ggﬁm _:?é‘.ls _1‘2195_9 Ggg'36_7 :28:2 :421:3 representing the number of water molecules). Furthermore,
GF2—7 —13.7 -190 GF3-TS4 -13.7 _38 CCSD(T) calculations show that the barriers at both the B3LYP
GF2-8 —147 —195 GF3-8 -16.7 —6.4 and the MP2 level are several kcal/mol lower but still reliable.
GF2-TS5 -6.8 —11.0 GF3-TS5 0.2 4.5 The solvent effect lowers the proton-transfer barrier in GF3-
GF2-9 -83 —-121 GF39 —-15.1 —4.2 TS1 by 2.8 kcal/mol (data with superscript “e” in Figure 3).
GF2-TS6 09 —29 GF3-10 —17d1 —4.2 The barriers in the GF model are lower than those in the
GF2-10 -125 —205 GF3-TS6 -11.5 —4.4 )
GE2-11 124 -218 GF3-11 134 76 methylamm&formalde_hyde modé&l (MF _model fo_r_ short)
GFE2-TS7 —47 —142 GF3-TS7 -106 —0.9 because the carboxylic group can effectively stabilize the TSs
GF2-12 -55 -16.0 GF3-12 -11.1 0.5 through forming a strong hydrogen bond especially without
GF2-Ts8 ~ -12 -11.0 water molecules.
GF2-13 —-3.7 —12.3

aG, F, and W represent glycine, formaldehyde, and water, respec-
tively. Superscripts a, b, and e represent calculations at the B3LYP/
6-311++G(3df,3p)//B3LYP/6-31G(d,p), MP2/6-3#HG(3df,3p)//
MP2/6-31G(d,p), and B3LYP/6-3#1+G(3df,3p)//B3LYP/6-31G(d,p)
(PCM) levels, respectively.
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t"lp? o
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Figure 2. Optimized (B3LYP/6-31G(d,p)) geometries of the transition
states for the carbinolamine formation step. The MP2/6-31G(d,p) values

GF2-T82

are in parentheses. The distances are given in angstroms while the angleﬁ1

are in degrees.

3.2. Carbinolamine Formation. From GF1-1, the carbino-
lamine GF1-2 is formed through a four-membered-ring transition
state GF1-TS1 (see Figure 2) in which the HI27 distance
is 1.523 (1.502) A, stabilizing the oxyanion. Incorporation of a

3.3. Dehydration. In the absence of water molecules, the
formation of imine can proceed via a four-membered-ring
transition state GF1-TS2 (see Figure 4) in which the N-hydrogen
of GF1-3 is transferred to the hydroxyl oxygen, resulting in the
elimination of a single water molecule. At the CCSD(T) level,
GF1-TS2 lies 54.9 (54.8) kcal/mol above GF1-3, while the imine
intermediate GF1-4 lies 5.9 (5.7) kcal/mol above GF1-3. The
structures of GF1-3 and GF1-4 can be seen in the Supporting
Information.

Inclusion of a single water molecule produces a less strained
transition state GF2-TS3 (see Figure 4), and the barrier decreases
to 30.3 (33.6) kcal/mol, which predicts that water is effective
in lowing the proton-transfer barrier. However, the barrier
decreases by just 2.0 kcal/mol when including one more water
molecule. Furthermore, with incorporation of the solvation
energy terms the dehydration barrier decreases from 28.3 kcal/
mol to 23.5 kcal/mol due to the highly polarized nature of TS.
From Figure 4, we can see that as the numbera kcreases,
the distance of C6N1 and H11:-N1 decreases while the angle
of H11-N1-C6 and O7#C6—NL1 increases. As the carboxylic
group is far away from the reactive center and just forms a weak
hydrogen bond with the imine nitrogen, the barriers are almost
the same as those in the MF mo8leThe schematic potential
energy surface is shown in Figure 3a.

3.4. 1,3 Proton Transfer.The dehydration is followed by

e tautomeric conversion of imine 1 to imine 2. When H8 and
H9 (see GF1-TS3 in Figure 5) is replaced by some other
functional groups, the proton transfer would produce a chiral
center C6; however, in nonenzymatic transamination both R
and S configurations are formed without stereoselectivity. In
the proton-transfer step, GF1-4 first transforms to GF1-5 in
which H,O forms a hydrogen bond with H14. In the transition

single water molecule in the process of carbinolamine formation state GF1-TS3 (see Figure 5), a twisted six-membered ring is
is complicated by the presence of a zwitterionic minima GF2- formed, the structure of which corresponds to a situation in
2, which has a long C6N1 bond of 1.676 (1.614) A. The  which the proton from Chlis being transferred to the water
nucleophilic attack is performed via GF2-TS1 with a-€@¥61 molecule, which, in turn, has already started to transfer proton
distance of 1.920 (1.969) A. From GF2-2, the carbinolamine to C6 in a concerted way. At the CCSD(T) level, GF1-TS3 lies
GF2-3 can be formed if N1 is deprotonated. The proton transfer 64.4 (64.8) kcal/mol above GF1-5. The completion of this step
from N1 to O7 is performed through a less strained six- leads to a new imine GF1-6 with a water molecule coordinated
membered-ring transition state represented by GF2-TS2 (seeto H10.

Figure 2) in which the water molecule exchanges one of its  The addition of a single water molecule assists proton transfer
hydrogens (H16) with one of the hydrogens in the amino group through forming a less strained eight-membered-ring transition
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Figure 3. Reaction profiles obtained from various levels to study the carbinolamine formation (a), dehydration, 1,3 proton transfer (b), hydrolysis
(c), and carbinolamine elimination (d) involved in the transamination o§@HHCOOH + HCHO + nH,0O, wheren = 0, 1, 2. The superscripts

a, b, ¢, d, and e in the data represent calculations at B3LYP/6~83G(3df,3p)//B3LYP/6-31G(d,p), MP2/6-3#+G(3df,3p)//MP2/6-31G(d,p),
CCSD(T)/6-31G(d,p)//B3LYP/6-31G(d,p), CCSD(T)/ 6-31G(d,p) //MP2/6-31G(d,p), and B3LYP/6-BGK3df,3p)//B3LYP/6-31G(d,p) (PCM)

levels, respectively.
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Figure 4. Optimized (B3LYP/6-31G(d,p)) geometries of the transition states for the dehydration step. The MP2/6-31G(d,p) values are in parentheses.
The distances are given in angstroms while the angles are in degrees.

| Lesg 018
W g,
Hli{fﬁ ‘f:?:m i Yms
1658 | % 1657 e ! il
“,654; i -; L629) t'-,l it I:"l.asz
. 1.35 6
ujjhrm (336 N 3!
GF1-TS3 GH-TS4 SRS

Figure 5. Optimized (B3LYP/6-31G(d,p)) geometries of the transition states for the hydrogen transfer step. The MP2/6-31G(d,p) values are in
parentheses. The distances are given in angstroms while the angles are in degrees.

state GF2-TS4 (see Figure 5), and the barrier decreases to 41.2 3.5. Hydrolysis. The transamination is symmetric to some
(44.4) kcal/mol. However, incorporation of one more water extent; however, due to the participation of the adjacent
molecule has little effect on lowing the barrier as this water carboxylic group, the mechanism of hydrolysis is much different
molecule stabilizes both the starting intermediate and transition from that of dehydration and general imine hydrolysis. In our
state at the same extent. Compared to the stabilization energycalculations, the first step is the proton transferring from the
on the isolated reactant, the water solvent destabilizes GF3-5carboxylic group to the imine nitrogen with the formation of
by 13.1 kcal/mol but stabilizes GF3-TS3 by 0.6 kcal/mol, zwitterion, and the second step is the water molecule attacking
therefore, imine isomerization via GF3-TS3 requires 23.5 kcal/ the imine carbon, simultaneously one of its hydrogen atoms
mol. A schematic energy profile for imine isomerization is transferring to the carboxylic oxygen anion.

presented in Figure 3b. The structures of GF1-5 and GF3-5 can The proton transfer causes C2 in GF1-7 to become more
be seen in the Supporting Information. eletronphilic. Then O7 attacks C2 with H14 transferring to O5
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Figure 6. Optimized (B3LYP/6-31G(d,p)) geometries of the transition states for the hydrolysis step. The MP2/6-31G(d,p) values are in parentheses.
The distances are given in angstroms while the angles are in degrees.
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Figure 7. Optimized (B3LYP/6-31G(d,p)) geometries of the transition states for the carbinolamine elimilation step. The MP2/6-31G(d,p) values
are in parentheses. The distances are given in angstroms while the angles are in degrees.

and forms a five-membered transition state GF1-TS5 (see Figurezero, one, and two water molecules. The structures of GF1-7
6) with less tension than GF1-TS2 in a concerted mechanism.and GF3-7 can be seen in the Supporting Information.
Therefore, GF1-TS2 lies 32.1 (31.8) kcal/mol below GF1-TS2  3.6. Carbinolamine Elimination. The elimination results in

at the CCSD(T) level. The second water molecule involved can the formation of glyoxylic acid and methylamine. Our calcula-
serve as an effective proton-transfer carrier to lower the barrier tions show that the mechanism is totally different from that of
of zwitterion formation by 4.8 (3.8) kcal/mol. Incorporation of carbinolamine formation due to incorporation of the adjacent
one more water molecule causes the formation of the new carboxylic group. The elimination can proceed via GF1-TS6
carbinolamine through a twisted seven-membered ring transition (see Figure 7) in which H14 transfers from O4 to N1 and H11
state GF3-TS5. However, the barrier relative to the zwitterion transfers from O7 to O5. IRC calculation confirms that GF1-
increases from 9.3 kcal/mol to 16.8 kcal/mol due to the distortion TS6 links the carbinolamine GF1-10 and the product complex
of TS. By including the solvent effect the hydrolysis barrier GF1-11. GF1-TS6 lies 19.7 (19.7) kcal/mol below GF1-TS1 at
relative to GF3-7 decreases from 20.2 kcal/mol to 9.4 kcal/ the CCSD(T) level.

mol. Compared to direct hydrolysis, the barrier is much lower  The addition of water molecules results in stepwise pathways.
when the carboxylic group is directly involved in the reaction, When a single water molecule is involved, it is double-bridged
the reason for which is that zwitterionic intermediates are formed to H16 and O7, and due to this hydrogen bond network, the
with more reactivity. Presented in Figure 3c is a schematic transfer of H14 from O5 to N1 forms a stable zwitterionic
energy profile for imine hydrolysis from GN=CHCOOH with intermediate GF2-12 in which N1 is the positive center and the
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