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The biomimic reactions ofN-phosphoryl amino acids are very important in the study of many biochemical
processes, such as origin of proteins and phosphorylation of amino acid residues in the proteins. The differences
in reactivities betweenR-COOH andγ-COOH in phosphoryl amino acids were studied by ab initio and
density functional methods. The pentacoordinate phosphoric intermediates2 containing five-membered rings
were predicted to be more stable than3 with seven-membered rings. For intermediates3, the isomers with
apical-equatorial ring spanning arrangement were predicted to be more stable than those with diequatorial
ring spanning arrangement. At the B3LYP/6-31G** level, intermediates2 were 66.56 kJ/mol lower in energy
than3. It was shown that the transition states4 and5 involving anR-COOH orγ-COOH group had energy
barriers of∆E ) 57.59 kJ mol-1 and 120.93 kJ mol-1, respectively. The theoretical calculations suggested
that the R-COOH group could be differentiated from theγ-COOH intramolecularly in amino acids by
N-phosphorylation. These might be helpful to understand why onlyR-COOH, notγ-COOH, was involved in
the biomimic reactions.

Introduction

It is well-known thatR-peptides take secondary conforma-
tions. Recently, it has been found thatγ-peptides also adopt
secondary conformations, such as helical conformation,1a,1b

parallel sheet,1c and reverse turn.1d γ-Peptides, such as gluta-
thione and oligo(γ-glutamyl), also have biological activities.2

Nonenzymatic deamidation of glutamine residue in biologically
important proteins may be an important prerequisite for the
stability of proteins in vivo, such as in the lens of the human
eye.3 γ-Glutamyl peptide was found in the nonenzymatic
deamidation of glutaminyl peptide under physiological condi-
tions.4 In addition, the content ofγ-peptide was higher than
that ofR-peptide. Nevertheless, nature choseR-amino acids to
be the backbone of the proteins. This raises the question of why
nature choseR-amino acids, rather thanγ-amino acids, as the
protein skeleton.

Many biological processes are regulated by the phosphoryl-
ation and dephosphorylation of amino acid residues in proteins.5

Formation of high-coordinate phosphoric intermediates is usually
described as a key step in most enzyme catalytic mechanisms.6

Study of cyclic phosphoric compounds had proven their
usefulness as models for intermediates in enzymatic reactions
of cyclic adenosine monophosphate and for nonenzymatic
reactions of tetracoordinated phosphates.7

It has been shown in our laboratory thatN-phosphoryl amino
acids and peptides are chemically active species that characterize
biomimic reactivities,8 such as ester exchange on phosphorus,
peptide formation, and esterification, which might be related
to the prebiotic synthesis of proteins and nucleotides.9 Mean-
while, since N-phosphoryl amino acids have a tetrahedral

structure similar to the inhibitors of metallopeptidases,10 they
are of pharmaceutical interest. An intramolecular pentacoordi-
nate carboxylic-phosphoric mixed anhydride has been proposed
as the common intermediate for the biomimic reactions of
phosphoryl amino acids and peptides.11 The silylated intramo-
lecular mixed carboxylic-phosphoric anhydrides have been
synthesized and identified.12,13 However, the high and multi-
functional reactivities ofN-phosphoryl amino acids under mild
conditions is difficult to explain. Theoretical study on the
mechanism of the biomimic reactions can provide important
information for the phosphorus participation in biochemistry.

In our previous paper, the activity difference between
R-COOH andγ-COOH was studied by MNDO methods.14

However, the semiempirical MNDO calculations did not clearly
distinguish the activity difference betweenR-COOH and
γ-COOH. Further calculations with more elaborate methods
were needed. To avoid the effect of the conformations of
different phosphoryl amino acids, phosphoryl glutamic acid, with
both R-COOH andγ-COOH in one molecule, was selected. It
is very useful to know which carboxylic group in glutamic acid
is involved in biomimic reactions theoretically.

Modeling and Computational Details

N-DimethylphosphorylL-glutamic acid (DMP-Glu,1) was
taken as the model reactant15 and the possible mechanisms of
forming pentacoordinate phosphoric intermediates were shown
in Scheme 1. There are two possible mechanisms from reactant
1; one is through pentacoordinate phosphoric intermediates2
by the attack ofR-COOH (path A), and the other is through3
by γ-COOH (path B).

Transition states were found by Synchronous Transit-Guided
Quasi-Newton (STQN) methods16 at the HF/6-31G** and
B3LYP17/6-31G** level, and confirmed by frequency calcula-
tions and intrinsic reaction coordinate (IRC) calculations. Natural
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bond orbital (NBO) analysis18 and frequency calculations were
performed at the same level. Corrections of zero-point vibra-
tional energies (ZPE) were made for all energies at the B3LYP/
6-31G** level. Single-point calculations were performed at the
B3LYP/6-311+G**//B3LYP/6-31G** level. The solvent effects
were calculated by a polarized continuum (PCM) model19 and
Langevin Dipoles (LD) model20 at the B3LYP/6-31G** level.
The calculated free energies in solution were taken as the
energies calculated in the gas phase (including ZPE) plus the
solvent shift calculated at the B3LYP/6-31G** level.21 The
relative energies (RE) in this paper referred to the energies
relative to DMP-Glu (1).

All quantum chemistry calculations were carried out with
Gaussian 98 software22 on a Power Challenge R12000 worksta-
tion. All molecular modeling was performed on an SGI
workstation with the SYBYL6.7 software package (Tripos Inc.,
St. Louis, MO, 2000).

Results and Discussions

The crystal structure ofN-diisopropylphosphoryl (DIPP)
alanine was reported from our laboratory previously.23 The
model molecule DMP-Glu (1) was optimized at the B3LYP/6-
31G** level, with geometry as shown in Figure 1. In1, the
dihedral angles of O3-P1-N2-H4, O3-P1-O7-C8, and
C6-O5-P1-O3 were calculated to be 29.1°, 57.3°, and 38.0°,
respectively, being in agreement with the crystal geometry of
DIPP-Ala with the corresponding dihedral angles of 4.3°, 56.6°,
and 39.6°, respectively. Only the N-H bond in1 partly departed
from the N-PdO plane. So the geometry of1 was rational.

Then, to determine which group,R- or γ-carboxylic group
in phosphoryl glutamic acid, might be involved in the formation
of the pentacoordinate phosphoric intermediates easily, we
performed the following theoretical studies.

Reactivity of the Two Anions of DMP-Glu. R- and
γ-carboxylic anions can be obtained from1, and their optimized
geometries at the HF/6-31G** level are shown in Figure 2. The
R-CO2

- anion was 18.80 kJ/mol more stable than theγ-CO2
-

anion. During optimization at the B3LYP/6-31G** level, the
γ-CO2

- anion was not stable and was converted to theR-CO2
-

anion. The dihedral angles of O3-P1-N2-H4 in R- and
γ-carboxylic anions were found to be 176.7° and 75.8°,
respectively, differing greatly from those in1. Figure 2 shows
two intramolecular hydrogen bonds formed in theR-anion and
γ-anion, respectively. The angle of N2-H4‚‚‚O5 in theR-anion
was 14° larger than that in theγ-anion. Meanwhile, the NBO
absolute charges of O5 and H4 in theR-CO2

- anion were 0.0853
and 0.0143 larger than those inγ-CO2

- anion, respectively. So
the intramolecular hydrogen bond N2-H4‚‚‚O5 made the
R-anion more stable. This makes the nucleophilic attack of an
R-COOH group on the phosphorus atom more favored. As a
result, the formation of the pentacoordinate phosphoric inter-
mediates from anR-COOH group might be easier.

Isomers of Intermediates 2 and 3.There may exist two
types of pentacoordinate phosphoric intermediates2 and 3,
containing a five-membered ring formed by anR-carboxylic
group and a seven-membered ring by aγ-carboxylic group,
respectively (Scheme 1). It is well-known that pentacoordinate
phosphoric intermediates2 and 3 prefer tbp (trigonal bipyra-
midal) configurations, in which the apical bonds are longer than
the equatorial ones, for no bicyclic rings and an electronic
imbalance of five different ligands.24 There are six positional
isomers with the ring in apical-equatorial spanning arrangement
for 2 and 3, respectively. These isomers can be divided into
two classes: the first class were the isomers in which the P-N
bond was in apical position, the second class were those in the
equatorial position. The pentacoordinate phosphoric intermedi-
ates were calculated by the MNDO method14 or at the B3LYP/
6-31G** level (for DMP-Ala), it was found that the latter was
more stable than the former, owing to the higher apicophilicity
of the oxygen atom. Experimentally, it had been shown that
the P-O bond of the anhydride P-O-CO moiety was an apical
bond.12b Therefore, the positional isomers with the P-N bond
in an apical position were not calculated in this paper.

SCHEME 1: Possible Reaction Mechanisms Involved in Forming Penta-coordinate Phosphoric Intermediates from
N-Phosphoryl Glutamic Acid

Figure 1. Structure DMP-Glu at the B3LYP/6-31G** level and the
crystal structure of DIPP-Ala.

Figure 2. R-Anion andâ-anion from DMP-Glu optimized at the HF
/6-31G** level. The NBO atomic charges and the distances (in
parentheses, Å) were shown in the figures.
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For intermediates2, there were three isomers (2a-2c)
calculated in this paper, while six isomers (3a-3c, 3g-3i)14

for intermediates3, because the arrangement of the seven-
membered ring might be apical-equatorial spanning or diequa-
torial spanning.25 To find the most stable conformers in each
kind of intermediates, nine isomers were optimized at the HF/
6-31G** level with their relative energies listed in Table 1. The
isomer2c and3c were most stable among intermediates2 and
3, respectively. Meanwhile, isomer3i was most stable among
intermediates3 with the seven-membered ring in a diequatorial
spanning arrangement. For each kind of isomers, the most stable
structures were those in which the hydroxyl group and the resi-
dual carboxylic group were at the same side of the ring due to
low bulkiness of the hydroxyl group. Hence, the steric hindrance
of the phosphorus atom was reduced in the most stable
conformers.

Comparison of the Intermediates 2c, 3c, and 3i.At the
B3LYP/6-31G** level, the optimized geometries of2c, 3c,and
3i are depicted in Figure 3. It can be seen that geometries2
and 3 were twisted trigonal bipyramid, in agreement with
predictions.26 The atoms in the five-membered ring were almost
coplanar. In apical-equatorial spanning arrangement3c, the
seven-membered ring was in a form like a boat. For diequatorial
spanning arrangement3i, the seven-membered ring was in a
form like a chair. These two types of arrangements were similar
to those from DMP-Asp.15 The main geometric parameters in
2c and 3c were quite different at the B3LYP/6-31G** level
(Figure 3). The bond length of P1-O3 and the distance between

the P1 and O6 atom in2c were 0.067 and 0.989 Å longer than
those in3c, making2c less crowded. The absolute NBO charges
of P1, C5, and O3 in2cwere 0.0271, 0.0129, and 0.0436 lower
than those in3c, respectively. These implied that3chad higher
activity. In addition, a hydrogen bond N2-H4‚‚‚O6 was formed
in 2c. It was also found that2ccontaining hydrogen bond N2-
H4‚‚‚O6 was about 13 kJ/mol less in energy than that with
hydrogen bond N2-H4‚‚‚O7 at the B3LYP/6-31G** level, due
to the stronger electron-donating ability of the carbonyl group.
Therefore, the side chain carbonyl group makes intermediates
2c more stable (Table 2). The intermediates2 containing five-
membered rings were more stable than3 with seven-membered
rings.

Comparing isomer3cwith 3i, the arrangements of the seven-
membered ring differed greatly. The P-O3 bond in the
anhydride P-O-CO moiety was reduced more than that in
P-O-R when changed from apical bond to equatorial bond,
so3i was more crowded than3c. The angle of N2-P1-O3 in
3i was 112.6°, which was lower than the standard angle oftbp
configuration. These implied that the strain in structure3i was
higher than that in3c. The NBO charges of P1 and C5 in3i
were 0.0038 and 0.0129 larger than that in3c, making3i more
active. Therefore, the energy difference between the two
arrangements was so large (40 kJ/mol) that intermediates3
should exist in apical-equatorial spanning. This was supported
by experiments and theoretical calculations.7,12b,25

Strain Energies of the Intermediates 2c, 3c, and 3i.To
understand the relative stabilities, the strain energies were
calculated from the homodesmotic reactions27 at the B3LYP/
6-31G** level. The calculated strain energies are listed in Table
3. The strain energy of the five-membered ring in2cwas found
to be the lowest and negative, similar to the results of the
pentagon stability for compounds containing phosphorus ring.28

The low strain energy may be attributed to the highp-character
of the hybrid orbital on the P atom for the P1-O3 bond or to
the resulting stabilization by the delocalization ofσ electrons
to and from the geminal P1-N2 bond due to theσ f σ* orbital
interaction29 in 2c. The geminal delocalization relaxes the ring
strain, leading to the relative stablity of the five-membered ring.

TABLE 1: Relative Energies (RE, kJ/mol) of
Penta-coordinate Phosphoric Intermediates at the HF/
6-31G** Levela

compounds RE compounds RE compounds RE

2a 69.55 3a 123.09 3g 164.39
2b 47.32 3b 117.20 3h 168.50
2c 47.09 3c 115.42 3i 154.42

a 2 and 3 stand for compounds containing five or seven-member
ring, respectively. Hydroxyl group is on the ring plane fora, g; at the
different side of the rest carboxylic group forb, h; at the same side for
c, i. The nomenclature is the same as ref 14.

Figure 3. Optimized structures of2c, 3c,and3i at the B3LYP/6-31G** level. The NBO atomic charges and the distances (in parentheses, Å) were
shown in the figures.

TABLE 2: Relative Energies (RE) of Key Intermediates and Transition States

RE
(kJ/mol) HF/6-31G** B3LYP/6-31G**

B3LYP/6-311+G** //
B3LYP/6-31G**a

energies in
n-BuOHb

energies in
waterb

energies in
waterc

2c 47.09 19.64 31.62 21.18 13.52 34.70
4 104.90 57.59 78.76 67.24 60.52 51.73
3c 115.42 86.20 99.02 86.15 77.68 97.50
5 158.84 120.93 136.38 119.89 111.29 104.61
3i 154.42 120.70 131.92 121.32 113.22 135.34
∆E(3cs2c) 68.33 66.56 67.40 64.97 64.16 62.8
a Single-point B3LYP/6-311+G**//B3LYP/6-31G** energies do not include solvent energies.b Energies were calculated by PCM model at the

B3LYP/6-31G** level. c Energies were calculated by Langevin dipoles model at the B3LYP/6-31G** level. ZPE had been considered for all the
energies at the B3LYP/6-31G** level.
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Although the B3LYP/6-31G** relative energies were lower
than the single-point B3LYP/6-311+G**//B3LYP/6-31G**
energies in Table 2, the energy differences were close to each
other. It implied that the energies at the B3LYP/6-31G** level
were good enough. Comparing HF results and B3LYP results
with 6-31G** basis sets, it was found that the relative energies
from the HF calculations were higher than those from the
B3LYP calculations, and the bond lengths at the HF/6-31G**
level were about 0.02∼0.04 Å lower than those at the B3LYP/
6-31G** level (Table 2). Since the effect of electron correction
was omitted within the Hartree-Fock theory, HF/6-31G**
levels were not good enough to produce accurate results.

Geometries of the Transition States.Isomers2cand3cwere
the most stable isomers of the corresponding intermediates and
were selected for searching for the corresponding transition
states. The transition states4 and 5 were fully optimized by
the STQN16 method at the HF/6-31G** and B3LYP/6-31G**
levels. Their geometries at the B3LYP/6-31G** level are shown
in Figure 4. In their frequency calculations,4 and5 each had
only one imaginary frequency at 337.92i and 168.89i cm-1,
respectively. The vibrational modes corresponding to the
imaginary vibrational frequencies of4 and 5 and the IRC
calculations showed that the optimized structures were true
transition states with one imaginary frequency corresponding
to the proton H9 transfer and the bond P1-O3 formation.
Therefore, the proton transfer and the bond formation of P1-
O3 were cooperative in the formation of the intermediates.

According to Figure 4, transition states4 or 5 both contained
a hydrogen-bond bridge structure O8-H9-O3. From the NBO
bond analysis, the O3 atom interacted with the unoccupied
orbital of the phosphorus atom and the antibonds of H9-O8.
Compared with reactant1, H9-O8 and P1-O3 bonds were
partially formed in transition states4 and5. The shorter distance
between O3 and P1, and the participation of the O6 atom made
the phosphorus atom in5 more crowded than in4. In addition,
the NBO absolute atomic charges of P1, O3 and H9 in5 were
0.0051, 0.0259, and 0.0125 larger than those in4, respectively.
These made transition state5 more active. As a result,4 was
more stable than5. A hydrogen bond N2-H4‚‚‚O6 was formed
in 4. For another transition state4′ (Figure 4) with a hydrogen

bond N2-H4‚‚‚O7, the energy was 21.70 kJ/mol higher than
that of 4. Comparing transition states4 and4′, the structures
differed greatly. The strong electron-donating ability of the
carbonyl oxygen atom O6 made the hydrogen bond in4 stronger
than4′, and the structure4 less crowded. In addition, the transi-
tion state from2b was also obtained because the energy differ-
ence between2b and 2c was small, with the energy 8.09 kJ/
mol higher than4. It also had a hydrogen bond N2-H4‚‚‚O6.
Therefore, the side chain greatly lowered the energies of transi-
tion states. It could explain whyN-phosphoryl amino acids con-
taining a polar side chain showed high activities experimen-
tally.14

Solvation Effect. The energy profiles of the cooperative
mechanisms are shown schematically in Figure 5. The energy
barrier of forming4 was 63.34 kJ mol-1 lower than that of5.
The peptide formation ofN-phosphoryl amino acids was carried
out in organic solvent experimentally.14 The solvent effects were
calculated by using the PCM model19 in n-butanol (ε ) 15.0)
and water (Table 2). For the reactions in path A and path B,
the solvent effect was different. It increased the energy barrier
in forming 2c, but decreased the energy barrier of forming3c.
For the reaction in aqueous solution, the Langevin dipoles (LD)
model had many advantages. In the LD model, the solvent was
approximated by polarizable dipoles and the charges were
obtained from the PCM continuum model. It30 takes into account
the polarization of the solute molecules by the solvent and the
corresponding energy contributions. As shown in Table 2, the
solvation energies were reasonable. The dipole moments of4
and5 were larger than1, and their relative energies in aqueous
solution were lower than in gas phase.

Summary and Conclusion

Theoretical calculations are useful to solve the biochemical
questions, such as the activity difference betweenR-COOH and
γ-COOH. Compared to the PCM model, the Langevin dipoles
model had many advantages for the reaction in aqueous reaction.
The calculations predicted that the formation of pentacoordinate
intermediates was cooperative and the side chain promoted the

Figure 4. Optimized structures of4, 4′, and5 at the B3LYP/6-31G** level. The NBO atomic charges and the distances (in parentheses, Å) were
shown in the figures.

TABLE 3: Strain Energies and Interbond Energies (kJ/mol)
in Ring

σ1
a bond hybrid interbond energiesb

molecule
strain

energies P1 O3 σ1‚σ2* σ2‚σ1* σ1* ‚σ2*

2c -52.49 sp3.58d 2.78 sp3.34 164.36 90.37 367.69
3c 31.06 sp3.40d 2.35 sp2.88 128.53 77.95 183.47
3i 59.67 sp3.44d 0.86 sp2.62 - - -

a σ1 and σ2 were referred as P1-N2, P1-O3 bond, respectively.
b - means less than 2.0 kJ/mol.

Figure 5. Energies (kJ/mol) profile for reactant, intermediates, and
transition states at the B3LYP/6-31G** level.
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formation by forming a hydrogen bond. They showed that
R-COOH activated the phosphoryl group intramolecularly by
forming a phosphoric-carboxylic mixed anhydride intermediate
containing a five-membered ring, whileγ-COOH group formed
the seven-membered analogue unfavorably. These results im-
plied that the formation of pentacoordinate phosphoric inter-
mediates followed path A and that the reaction could occur in
mild conditions, as was indeed observed in the experiments.
This is consistent with the fact that onlyR-COOH unprotected
phosphoryl amino acids could undergo the biomimic reactions.31

These results might be helpful to understand the selectivity in
the biomimic reactions of phosphoryl amino acids and to answer
the question as to why nature choseR-amino acids in the origin
of proteins.
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