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Abstract O-Phospho-L-serine is one of the naturally occurring phosphorylated amino
acids, having important pharmacological activity and bioactivity. The protonation con-
stants of O-phospho-L-serine were determined by means of potentiometric titrations at
25 °C and ionic strength of 0.5 mol-L™! (NaCl). The heat effects of the protonation
reaction of the O-phospho-L-serine were measured by direct calorimetry. NMR spec-
troscopy has demonstrated that the first protonation site occurs at the nitrogen atom in the
amino group, followed by one of the oxygen atoms in the phosphono group, and finally the
carboxyl oxygen atom. This trend is in good agreement with the enthalpy of protonation
and quantum chemical calculations. These data will help to predict the speciation of
O-phospho-L-serine in physiological systems.
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1 Introduction

One of the most important processes of protein modification and signal transmission in
cells is phosphorylation. It is estimated that about 30% of proteins encoded by the human
genome contain covalently bound phosphate [1, 2]. Reversible protein phosphorylation,
principally on serine, threonine and tyrosine residues, is one of the most important and
best-studied post-translational modifications. Phosphoserine is a component of many
proteins as the result of post-translational modifications. The phosphorylation of the
alcohol functional group in serine to produce phosphoserine is catalyzed by various types
of kinases. Through the use of technologies that utilize an expanded genetic code, phos-
phoserine can also be incorporated into proteins during translation [3]. The structural
characterization of phosphoserine is a subject of considerable interest due to its importance
in physiological systems.

Phosphoserine has three potential coordination sites (carboxyl, amine and phosphate
group) to coordinate in various fashions under different reaction conditions [4-6]. Deter-
mination of the mode of coordination between ligand and metal ions occurring in an
organism is a first step in explaining the function of phosphoserine in bioinorganic pro-
cesses. Complex formation of phosphoserine with metal ions depends on the pH of the
reaction medium, i.e. the degree of protonation. Protonation reactions are very important
for biologically active molecules because of their ability to switch the molecule from
proton-acceptor to proton-donor with only small changes in the pH environment. Proto-
nation of phosphoserine may play a crucial role in enzymatic chemistry. Knowledge of the
thermodynamics of the protonation of phosphoserine possibly offers insight into under-
standing how phosphorproteins can be regulated in physiological systems.

To study the mechanisms of biochemical reactions, it is necessary to know as accurately
as possible the speciation. In order to have a complete picture of the speciation of phos-
phoserine, investigations of its protonation reactions have been performed by a few authors
[7-12]. However, thermodynamic parameters other than stability constants, e.g., enthalpy
of complex formation, are rarely available. As a result, it is difficult to predict the chemical
behavior in solution. Our group is especially interested in thermodynamic studies because
of their importance in providing fundamental information on the nature (e.g., ionic bonding
versus covalence bonding, outer sphere versus inner sphere), energetics (e.g., Gibbs
energy, enthalpy, entropy and heat capacity), structures and stabilities of complexes, and
this paper presents a thermodynamic study on the protonation reaction of O-phospho-L-
serine.

2 Experimental
2.1 Chemicals

All chemicals were reagent grade or higher. Milli-Q water was used for all analytical work
described in this paper. O-Phospho-L-serine was purchased from Sigma—Aldrich. The
purity was assumed to be 100% and checked by alkalimetric titration. NaCl (> 98%,
Aladdin) was chosen as the background electrolyte. A stock solution of O-phospho-L-
serine (H3;L) was prepared by dissolving the desired amount of solid in a solution con-
taining 0.5 mol-L ™' NaCl. The Milli-Q water was boiled in quartz glassware to remove
dissolved CO, to prepare the NaOH solution. Working solutions of NaOH and HCl con-
taining NaCl were standardized by titration with potassium hydrogen phthalate (primary
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standard, Alfa Aesar) and Trizma base (crystalline, Sigma), respectively. The carbonate
content of the NaOH solution was confirmed to be < 1% using a Gran’s plot [13, 14]. The
ionic strength of all working solution was maintained at 0.5 mol-L™" (NaCl). Deuterium
oxide (99.8% D, J&K) was used to prepare the NMR sample solution.

2.2 Potentiometry

The instrument setup involved a potentiometric titrator (888 Titrando, Metrohm) equipped
with a combination pH electrode (Orion™ 8102BN ROSS™). A circulating water-jack-
eted titration cell (100 mL) was used to maintain a constant temperature at 25.0 £ 0.1 °C.
Solutions for experiments were protected by argon throughout the titration to avoid the
contamination by carbon dioxide. Titrations of HCI with NaOH solution to obtain the
electrode parameters, which allowed the calculation of hydrogen ion concentrations from
the electrode potential in the subsequent titration conducted at the same temperature and
ionic strength (Gran’s method) [13, 14]. To minimize systematic errors and to check the
repeatability of the measurements, multiple titrations were conducted with solutions
containing different concentration of the ligand (Cp as total ligand concentration) and
acidity (Cy for total hydrogen ion). Usually, about 50 points were collected for each
titration. The protonation constants (log;off) were resolved by the nonlinear regression
program (Hyperquad 2013) [15]. The 95% probability value is given in the program
output.

2.3 Microcalorimetry

Microcalorimetric titrations at 25.0 & 0.1 °C were performed on an isothermal titration
microcalorimeter (ITC, TAM-III, TA Instruments) equipped with a nanocalorimeter and an
automated titration syringe (Hamilton, 250 pL) to obtain the reaction enthalpy values for
the protonation of O-phospho-L-serine in 0.5 mol-L™' NaCl as described previously
[16, 17]. Both chemical and electrical calibrations were performed to validate the per-
formance of the instrument. The cell contained 750 pL  O-phospho-L-serine
(~ 5 pmol-L™") stirred by a gold propeller maintained at 80 rpm. The syringe contained
250 pL NaOH (~ 50 mmol-L™") titrant, which was delivered in 5 puL aliquots with a delay
of 15 min between injections. The system was allowed to equilibrate before starting the
titration experiments until a very stable baseline signal was obtained. Multiple titrations
using different ligand concentrations were performed to reduce the uncertainty of the
results. The dilution heat (Qg4;) was then measured by titrating 750 pL of 0.5 mol-L~!
NaCl solution with the NaOH in the absence of O-phospho-L-serine. Therefore, the heat
involved in deprotonation reaction of O-phospho-L-serine (Qcorr) 18 Qcorr = Omeas — Quil-
The observed reaction heat is a function of a number of parameters, including the con-
centrations of reactants, the protonation constants (log;of3) and the enthalpy of protonation
of the ligand (AH). Using the stoichiometric concentrations of the reactants and the pro-
tonation constants measured by potentiometry in this work, the enthalpies of protonation of
O-phospho-L-serine at 25 °C were calculated from the ITC data by means of the computer
program HypDeltaH [18].
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2.4 NMR Spectroscopy

NMR experiments were performed on a 400 MHz Bruker Avance spectrometer.
O-Phospho-L-serine was dissolved in D,0. NaOH in D,0 was used to adjust the dominant
speciation of the molecule in solution based on the protonation constants in aqueous
solution. The sample was transferred to a standard NMR capillary and measured at room
temperature. 'H and '*C NMR spectra were measured with DSS (sodium salt of 4,4-
dimethyl-4-silapentane-1-sulfonic acid) as an internal standard. *'P NMR spectra were
recorded with 85% H3;PO, as an external standard.

2.5 Quantum Chemical Calculations

The electron correlation effects were considered by employing density functional theory
(DFT) methods at the ®B97X-D level of theory that included long-range corrections and
empirical dispersion corrections [19-21]. Dunning’s AUG-cc-pVDZ basis set was used to
describe the C, H, O, N and P atoms. All of species were optimized in aqueous medium
while using the Truhlar and coworkers’ SMD solvation model [22, 23]. The default fine
grid (75, 302), having 75 radial shells and 302 angular points per shell, was used to
evaluate the numerical integration accuracy. The natural atomic charges and Wiberg bond
indices (WBIs) were calculated on the basis of natural bond orbital (NBO) theory [24-27].
The WBIs is a measure of the bond order and, hence, of the bond strength between these
two atoms [28]. All calculations were carried out using the Gaussian 09 program [29].

3 Results and Discussion
3.1 Protonation Constants of O-Phospho-L-serine

Representative potentiometric titrations of O-phospho-L-serine at 25 °C and the fitting
curves are shown in Fig. 1. There are three successive protonation reactions in the pH
range of this study. The fourth protonation reaction, on the second oxygen atom of the
phosphonate group, occurs outside the pH range of the potentiometry, so it is not con-
sidered here. The speciation occurring during the course of the titration experiment is
superimposed on these plots. The protonation constants (log;of}) of the molecule were
calculated and are shown in Table 1. They are comparable to the constants reported in the

Fig. 1 Potentiometric titrations 100 T T T T
of the protonation of O-phospho-
L-serine at 25 °C.

I = 0.5 mol-L™" NaCl. Initial
solution: V° = 22.31 mL,

ny3- = 0.142 mmol,

ny+ = 0.426 mmol; titrant:
48.35 mmol-L ™' NaOH (H;L
denotes the neutral O-phospho-L-
serine in solution)

0.0 15 3.0 45 6.0 75
Titre (mL)
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Table 1 Thermodynamic parameters for the protonation of O-phospho-L-serine

Reaction logiof AG AH AS Solution
kJ-mol ™! kJ-mol ™ J-mol™'K™!
HY + L% 9.69 £0.01  —5503+006 —3874+04 55+2 0.1 mol-.L™" KNO;
= HL*~ [8]*
9.64 + 0.01 0.5 mol-L ™! NaCl, this
work?
9.85 + 0.01 0.1 mol-L™" KNO;
o1
9.69 + 0.04 0.15 mol-L~! KCl1
(1o
9.74 0.15 mol-L~" KCI
(g®
9.72 + 0.01 0.2 mol-.L™' KNO;
(7°
9.70 + 0.03 0.2 mol-L™" KCI [4]°
10.03 + 0.01 0.1 mol-L™! KNO4
[61°
9.90 + 0.05 0.1 mol-L™" (CH,),NI
[51°
2H* + L = 1537+£001 —8649+006 —388+05 160+2 0.1 mol-.L™' KNO;
H,L~ [8]*
15.15 + 0.01 0.5 mol-L™" NaCl, this
work®
15.63 + 0.01 0.1 mol-L™! KNOs
1
15.36 £ 0.04 0.15 mol-L~! KClI
[1or°
15.38 0.15 mol-L™! KClI
[
15.34 + 0.01 0.2 mol-L™! KNOs
7°
15.38 & 0.01 0.2 mol-L™! KCI [4]°
16.07 £ 0.02 0.1 mol-L™" KNO;
[61°
15.7 £ 0.07 0.1 mol-L™!
(CsH7)4NI [5]°
3HY + L = 1747 +£002 —9870+£006 —400+20 197+7 0.1 mol-.L™! KNOs
HiL [81*
17.29 + 0.01 0.5 mol-L ™" NaCl, this
work®
17.81 £ 0.01 0.1 mol-L™" KNO;
o
17.43 + 0.04 0.15 mol-L~! KCl1
[1or°
17.46 0.15 mol-L~! KClI
(1
17.45 £ 0.01 0.2 mol-L™" KNO;
[(7°
17.53 £ 0.3 0.2 mol-L™! KCI [4]°
18.70 + 0.02 0.1 mol-L™! KNOs

[61°
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Table 1 continued

Reaction log o AG AH AS Solution
kJ-mol ™! kJ-mol ™! J-mol "K™!
H*+O0H = 137 —56.5 0.5 mol-L ™" NaCl
H.0 301
330 °C
25 °C
€20 °C

The uncertainties of the values from the present work represent the 95% probability values

literature. As shown in Table 1, all three protonation constants decrease with increasing
temperature at ionic strength of 0.1 mol-L™". This trend is in good agreement with the
enthalpy of protonation directly determined by calorimetry. At 25 °C, from the results
obtained, it seems that ionic strength is also an important factor in the apparent equilibrium
constant.

3.2 NMR Spectroscopy

"H and *'P NMR spectra of four O-phospho-L-serine solutions (solutions A, B, C, and D)
were collected to help identify the protonation sites (Figs. 2 and 3). Values of acidity
(—log[H" + D], calculated by the Hyss2009 program based on stoichiometric concen-
trations of the reactants [31]) of the solutions are 11.495, 7.882, 3.710, and 1.411, for
solutions A, B, C, and D, respectively. The dominant species of O-phospho-L-serine in
these solutions were calculated to be: solution A: L>~ (98.7%), solution B: HL>~ (97.9%),
solution C: H,L.™ (96.2%), and solution D: HsL (82.2%). Therefore, the variations in the
NMR spectra from solution A to D can be discussed as reflecting the stepwise protonation
reaction of O-phospho-L-serine.

Before analyzing the "H NMR spectra, the peaks in the spectra need to be assigned. The
assignments of peaks in the "H NMR spectra were accomplished with help from the 2D
3C-"H HSQC data. Usually, the largest chemical shift of "H NMR spectra occurs closest

Fig. 2 "H NMR spectra of four A
O-phospho-L-serine solutions. L* c c b
The acidities
(—logo[D* 4+ H™]) of the B
solutions are (A) 11.495, 2y 2
(B) 7.882. (C) 3.710, and HLE(OLY) A T
(D) 1.411, respectively. The
dominant species in these C
solutions were calculated to be: H,L(D,L) c b
solution (A): L3 (98.7%), z z 0 0
solution (B): HL*~ (97.9%), m\_ l a
solution (C): H,L™ (96.2%), and D chb P C b -
solution (D): H;L (82.2%) H,L(D,L) oo o
: NH,»
T T T T T M T
4.5 4.2 3.9 3.6
'H NMR (ppm)
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Fig. 3 pH dependence of the *'P A
NMR phosphorus shift. The .
acidities (—log;o[D" 4+ H™]) of L

the solutions are (A) 11.495,
(B) 7.882, (C) 3.710, and B
(D) 1.411, respectively. The HL*(DL*)
dominant species in these
solutions were calculated to be: 1 ©

solution (A): L*~ (98.7%),
solution (B): HL*~ (97.9%),
solution (C): HoL.™ (96.2%), and
solution (D): HsL (82.2%) l D

H,L(D,L)

5 4 3 2 1 0 4 2
*P NMR (ppm)

to the site of protonation. As shown in Fig. 2, in going from solution A to B, the dominant
species changes from L3>~ to HL>™, representing the first protonation step (H™ + L~ =
HL?"). The largest chemical shift occurring on the hydrogen atoms b suggests that the first
protonation occurs on the amine nitrogen atom.

3P NMR spectroscopy is a method well suited for the analysis of phosphorus-con-
taining ligands because the *'P chemical shift is very sensitive to the phosphate’s state
[32-34]. Prontonation of the phosphonate oxygen atom will alter electronegativity of the
phosphorus atom and O—P—O bond angle [35, 36]. Then, a significant *'P chemical shift
will be observed. As shown in Fig. 3, in going from solution B to C, the dominant species
changes from HL*™ to H,L™, representing the second protonation step (H + HL>™ =
H,L ™). The largest *'P NMR chemical shift suggests the second protonation occurs on the
phosphonate oxygen atom.

It is well known that H3L is in the zwitterionic form with one proton removed from the
phosphate group and an extra one located on the amino nitrogen [37—41]. Although, the
solid-state conformations may not exactly correspond to those in the aqueous environments
of biology, molecular modeling indicates the preference of biologically active structures.
By comparison of crystal structures as well as solution NMR studies, the successive
protonation sites of the totally deprotonated molecule should be written as in Scheme 1.
This trend is in agreement with the results from solid-state NMR spectroscopy and Raman
spectroscopy in the literature on the subject [35, 42].

HO HO o o)
O—P—0 o—P=—0 oO—P—0 oO—P—0
o) o)
OH OH OH
+ +
. H' . H . H
HsN HsN HsN H,N
o) o o o
HO 0

Scheme 1 O-phospho-L-serine in its different ionized forms
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3.3 Density Functional Theory (DFT) Calculations

In order to confirm that the first protonation reaction of fully deprotonated O-phospho-L-
serine starts with amine nitrogen atom rather than with one of the oxygen atoms in the
phosphono group, the structures of three possible sites (the phosphonate, the amine, and the
carboxyl) in aqueous medium were calculated by the DFT methods. The three optimized
structures are shown in Fig. 4. As shown in Fig. 4d, the order of the relative energies for
the three situations is H-L(N) < H-L(OP) < H-L(OC) which indicates that H-L(N) is the
most stable structure. In addition, as shown in Table 2, the magnitude of WBIs is also H-
L(N) > H-L(OP) > H-L(OC), which corresponds to the results of energy calculations.
These calculations show that the first protonation reaction occurs on the amine group.

3.4 Enthalpy of Protonation of O-Phospho-L-serine

Isothermal titration calorimetry (ITC) is a technique to measure the stoichiometry and
thermodynamics from binding experiments. Data of the calorimetric titrations for the

H
(a) i (b) ¥
f »
H
b H
b o

fj Yo d3

Y 35 ]

a‘ r

25
20
15
10
5 ¢

4 [}
R e

Relative energy (kJ mol™)

H H
H -9

I
E+-¢
Z
I
=
o
3
I
Iy
o
O

Fig. 4 The optimized structures of the stationary points for the various structures of the first protonation
(HL>) by DFT calculations: a H-L(amine), b H-L(phosphonate) and ¢ H-L(carboxyl). The H-L bond
lengths are shown in this figure. The relative energies for various HL?>~ are depicted in (d) which
corresponds to the three optimized structures in (a), (b) and (c), respectively
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Table 2 Wiberg bond indices (WBISs) of various H-L bonds obtained by DFT calculations

Species H-L(amine) H-L(phosphonate) H-L(carboxyl)

WBIs 0.658 0.607 0.567

“The first hydration shell and continuum solvation model for the remainder of the hydration shell were
explicitly included

protonation of O-phospho-L-serine are shown in Fig. 5. The enthalpies of protonation of
O-phospho-L-serine at 25 °C are also presented in Table 1. The cumulative enthalpies of
protonation measured by microcalorimetry at 25 °C are — 38.7 + 0.4 kJ-mol™" (for
H* + L7 = HL*), —388+05kImol”" (for 2H" +L°>° = H,L7), and
— 40.0 £ 2.0 kJ-mol™! (for 3H" + L™ = H;L), indicating that the cumulative three
protonation steps are exothermic.

The stepwise enthalpies of protonation are — 38.7 + 0.4 kJ-mol™" (for H" 4+ L*~ =
HL*7), 0.1 £ 0.6 kl'mol™" (for H* + HL*>~ = H,L"), and — 1.2 + 1 kJ-mol™" (for
H' + H,L~ = H;L). It should be noted that the exact values of the enthalpies of pro-
tonation reaction for the second and third steps are much smaller than for the first step. The
significant differences among the stepwise enthalpies for the protonation reaction suggests
different environments for the hydrogen bond to O-phospho-L-serine. In the zwitterionic
crystal form of O-phospho-L-serine, the N-H bond lengths (0.955, 0.833 and 0.794 A) in
the amino group (NH;%) are much longer than O—H bond lengths in the phosphono group
(0.766 A) and carboxyl group (0.690 A) [39]. This trend is in good agreement with the
enthalpy of protonation directly determined by calorimetry. These results further confirm

Fig. 5 Calorimetric titrations of (a) Titre(uL)
protonation of O-phospho-L-

serine at 25 °C, I = 0.5 mol-L™! 200
NaCl: a thermogram (solid line,
using bottom x-axis and left y-
axis) and stepwise heats (blue
solid cycle, using top x-axis and
right y-axis); b stepwise heat
(right y axis, blue solid cycle—
experimental Q, blue dashed
line—fitted Q) and speciation of 1 L
the O-phospho-L-serine (solid 0 e
line, left y axis) versus the titrant 7000 14000 21000 28000 35000 42000
volume. Initial solutions in the (b) Time (s)

cup: V=750 pL,

N = 4529 pmol, 100
niy = 13.587 pmol, titrant: 1
49.32 mmol-L ™" NaOH, 754
injection volume: 5.0 pL

50 100 150 200 250
T ¥ Y T ' T Y m 15

150

Power (LW)
Heat (mJ)

=

50

Species %

254

T T T v T L T & T
0 50 100 150 200 250
Titre (uL)
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that the first protonation reaction occurs on the amine groups while the second and third
protonation reactions occur on the oxygen atoms of the phosphonate group and carboxylate

group.

4 Summary

The protonation of O-phospho-L-serine was evaluated by potentiometry, calorimetry, NMR
spectroscopy and quantum chemical calculations. The overall protonation reactions are
exothermic. Stepwise, the protonation reaction of fully deprotonated O-phospho-L-serine
starts with the nitrogen atom of the amino group, followed by one of the oxygen atoms in
the phosphono group, and finally the carboxyl oxygen atom. The protonation reaction
occurring on the phosphono and carboxylate oxygen atoms are much smaller than on the
nitrogen atom. The energetics of the protonation can be well explained by the difference in
the nature of N-H and O-H bonds. The data from this work will help to understand
possible speciation of O-phospho-L-serine in physiological and ecotoxicological processes
in biochemical solutions.
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