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The -OH group is more active thap-OH in many processes, such as the catalysis of the active site in
enzymes and the NO rearrangement dfl-phosphoryl amino acids in negative-ion electrospray ionization

mass spectrometry. The pentacoordinate phosphoric intermediates are proposed and the rearrangement
mechanisms are studied by ab initio and density functional calculations. The formation of the intermediates
comprises a concerted route and two different stepwise pathways. The concerted route is more favored. The
cleavage of the PN bond is the rate-determining step and is favored by the proton transfer. For the
rearrangement of dimethoxyl phosphoryl serine anion and homoserine anion, the activation energies are 91.2
and 156.9 kJ/mol at the B3LYP/6-315(d,p) level, respectively. Therefore, tieOH group is predicted to

be more active tham-OH and the result is in good agreement with the experiments.

Serine is a conserved amino acid residue in the active sitesSCHEME 1. Proposed Reaction Pathways for Negative-
of various enzymes.In many biological processes, the side- lon ESI-MS/MS Rearrangement of N-Phosphoryl Serine
chain 8-OH group of serine plays key role in the catalytic (1a) and Homoserine (1b)

activity. For example, many biological processes are regulated o 9 LOzH
by the phosphorylation and dephosphorylation of the serine ;.o },NHCH €0 PathA lel/\ B MeO-E—o-
B-OH group in the proteindIn most enzyme catalytic mech- bMe — >p_o — Me
anisms, high-coordinate phosphoric intermediates were usually CH20H MeO™ |

. . . ap OMe m/z 125
proposed as key stepd-phosphoryl amino acids and peptides 2 4
were chemically active species that characterized the biomimic $OH
reactivities}® and it was proposed thad-phosphoryl amino ﬁ i pamB HN/j a
acids were related to the phosphorylation/dephosphorylation of MeO-P-NHCH-C—-0"_ o~ \,L o1 x> MeO-P—0"
proteins—7 OMe H,CH,0H Me'o”| OMe

It is well known that electrospray ionization mass spectrom- b Y 3 OMe

etry (ESI-MS¥ has been widely used for the structure elucida-
tion in biological research. In the negative-ion ESI mass spectrathe amino acid residues during the phosphorylation/dephos-
of N-phosphoryl amino acids dX-phosphoryl dipeptide%.a phorylation of proteins.

characteristic rearrangement ion (MeR®(O)O™ was found. The

ease of the rearrangement depended on the position of the sid&odeling and Computational Details

chain hydroxyl group in amino acids or peptides. The rear- . .
rangement was found in the negative-ion ESI-MS spectra of l\_l-DlmethyI phosphoryl (DMP).-serine (4) and L-homo-
N-phosphoryl amino acids with a freOH, such as\-dimethyl serine Lb) are taken as the reactants, and the rearrangement
phosphoryl  (DMP) L-serine, and DMP-Thr, while those reaction pathways are shown in Scheme 1. The geometries were

containing a free’-OH, such as DMP-homoserine (HSer), did optimized at the HF/6-31G(d,p) and B3LYP/6-8E(d,p) levels,

not have the rearrangement (Scheme 1). The arrangement Wagespectivel;}.OThe transition states were found with synchronous

postulated by the participation 6fOH, not byy-OH. Moreover, transn-guujed quasi-Newton (.STQN) methééli;lnt.rmsm reac-
MNDO calculation§ showed that the relative energy of pen- tion coordinate (IF\_’C) calculations o_f_the transition states were
tacoordinate phosphoric intermedidevas about 40 kd/mol performed to confl_rm that the tran_smon stat(_as were located on
lower than that of3. However, the semiempirical MNDO the real saddle points of the reaction potential energy surfaces.
calculations do not give the overall reaction pathways and Natural bond orbital (NBO) analysand frequency calcula-

disinguish the aciiy diference betweghOR and-OH {975 were perforned for cech obimied swvture Zeropont
quantitatively. To study the reaction mechanism and the effect ;/c;r th(le eneraies atl the B3LYP/6-35(d Ielvel The relatilve
of the side chain hydroxyl group on the rearrangement precisely 9 (dp) ;

further calculations are needed. It might be useful to understand©"€9'€s (RE) rgfer o the energies relative to the corresponding
phosphoryl amino acid anion.

the intrinsic relationships between the phosphoryl groups and Al quantum chemical calculations were carried out with
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Figure 1. DMP—Ser (La) and DMP-HSer (Lb) anions optimized at
the B3LYP/6-31%#G(d,p) level. The NBO atomic charges and the

distances (in parentheses, A) were shown in the figures. Figure 2. Geometrie2b, 3¢ and3gat the B3LYP/6-3%G(d,p) level

(supra note).

;ﬁ‘gslﬁ]g;icﬁﬁ{gtr'r\;%(ﬁgggéﬁh? m:/l:ggaa(g?doglrlizt\?a isomers with P-N bond in the equatorial positions and differ

greatly from the neutral intermediatésMeanwhile, isomeBg
is the most stable among intermedia8w®ith six-membered

isomef RE (kJ/mol) isomer RE (kJ/mol) isomer RE (kJ/mol)

2a 138.3 3a 210.2 3g 190.0 ring in diequatorial spanning arrangement. For each kind of
gg l;i-g gg i??-g g.h ggg-g isomers, the most stable structures are those in which the oxygen
2d 1670 3d 2281 ) anion and the carboxylic group are at the same side of the ring
2e 1075 3e 118.0 due to low bulkiness of the oxygen anion. In addition, the
of 106.1 3f 185.9 hydrogen bonds between the oxygen anion and the carboxylic

a2 and3 stand for intermediates containing five or six-member rings, grOL;]p Can. makg the isom.ers(;]bore Stat:jle' h /
respectively. Hydroxyl group is on the ring plane fard, g; at the The optimized geometries @b, 3¢ and3g at the B3LYP

same side of the rest carboxylic group for the planetfoe, h; at the 6-314+G(d,p) level are depicted in Figure 2. Comparing isomers
different side forc, f, i. Structures2d, 2e 3d, 3h and3i are unstable 3e and 3g, no intramolecular hydrogen bond is found 3g,
during optimization, the energies correspond to the structures in which while a strong seven-membered intramolecular hydrogen bond

the angle of two apical bonds is fixed at £70 04:+-HB6—07 exists in geometrge (Figure 2). Moreover, for
) ) the larger strain with its ring at the equatorial position and the
Results and Discussions ring angle of N2-P1-05 (106.8) compared to the standard

DMP—Ser (La) and DMP-HSer (Lb), constructed according angle (12Q) of trigpnal bipyramida}l configuration, the free
to the crystal structure oN-diisopropylphosphoryl (DIPP) ~ €nerdy of isomeBgis 85.7 kJ/mol higher thaBle The energy
alaninel4 are optimized at the B3LYP/6-31G(d,p) level with difference is so large that intermediatgéshould exist in the
geometries shown in Figure 1. The dihedral angles of P2 apical-equatorial arrangement. The results are consistent with
N2—H5 in Laand1b are in agreement with the crystal geometry (e similar structures discussed in refs 15 and 16. Comparing
of DIPP—Ala. Two hydrogen bonds betweercarboxylic anion ~~ 9eometries2b and 3g, the relative free energy dib is 48.8
and imide group or hydroxyl group are found, respectively. The kJ/mol lower than that o8e The main parameters are quite
additional CH group in1b makes the side chaip-OH more different for the different type of ring. The longer PIN2 bond

flexible and the formation of hydrogen bonds easier. In Figure Makes the atoms around the phosphorus aton3emore
1, the intramolecular hydrogen bond ©86+:07 in 1b is in crowded than those iPb. Meanwhile, the absolute NBO charges

a seven-membered ring, while it is in a six-membered ring in ©f P1 and N2 atoms ige are 0.0229 and 0.0202 larger than

1a. Moreover, the shorter distance between O7 and H6 atomsthose in2b, respectively. It means thaeis more reactive than

and the larger angle G3H6++-O7 make the hydrogen bond ©3  2b- Therefore intermediateZ containing five-membered rings
H6---O7 in 1b stronger than that ida should be more stable than intermediaggontaining six-

membered rings.
Formation of Pentacoordinate Phosphoric Intermediates.
To form pentacoordinate phosphoric intermedicemnd 3, it

From the experimentsthe rearrangement was postulated by
the formation of the pentacoordinate phosphoric intermediates

2 and 3 (Scheme 1). Here, quantum chemical calculations are '* ) . .
carried out to analyze the overall reaction mechanism and to Might comprise a concerted pathway and two different stepwise

compare the activity of thg-OH group inla with y-OH in routes (Scheme 2). In the concerted route, thg traqsferof proton
1b. H6 from the hydroxyl group to the carboxylic anion and the
formation of bond P£03 are cooperative in formation of the
intermediates. However, the stepwise pathways consist of two
steps, proton H6 transfer and bond-R23 formation (Figure

3 and Figure 4).

Pentacoordinate Phosphoric Intermediates 2 and 3en-
tacoordinate phosphoric intermediafom the 3-OH of 1a
contain a five-membered ring, while intermediag&fom the
y-OH of 1b contain a six-membered ring (Scheme 1). The
pentacoordinate phosphoric intermedia?esnd 3 should take
trigonal bipyramidal configuration according to ref 15. So there
are six positional isomer2§—2f) for intermediate2, while
for intermediate8, there are totally nine positional isome8si{-
3i), since the arrangement of six-membered ring might exist as
apical-equatorial spanning34—3f) or diequatorial spanning 5
.(39_3I)'1.5 To find \.NhICh 1S most Stable_ln_ each Kind of Figure 3. Geometries of the intermediaeand transition state®and
intermediates, the fifteen isomers are optimized at the HF/6- g 5t the B3LYP/6-33-G(d,p) level.
31G(d,p) level and their relative energies are listed in Table 1.

According to Table 1, the isome2b and3eare the most stable For the stepwise pathway A, optimized geometrie$,dd,
among intermediate and 3, respectively. IsomeBb, most and9 at the B3LYP/6-3%+G(d,p) level are depicted in Figure
stable among isomers with the-R bond in the equatorial 3. The transition stat8 contains a seven-membered hydrogen-
position, is 8.4 kJ/mol higher tha®e Therefore, the pentaco- bond-bridge O4H6---O3 structure. Transition sta&is stable
ordinate phosphoric intermediate anions do not prefer the by the hydrogen bond N2H5---O7. For the transition stat®
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SCHEME 2. Concerted and Stepwise Pathways Involved i

Chen et al.
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the hydrogen H6 is partially transferred to the O7 atom. From 6-31+G(d,p) level are depicted in Figure 4. The transition state

Figure 5, the formation of the intermediate is the rate-

Figure 4. Geometries of the aniofi and transition statd0 at the
B3LYP/6-314G(d,p) level.

10is corresponding to the transition state of the bone-©3
formation. In the intermediat®, the hydrogen bond N2
H5---03 is found. Moreover, the structuewith a hydrogen
bond O7H6---0O3 would be converted tba during optimiza-
tion. In the proton-transfer process, no transition state is found.
Nevertheless, the overall activation energy of the stepwise
pathway B is not less than 150.8 kJ/mol at the B3LYP/
6-31+G(d,p) level.

With relative energy value of 82.9 kJ/mol at the B3LYP/
6-31+G(d,p) level,7 is the transition state of the concerted
process. Comparing the transition states in the three processes,
the NBO charges of the phosphorus ator8 Bnd10 are higher
than that in7, making the transition state® and 10 more

determining step in the stepwise pathway A. Therefore, the reactive. In addition, the bond PD3 formation is considered

overall activation energy of the stepwise pathway A is 125.

Concerted mechanism

NH,
4 +Ro<‘6)

53

== = Stepwise mechansim A

Stepwies mechansim B

9.6

4 + co,
+ NH,CH=CH,

14)
-61.9

Figure 5. Energies (kJ/mol) profile for the mechanisms at the B3LYP.
6-31+G(d,p) level.

kJ/mol at the B3LYP/6-31G(d,p) level. For the stepwise
pathway B, the optimized geometrieséand10 at the B3LYP/

6 as the rate-determining step in both stepwise processes. The
proton transfer in the concerted process (Figure 6) makes the

-1.0182

. N2
odne:

Figure 6. Transition state§ and11 and geometryl2 at the B3LYP/
6-31+G(d,p) level.

formation of the bond P103 easier. Therefore, the concerted
pathway is more favored over the two stepwise processes (Table
2 and Figure 5). The three pathways involved in the formation
of geometry3eare similar. So the formation of intermediats
and 3 should undergo the concerted pathway, and the proton
transfer and the P103 bond formation are cooperative.
Fragmentation of Pentacoordinate Phosphoric Intermedi-

, ates.To produce the rearrangement prodéiche P1-N2 bond
in the intermediate&b should be cleaved. Geomettp is the
product corresponding to the cleavage of the-R2 bond and
11 is the corresponding transition state (Figure 6), while the
transition state directly fronia to 12, with a higher relative
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SCHEME 3. Three Possible Fragmentation Pathways Involved in Forming 4 from 12
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TABLE 2: Relative Energy of Key Intermediates and (16) is not favored kinetically. Therefore, the products of the
Transition States rearrangement are predicted toh€0,, and14, thermodynam-
RE HF/ B3LYP/ single-point ically and kinetically. It is similar to the mechanism for the
(kdJ/mol)  6-31G(d,p) 6-314+G(d,p) AH* AG®  energy loss of C-terminal residue from protonated peptides in MAEDI
2b 73.8 57.2 52.3 63.7 63.4 oo
7 102.6 82.9 73.1 831 85.7

-1.1682
04

11 145.9 92.2 80.6 91.2 99.8 am\ 09;64

12 4.3 9.6 10.5 6.9 14.0

13 135.9 82.7 73.7 64.8 78.2 a ‘»"

15 108.7 88.7 82.8 81.6 92.4 ¢ ] _e

3e 118.0 98.5 93.3 1125 102.6 ’ ’.n_o497@0

39 190.0 183.7 182.1 198.2 183.4

18 143.2 115.8 1045 1193 1179 Figure 7. Transmon stateé3and15at the B3LYP/6-3%-G(d,p) level.

19 199.0 150.4 139.5 156.9 155.7

AE(3e-2b) 442 41.3 41.0 4838 39.2 PSD-MS and ES+CAD—MS/MS 17 The fragmentation path-
aAH and AG were calculated at the B3LYP/6-315(d,p) level way of 3eis similar.

(considering ZPE and thermal correctioP)he single-point energy Difference between the Rearrangement of Phosphoryl

was calculated at the B3LYP/6-3+5G(d,p)//B3LYP/6-31-G(d,p) level Serine and Homoserine.The transition stated8 and 19,
(not considering any correction). corresponding to the formation and the cleavage of theN?ZL
energy value of 226.0 kJ/mol at the B3LYP/6-3&(d,p) level, bond of3e, are shown in Figure 8 at the B3LYP/6-8G(d,p)
is not favored. Figure 5 shows that the cleavage of the ¢
bond is the rate-determining step. For the transition state
proton H6 is partially transferred from O7 atom to N2 atom
and it promotes the cleavage of the-™N2 bond. The cleavage
of the PE-N2 bond in3eis similar.

There are three possible products frbB(Scheme 3). Except N
for 4, the other products might be carbon dioxide and vinylamine 5)
(14), four-membered ring product ), or three-membered ring ' 5 0.5207
product (7). Because the neutral compounds cannot be detected 18 g 19
by mass spectrometry, it is necessary to compare the threerigyre g. Transition state¢8and19at the B3LYP/6-3%-G(d,p) level.
pathways. In Table 2 and Figure 5, the relative energy of the
three-membered ring produt? is 43.4 kJ/mol higher thah6 level. In the frequency calculationg, 11, 13, 15, 18, and19
at the B3LYP/6-3%+G(d,p) level and the relative energy of each have only one imaginary frequency at 158.46i, 998.07i,
forming the three-membered ring produt?) is 191.0 kJ/mol 294.94i, 472.07i, 353.33i, and 862.72i chrespectively. The
higher thanll at the HF/6-31G(d,p) level. Therefore, it is vibrational modes corresponding to the imaginary vibrational
impossible to get the three-membered ring proddd).(The frequencies and the IRC calculations show that the optimized
chain product (C@ and 14) is more stable than the four-  structures are the corresponding transition states.
membered ring producl ). To avoid the basis set superposition According to Figure 6 and Figure 8, the corresponding
error, the energy of the productég and4; 4, CO,, and 14) transition states of2b and 3e differ greatly in geometric
are calculated as a complex, and the result is shown in Figureparameters. The distance between N2 and H6 atorliis
5. From Figure 5, the chain produdt, (CO,, and14) is also shorter than that inl9. From the NBO bond analysis, the
more stable than the ring produet &nd 16). Therefore, the occupancy of the bond GH6 in 11is less than that id9. So
chain product is more favored thermodynamicall@.and 15 the cleavage of the bond PN2 in 11 is easier tharl9. In
(Figure 7) are the corresponding transition states of the chainaddition, the NBO absolute atomic charges of P1 and NIX®in
product and four-membered ring product, respectivéBis are 0.0201 and 0.0116 larger than thoselin respectively.
more stable thad5 at the B3LYP/6-3%G(d,p) level (Table These make transition staf® more active. The interactions
2). So the process of producing four-membered ring product between the lone pair electron of N2 and antibond-®&® o*
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mild conditions. It can explain many experiments, such as the
rearrangement dll-phosphoryl amino acids with a frgehy-
droxyl group in the negative-ion ESI mass spectra and the
formation of pentacoordinate phosphoric compounds.
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