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Reversible protein phosphorylation is involved in a multi-
tude of regulatory mechanisms for the control of intracellular
protein functionality.[1±4] Serine, threonine, tyrosine, and a
number of other amino acid residues can be modified by the
attachment of a phosphate group. The exact site of the
modification has to be determined to elucidate the physio-
logical impact of this event. This can be a very difficult task
since only a small fraction of a given protein may be
phosphorylated and phosphorylation may occur at multiple
sites, thus giving rise to various phosphorylated forms.
Although sensitive analytical methods are available for the
detection and quantification of phosphorylation sites,[5±9]

there is still a great need for further improvements, especially
in view of the fact that both O-phosphoserine and -threonine
cannot be unambiguously assigned by Edman sequencing.[10]

In recent years, tandem mass spectrometry (MSn) has
gained wide recognition as a powerful tool for peptide
sequencing and for the identification of modified amino acids
within the sequence tag.[11] This capability has encouraged the
exploration of a mass spectrometric methodology for gas-
phase discrimination of chiral analytes (AR and AS) through
the measurement of the stability[12±14] and the reactivity[12, 15] of
the diastereomeric complexes formed with a chiral reference
molecule (ref). The kinetic method proved particularly useful
for this task and was exploited by the research groups of
Cooks,[13, 14, 16] Tao,[13, 14] and others.[17] The method is based on
the collisionally induced dissociation (CID) of the diastereo-
meric cluster ions [M ´ (ref)2 ´ AR]� and [M ´ (ref)2 ´ AS]� (M�
H or metal; Figure 1). It is convenient to define the cluster
ions as ªhomoº when the analyte and reference have the same
configuration, and ªheteroº in the opposite case.

According to the foundations of the kinetic method used by
Cooks and co-workers,[13, 16] CID of [M ´ (ref)2 ´ AR]� and [M ´
(ref)2 ´ AS]� may produce different fragmentation patterns
that reflect the stability of [M ´ ref ´ AR]� (and [M ´ ref ´ AS]�)
relative to [M ´ (ref)2]� (DGR and DGS, respectively).
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Measurement of the ratio of the ªhomoº versus ªheteroº ion
abundance ratios provides the chiral selectivity Rchiral [Eq. (1)]

Rchiral �
Rhomo

Rhetero

� �M � ref �AS�� = �M � �ref�2��
�M � ref �AR�� = �M � �ref�2��

(1)

if the S enantiomer of the reference is employed, and R'chiral

[Eq. (2)] if the R enantiomer of the reference is employed. The

R'chiral �
R'homo

R'hetero

� �M � ref �AR�� = �M � �ref�2��
�M � ref �AS�� = �M � �ref�2��

(2)

relative stability of the ªhomoº versus the ªheteroº [M ´ ref ´
A]� cluster ion (DDG) is calculated from Equation (3), where
Teff is the effective temperature[18] and R is the gas constant.

lnRchiral �
DDG

R Teff

(3)

We describe here the application of the kinetic method
of Cooks and co-workers to the enantiodiscrimination of

O-phosphoserine (OPSer). The study is intend-
ed to demonstrate the sensitivity and the
reproducibility of the method and its potential
in quantifying the enantiomeric excess of OPSer
in biological specimens.

Singly charged trimeric clusters [M ´ (ref)2 ´
A]� (M�H, Na) were generated by electro-
spraying aqueous methanol solutions contain-
ing a pure enantiomer of OPSer and a chiral
reference compound, namely, (R)-(ÿ)- (ER),
(S)-(�)-(1-aminoethyl)phosphonic acid (ES),
or O-phospho-l-threonine (OPThrL)). The use

of these reference compounds with size and functionality
similar to those of the OPSer analyte is dictated by the
diserability to minimize entropy effects on [M ´ (ref)2 ´ A]�

fragmentation.[19] The CID of the selected trimeric cluster
ions [M ´ (ref)2 ´ A]� (M�H, Na) was carried out in a triple-
quadrupole mass spectrometer (QqQ). For comparitive
purposes, the CID spectra of both the homochiral [Na ´
(OPThrL)2 ´ OPSerL]� and the heterochiral [Na ´ (OPThrL)2 ´
OPSerD]� ions were further investigated with a Fourier-trans-
form ion cyclotron resonance (FT-ICR) mass spectrometer.

The lower part of Figure 2 shows the QqQ-CID spectra of
these latter species measured at a collision energy of 10 eV
(lab frame). The FT-ICR-SORI-CID spectra (SORI� sus-
tained off-resonance irradiation) of the same species are
illustrated in the upper part of Figure 2. The closeness of the
calculated Rchiral factors (0.67 (QqQ) and 0.69 (FT-ICR))
points to the methodology having a negligible effect on the
enantiodiscrimination of the analyte. The Rchiral values show

Figure 1. Free-energy diagram for the dissociation of trimeric cluster ions.

Figure 2. Top: SORI-CID spectra of [Na ´ (OPThrL)2 ´ OPSerL]� (homo) and [Na ´ (OPThrL)2 ´ OPSerD]� (hetero), obtained by FT-ICR mass spectrometry (m/z :
606 ([Na ´ (OPThrL)2 ´ OPSer]� ), 421 ([Na ´ (OPThrL)2]� ), 407 (Na ´ OPThrL ´ OPSer]� )). Bottom: CID-MS2 spectra of [Na ´ (OPThrL)2 ´ OPSerL]� (homo) and
[Na ´ (OPThrL)2 ´ OPSerD]� (hetero), using a triple quadrupole (QqQ; collison energy 10 eV; lab frame).
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the homochiral [Na ´ OPThrL ´ OPSerL]� fragment has a lower
stability than the heterochiral [Na ´ OPThrL ´ OPSerD]� one.

The results obtained from the QqQ-CID experiments on
the homochiral [H ´ (ES)2 ´ OPSerL]� and the heterochiral [H ´
(ES)2 ´ OPSerD]� clusters as a function of the collision energy
(6 ± 10 eV (lab frame)) are summarized in Table 1. It should be
noted that while both the Rhomo and Rhetero terms from the CID
of [H ´ (ES)2 ´ OPSerL]� tend to decrease on increasing the
collision energy from 6 to 10 eV, their Rchiral�Rhomo/Rhetero

ratios are scattered around the average value of 0.84� 0.07.
A similar average value (0.87� 0.06) is obtained for the R'homo/
R'hetero ratios from the CID of [H ´ (ER)2 ´ OPSerL]� . The
remarkable reproducibility of the measurements is further
testified by the average Rhomo/R'hetero and R'homo/Rhetero ratios
(last two columns of Table 1), which are found to coincide
with the Rhomo/Rhetero and R'homo/R'hetero ratios within their
combined experimental uncertainties.

The QqQ-CID spectra of the trimeric complexes [Na ´
(ES)2 ´ OPSerL]� and [Na ´ (ES)2 ´ OPSerD]� display features which
prevent any quantitative evaluation of OPSerL versus OPSerD

discrimination. Indeed, the fragmentation patterns of both
diastereomers are characterized by the presence of a minor
signal corresponding to the loss of two ES molecules. Their
abundance increases from about 7 % (7 eV) to about 11 %
(12 eV) of the total ion current. Since it is not possible to
assign firmly the origin of this fragment to a given precursor,
either from [Na ´ ES ´ OPSer]� after the loss of a first ES mole-
cule or directly from [Na ´ (ES)2 ´ OPSer]� , the corresponding
Rchiral value could be affected by a systematic error. Such a
drawback is absent in the fragmentation of the homochiral
[Na ´ (OPSerL)2 ´ ES]� and the heterochiral [Na ´ (OPSerL)2 ´ ER]�

clusters. Their fragmentation patterns as a function of the
collision energy (7 ± 12 eV) are illustrated in Table 2. The
Rchiral�Rhomo/Rhetero terms from the CID of [Na ´ (OPSerL)2 ´ E]�

converge around the average value of 0.64� 0.14. A similar
average value (0.74� 0.04) is measured for the R'homo/
R'hetero ratios from the fragmentation patterns of the diaster-

eomeric [Na ´ (OPSerD)2 ´ ER]� and [Na ´ (OPSerD)2 ´ ES]� cluster
ions. Even in this case, the average Rhomo/R'hetero and R'homo/
Rhetero ratios (last two columns of Table 2) are found to
coincide with the relevant Rhomo/Rhetero and R'homo/R'hetero values
within their combined experimental uncertainties.

A similar approach has been used to quantify OPSer
enantiodiscrimination through the fragmentation spectra of
their trimeric clusters with O-phospho-l-threonine ([M ´
(OPThrL)2 ´ OPSer]� ; with M�H or Na). The relevant results,
combined with those from Tables 1 and 2, are summarized in
Table 3. These values provide a measure of the reliability and
the reproducibility of the MS2 approach. The chiral selectivity
factors can be further evaluated in terms of the underlying
thermochemistry by using Equation (3). The difference be-

tween the change in free energy DDG reflects the different
attractive electrostatic and repulsive steric interactions oper-
ating in the diastereomeric [M ´ ref ´ A]� clusters, whose
effective temperature Teff is estimated as approximately
950 K from previous studies on strictly related systems.[20]

The negative DDG values indicate that the heterochiral
complexes are more stable than the homochiral analogues.
Their stability difference is larger for the Na-bound com-
plexes than for the proton-bound ones.[21]

Although the chiral selectivity values of Table 3 are not
particularly large,[22] the accuracy and sensitivity of the MS2

approach can nevertheless be used for quantifying the optical

Table 1. Fragment-ion abundance ratios [H ´ ref ´ A]�/[H ´ (ref)2]� from CID of diastereomeric [H ´ (ref)2 ´ A]� complexes at various collision energies (lab
frame).

Collision
energy [eV]

ref A� OPSerL

Rhomo

A� OPSerD

Rhetero

Rchiral

(Rhomo/Rhetero)
ref A� OPSerD

R'homo

A� OPSerL

R'hetero

R'chiral

(R'homo/R'hetero�
R''chiral

(Rhomo/R'hetero�
R'''chiral

(R'homo/Rhetero)

6 ES 2.36 2.92 0.81 ER 2.21 2.45 0.90 0.96 0.76
7 ES 2.12 2.63 0.81 ER 2.17 2.35 0.92 0.90 0.83
8 ES 1.97 2.40 0.82 ER 1.70 2.06 0.82 0.96 0.71
9 ES 1.84 2.02 0.91 ER 1.69 2.08 0.81 0.88 0.84

10 ES 1.78 2.04 0.87 ER 1.76 1.91 0.92 0.93 0.86
Av: 0.84� 0.07 Av: 0.87� 0.06 Av: 0.93� 0.05 Av: 0.80� 0.09

Table 2. Fragment-ion abundance ratios [Na ´ ref ´ A]�/[Na ´ (ref)2]� from CID of diastereomeric [Na ´ (ref)2 ´ A]� complexes at various collision energies (lab
frame).

Collision
energy [eV]

ref A�ES

Rhomo

A�ER

Rhetero

Rchiral

(Rhomo/Rhetero)
ref A�ER

R'homo

A�ES

R'hetero

R'chiral

(R'homo/R'hetero�
R''chiral

(Rhomo/R'hetero�
R'''chiral

(R'homo/Rhetero)

7 OPSerL 0.17 0.34 0.50 OPSerD 0.20 0.30 0.67 0.57 0.59
8 OPSerL 0.19 0.28 0.68 OPSerD 0.21 0.26 0.81 0.73 0.75
9 OPSerL 0.23 0.40 0.57 OPSerD 0.27 0.36 0.75 0.64 0.67

10 OPSerL 0.19 0.28 0.68
11 OPSerL 0.21 0.32 0.65
12 OPSerL 0.23 0.31 0.74

Av: 0.64� 0.14 Av: 0.74� 0.07 Av: 0.65� 0.08 Av: 0.67� 0.08

Table 3. Degree of chiral recognition of O-phosphoserine.

M ref Chiral selectivity factor DDG (KJ molÿ1)

H ES Rchiral� 0.84� 0.07 ÿ 1.4� 0.7
H ER R'chiral� 0.87� 0.06 ÿ 1.1� 0.6
H OPThrL Rchiral� 0.88� 0.11 ÿ 1.0� 0.9
Na ES R''chiral� 0.65� 0.08 ÿ 3.4� 0.9
Na ER R'''chiral� 0.67� 0.08 ÿ 3.2� 0.9
Na OPThrL Rchiral� 0.75� 0.12 ÿ 2.3� 1.2
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purity of OPSer. A calibration curve can be derived from the
analysis of the QqQ-CID spectra of trimeric ([Na ´ (OPThrL)2 ´
OPSer]� complexes containing variable OPSerL versus OPSerD

proportions. The results show a linear relationship of ln([Na ´
OPThrL ´ OPSer]�/[Na ´ (OPThrL)2]�) versus the molar fraction of
the d enantiomer of OPSer (% OPSerD; Figure 3).

Figure 3. Calibration curve for the chiral analysis of O-phosphoserine.

The present study highlights several successful applications
of the kinetic method of Cooks and co-workers to the
enantiodiscrimination of chiral compounds. The studies
demonstrate that the kinetic method is sufficiently precise
and accurate to be potentially applicable for quantifying the
enantiomeric excess of O-phosphoserine in proteomic anal-
ysis. The ESI-MS2 procedure is fast and does not rely on any
manipulation of the sample. The chiral selectivity factors also
do not seem to depend upon the specific instrumentation used
(FT-ICR or QqQ). Given the extremely high resolution
normally attainable in FT-ICR experiments (full width at half
height (FWHH)> 50 000), the FT-ICR-SORI-CID procedure
appears particularly suitable for the routine analysis of chiral
O-phosphoserine and -threonine even in complex biological
matrices. Extension of this work to other phosphorylated
amino acids is in progress.

Experimental Section

ESI-MS2 experiments: The CID experiments were performed by using both
a commercial API 100/300 triple-quadrupole (QqQ) mass spectrometer
from Perkin Elmer Sciex Instruments and a commercial APEX 47e FT-
ICR mass spectrometer from Bruker Spectrospin. Both instruments were
equipped with an ESI source and a syringe pump. Operating conditions for
the ESI source: spray voltage: 3.8 KV, capillary temperature: 298 K, sheath
gas (N2) flow rate: 30 units (roughly 0.75 L minÿ1). The selected gas-phase
complexes were generated by electrospraying at a flow rate of 10 mL minÿ1

solutions of water/methanol (50/50) containing equimolar amounts (10 mm
each) of the optically pure O-phosphoserine and a chiral reference
compound, that is, (R)-(ÿ)-(1-aminoethyl)phosphonic acid, its S enan-
tiomer, or O-phospho-l-threonine. The CID experiments on the so-formed
diastereomeric complexes were conducted in the positive-ion mode.

QqQ-CID experiments: In the full-scan QqQ-MS2 mode, the diastereo-
meric cluster ions were isolated in the first mass-analyzing quadrupole Q,
excited in the second ªrf-onlyº quadrupole q by collision with N2 (pressure
around 10 mbar, energy range 6 ± 12 eV in the laboratory frame), and
eventually analyzed in the third quadrupole Q of the instrument.

FT-ICR-CID experiments: In the FT-ICR-MS2 mode, the same cluster ions
were injected from the external source of the instrument into the analyzer,
quenched by multiple collision with N2, admitted into the analyzer through

a pulsed valve assembly (the nominal peak pressure was approximately 5�
10ÿ6 mbar), and eventually isolated by broad-band ejection of the
unwanted fragments. SORI-CID experiments were carried out by accel-
erating the quenched ions with an activation frequency 0.25 kHz higher
than the cyclotron frequency of the ion, and by allowing them to collide for
2 s with the N2 present in the analyzer at a constant pressure of 2�
10ÿ8 mbar.
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