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The effects of deprotonation on th€ and®P chemical shielding tensors 0fO-phosphoserine are revealed

by using solid-state NMR spectroscopy and ab initio calculations. The characteristic changes in some principal
elements of thé3C and?!P chemical shift tensors have been detected during successive steps of deprotonation
of carboxyl, phosphate, and amide functional groups. The calculations carried out in a polarizable continuum
taking into account the effects of the surroundings have shown their ability to reproduce correctly the changes
of the principal values induced by deprotonation and to provide precious information, which is very difficult
to obtain experimentally, about the concurrent changes in the orientation of chemical shielding tensors in the
molecular frame. The experimentally observed subtle effects related to the deprotonation-induced modifications
of intermolecular contacts involving hydrogen bonding as well as the influence of counterionsé@ el

31p principal elements of the chemical shift tensors are also discussed.

Introduction (Scheme 1) ofL-phosphoserine, playing a crucial role in

A straightforward assignment and characterization of charges€nzymatic chemistry. The main aims of our work are to detect
and hydrogen bonding neighborhood for ionizable species such@d analyze the spectroscopic fingerprints from'figeand=P
as carboxyl, amino, phenolic, and imidazole groups found in chemical sh|ft tensors upon deprotonatlonLqﬁ_hosphoser|ne
proteins remains a challenging problem in the elucidation of a @nd to provide further support for our recent finditfgfof the
mechanism for proton transfer reactions in solids and membrane€Xceptional suitability of chemical shift tensor for a straight-
proteins including the bacteriorhodopsin photocycle and ATP fqrward determ!natlon of the ionization state following succes-
synthetase. An equally important issue when analyzing kinases>'V€ depro_tonatlons of different functlonal_ groups. We also W|_sh
and phosphatases at the molecular level or the activation of© @PPreciate the extent of concurrent influence of changing

biomolecules is whether a phosphate group is mono- or intermolecular contacts involving hydrogen bonding and coun-
dianionic. terions on the'*C and3!P principal elements of the chemical

Solid-state'3C and3P NMR determinations of the acid shift tensors.
base ratios of lyophilized compounds allow the accurate
measurements of theKpvalues of successive deprotonations,
without recourse to full titration curvésThe obvious advantage 1. Lyophilization. A sample ofL-O-phosphorylated serine
of solid-state over liquid-state NMR spectroscopy arises from (Sigma-Aldrich) was dissolved in bidistilled water, and the
a dramatic slowing down of inter- and intramolecular proton volume was adjusted to 10 mL (0.1 M solution). The pH value
exchanges on the NMR time scale and from an easy access tavas adjusted with NaOH at Z& using an Orion 901 pH meter
the principal values of chemical shift anisotropy (CSA) tensors, equipped with an Orion 91-03 electrode that was previously
which, by virtue of their nature, are much more sensitive to standardized with appropriate buffer solutions. Samples were
changes in the ionization state and hydrogen bonding interac-frozen in a 50 mL rotating flask immersed in liquid nitrogen to
tions than isotropic chemical shifts. Indeed, the chemical shift obtain a thin solid layer with a large surface area. The flask
tensor is known to be an extremely valuable source of was then detached from the rotating system and fitted to a
information about the local electronic environment of a nucleus lyophilizator for 6 h at—80 °C and 300 Pa.
and its local site symmetry. 2. Solid-State NMR Experiments. All experiments were

The experimentally obtained principal values of the chemical carried using a Bruker Avance-300 NMR spectrometer. A 4
shift anisotropy provide a sensitive test of modern molecular mm double resonance magic-angle-spinning (MAS) probe tuned
quantum mechanical calculations of chemical shielding. Some- to *C and3!P frequencies at 75.46 and 121.46 MHz, respec-
what surprisingly, the calculations of the chemical shielding tively, was used. The single-pulse or CP/MAS NMR spectra
tensors upon deprotonation have not been so far presented i{using the contact time between 1 and 3 ms) were recorded in
the literature. the presence of phase-inversion high-power proton decoupling.

In this work we reporf3C and3'P solid-state NMR and the ~ The number of scans was 400 and 64 for #€ and 3P,
density functional theory (DFT) studies of deprotonation respectively. Thé3C chemical shifts were measured indirectly

- — by reference to the carbonwgl-glycine line set at 176.5 ppm;

:ﬁg{{%ﬁ%?gg;ggl?ﬁﬁho“ E-mail: piotr.tekely@rmn.uhp-nancy.fr. the 3P chemical shifts were calibrated indirectly through bis-

* Chimie et Biochimie Theriques. (dineopentoxyphosphorothioyl) disulfide set at 84.0 ppm. The

8 Chimie-Physique. principal values of the chemical shift anisotropy tensors were
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SCHEME 1: Three Successive Steps of Deprotonation
and Corresponding lonic Forms of O-Phosphoserine
COOH/R-PO H/NH,’ COO/R-POH/NH,’ L
o pKagoon = 2.11 o]

o
HO>C—ICH—CH2—O—I|ILO‘ — _OEC_ICH_CH:_O_I'IJ_O-
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O (") ) pKanu3+ =9.79 Ox (") )
-0~ €~ §H-CH.—0—P-0 = _ C-CH-CH-0-P-0
NH, o NH; o
COO/R-PO,"/NH, COO/R-PO,”/NH,’ ~ l LH,

3. Computational Details.All calculations have been carried LH,

out with the quantum chemistry package Gaussiah™@8& DFT
method used is the hybrid functional 8Jor the electronic W W we W M 0 o ® W 0 W
guantum exchange and LYPfor the electronic correlation, Figure 1. Experimental (left) and best-fitting simulated (middle)
since it had been shown to produce reliable data at least for themanifolds of**C CSA spinning sidebands of the carboxyl group in
carbon atom. Shielding constant tensors were evaluated by usinglifferent ionic forms ofL-histidine. The spinning frequency was 2.0
the GIAO formalismi*d The convergence of the shielding _le.dTge _cc;]rrespondlng simulated static powder spectra are also
constant values and of the principal axis orientation with respect included (right)
to the basis set size was tested on model molecule£OH
and CHOPQH™ (see Supporting Information). The principal
axis orientation is little dependent on the level of theory used
since it mamly_ depe_nds_ on the local symmetry arou_nd th‘? been noted when going from the ionic to the protonated carboxyl
nucleus under investigation. However, the largest basis set is roup. More recently, Gu and McDermthave shown that
Hence allcalolatons nave boen perormed i the 694G 11 microcrystaline aimino acids, the principal valuss and

' . xhibi n protonation shi ite in sign, compensat-
(3d2f,3p2d) basis set. As the molecular geometry of lyophilized 022 exhibit upon protonation shifts opposite in sign, compensat

. o . ing in this manner their contributions to the isotropic chemical
systems is not known, traditional techniques used to model thesh%ft value P

condensed phase are not adapted to the present case. The . . .

simulation protocol giving the best agreement between the ter;rshoersef\f\?;t: glfsgy?éogftg db?gdt'gg I‘?{;gﬁgggﬂ'ﬁl ;Tlft

experimental and calculated variations of the principal values porte ) :
observed a strong correlation between #he values and the

of the shielding tensor was as follows. The experimental solid- length of hydrogen bonding. As expected from the deshielding
- + - .
state (X-ray) geometf§ of the COOH/NH™/PQH " form was effect of the deprotonation, for the protonated carboxyl groups,

considered with the positions of the hydrogen atoms optimized X Y

at the HF/6-31G** level of theory. As X-ray data of deproto- stronger hydrog(_an bonding leads to decreased shielding for the

nated forms oft-phosphoserine are not yet available, it is 022 element while the reverse occurs for the deprotonated

impossible for the time being to consider accurate shift carboxylates. In the presence of fast hydroggn transfer between

calculations taking into account the subtle effects due to the g,:]? r;ygrrr?gltlegnb?gc\jﬁ;jh ‘;ﬁgfgc”‘g;;fs g?gvz\/?r:c ;ﬁf’trfglzg}zr

presence of hydrogen bonds involving different functional y 9 : ’ 9

groups. Consequently, such intermolecular contacts were notat l.OW temperature Iea_ds to the increase of this angle upo 35

modeled. The position of Nacounterion was optimized at the which places,, approxmgtely "?'0”9 the-€0 l?or}d. Moreover,
some aspects of the relationship betw&hprincipal elements

same level of theory in the vicinity of the phosphate group. . - .
GIAO calculations were carried out on this system embedded .Of cher_mcal shift tensors an_d the strength Of. hydrqgen bonding
in peptides and enantiomeric or racemic amino acids have been

in a polarizable continuuphto take into account the effects of discussed in the literatufé-17

the surroundings. This ensures a systematically much better ) . .
agreement with experimental values and a proper sign of their To introduce gen.erall spectroscopic features of the successive
changes as compared with the case of isolated molecule. steps .Of deprotongthn in amino acids as revealed by the carboxyl

chemical shift principal values, experimental spectra for suc-
cessive ionic forms of-histidine have been recorded and
analyzed as shown in Figure 1.

1. General Features of Carboxyl*3C Chemical Shift The principal values corresponding to each form are given
Tensor Elements in Amino Acids.Chemical shift tensors of  in Table 1. The data visualize immediately the characteristic
13C in carboxyl groups have been reported for a number of changes of the CSA resulting mainly from the downfield shift
compounds, and their principal elements and orientations wereof the d,, element after the deprotonation of carboxyl group
found within relative narrow rangés? The most shielded (LH3z — LH5) and amino group (LH— L), and a smaller but
componentss was found systematically in the direction nearly significant upfield shift after the deprotonation of the imidazole
perpendicular to the molecular COO plane, and the less shielded(LH, — LH). While the first+29 ppm and third, surprisingly
componentd;; was roughly along the €C bond. Griffin et high, +28 ppm downfield shifts are characteristic and dominant
al%dehave compared the shift tensors of ionic and protonated features of the deprotonation of the carboxyl group and
carboxyl groups in ammonium hydrogen oxalate hemihydrate neighboring amino group, the remainirg ppm upfield is due
and have shown that protonation does not affect the shifts of to the change in the intermolecular contacts after breaking the

derived from low-speed MAS spectra using a homemade
simulation program. N

the 011 and d33 tensor elements, but it does move thg
component in the direction of increased shielding (upfield shift)
by about 8 ppm. A concurrent rotation of 28boutdsz has

Results and Discussion
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TABLE 1: Experimental Principal Components (in ppm) of
13C CSA Tensor of Carboxyl Carbon for Various lonic
Forms of L-Histidine?

ionic form Jiso 011 022 033 Oaniso Q n
LH3 170.7 251 151 111 80.3 140 0.50
LH» 177.2 241 180 110 —-67.2 131 0.90
LH 1752 244 173 108 68.8 136 0.94
L 184.4 242 201 110 —-744 132 0.55

a For definitions of anisotropydnis9, span £2), and asymmetryr)
parameters, see Table 2.
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Figure 2. Experimental (left) and best-fitting simulated (middle)
manifolds of33C CSA spinning sidebands of the carboxyl group in
different ionic forms of_.-phosphoserine. The spinning frequency was
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A similar situation occurs in the neighborhood of the
deprotonation of the amino group, where a superposition of two
species corresponding to NHand NH; is clearly visible in
the spectrum recorded at pH 10.11.

Figures 2 and 3 visualize immediately that, in analogy to
L-histidine, thed,, element of the carboxylC tensor of
L-phosphoserine is very sensitive not only to the deprotonation
of this group but also to the deprotonation step of the amide
group.

A small but clear increase in the value®# is also observed
during the deprotonation of the phosphate group, which must
be due to the breaking of hydrogen bonding involving both
functional groups. This fully corroborates our previous findings
of the sensitivity and direction of change of this principal value
to the hydrogen bonding strength in the phosphorylated amino
acids!®

The comparison between the experimental and calcul&tzd
values of the principal tensor elements for successive ionic forms
of L-phosphoserine is given in Table 2. A satisfactory agreement
is noted in the amount and direction of deprotonation-induced
changes of thé,, element, showing its dominant sensitivity to
the intramolecular effect of deprotonation of the carboxyl and
amide groups. Some minor divergences also noted for two other
principal values come most probably from the modification in
the intermolecular interactions not taken into account in the
calculations.

To probe the directional sensitivity of the chemical shift
tensor, one needs to consider additionally its orientation with
respect to the molecular frame. Table 3 gives the angles of the
principal axes of the shielding tensor of carboxyl carbon
calculated for the successive ionic forms, while Figure 4
visualizes its reorientation with respect to the COO molecular
plane, after the deprotonation of the carboxyl group. The data
from Table 3 show that thé; element placed in the COO plane
(a1 + 0 = —O=C—0) moved in this plane toward the-GC

2.0 kHz. The corresponding simulated static powder spectra are alsodirection after carboxyl deprotonationy+ —C—C—0 = a;
included (right). Each of the simulated MAS and static spectra at pH + —O=C—C, both close to 187). This change is due to the

2.65 and 10.11 shows two components and their sums.

hydrogen bonding with the imidazole ridgFinally, contrary

to such a high sensitivity of thé,, element to deprotonation
and hydrogen bonding, thia; principal value shows only-10
ppm upfield shift during the deprotonation of the carboxyl group.

2. Deprotonation of L-Phosphoserine As Revealed by the
Carboxyl Chemical Shift Tensor. Figure 2 shows experimental

rotation of the tensor around the axis perpendicular to the COO
plane by about 30 Moreover, this ionization step is ac-
companied by a second, less théhrétation around thé;;
axis, which moves thé,, element toward the COO plane and
increases the angle between the=@ direction andds; axis.
Equally interesting, the deprotonation of the amide group,
leading to a 20 ppm downfield shift of thie, principal value,

is accompanied only by a small rotation around the axis

families of 13C spinning sidebands of carboxyl groups and the perpendicular to the COO plane and of opposite direction than
corresponding simulated spectra for lyophilisates prepared fromthe rotation due to carboxyl deprotonation. The large amplitude
solutions at different pH values encompassing three deproto-rotation of the tensor around the axis perpendicular to the COO
nation steps of phosphoserine. The principal valtiesf the plane accompanying the carboxyl deprotonation is quite uni-
13C CSA carboxyl group in different ionic forms and their versal, as shown on the model molecule LOOH (see
changes as a function of the pH are reported in Table 2 and Supporting Information) and reported previously experimentally
shown in Figure 3. As expected for the lyophilisate prepared at on a small number of monocrystalline systeih&The change

pH 2.65, the presence of both protonated and deprotonatedin site symmetry around the carboxylic carbon atom when going
carboxyl groups has to be assumed in order to reproducefrom protonatedCs) to deprotonatedd;,) forms is responsible
properly the observed envelope of spinning sidebands. Thefor the reorientation of the principal axis of the tensor. This
principal values of the chemical shift tensors of both forms were reorientation seems to be the main reason for different changes
extracted first from corresponding spectra of powders where of the ; principal values as concluded from similar shielding
only a single form is present. The CSA of the protonated of both forms (see Supporting Information). The deprotonation
carboxyl group was obtained from the spectra of precipitated of the amino group does not change the site symmetry around
microcrystalline powders at pH between 1 and 2 (not shown) the carboxylate atom, and the principal axis orientation is only
and is very close to that reported earlier in the literatdfghe slightly modified. However, the 20 ppm downfield shift clearly
ratio of the fitted intensities in the bottom spectrum of Figure indicates a modification of the shielding in tlde, direction,

2 allows calculatiof? of the (K equal to 2.16-2.36 that is very which is certainly due to a change of the interaction between
close to the liquid-state values (2:62.19). the carboxylate moiety and the NHgroup.
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TABLE 2: Experimental 2 and Calculated 13C Values of the Principal Tensor Elementsd; and Corresponding Anisotropic
Parameters of Carboxyl Carbon for Various lonic Forms of L-Phosphoserine

13C carboxyl data

ionic form Oiso (PPM) S (ppm)  O22(ppm) s (ppM)  Janso(ppm) L (ppm) U

COOH/NH;T/POH™ experimental 171.7 250 150 115 78.3 135 0.45
calculated 178.7 273 154 109 94.3 164 0.48

COO /NHz"/POH~ experimentdl 174.0 245 170 107 71.0 138 0.89
calculated 183.3 273 163 114 89.7 159 0.55
A experimental 2.3 -5 +20 —8
A calculated 4.6 0 +9 +5

COO /NH3"/PO2 experimentdl 175.3 244 175 107 68.7 137 0.99
calculated 179.7 261 165 113 81.3 148 0.64
A experimental 1.3 -1 +5 0
A calculated —-3.6 -12 +2 -1

COO /NH,/PO#Z~ experiment&l 182.7 246 195 107 —75.7 139 0.67
calculated 188.0 256 196 112 -76.0 144 0.79
A experimental 7.4 +2 +20 0
A calculated 8.3 -5 +31 -1

aEstimated errors i1, 022, and ds3 are =3 ppm; span is expressed €5= 011 — 033 anisotropy is calculated a%niso = 033 — diso and
asymmetry ag) = (022 — 011)/(033 — Oiso) When|[d11 — Oisol = |033 — Jisol OF Oaniso= 011 — diso @NA7 = (022 — 333)/(d11 — Oise) When |11 — Jisol
> |033 — Oisol; A = difference due to the corresponding ionizatibrf. Average values from the corresponding range of the pH. To convert the
shielding constants into the chemical shifts, thg was chosen to be 184.2 ppm obtained with the same DFT basis as in the main calculations.
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ol - oo ] [ Figure 4. DFT-based3C chemical shielding tensor orientation angles
s L% % 4 (top) of the carboxyl group and its changes Wh_en going from its
135 ——————— 80 — —— protonated (bottom left) to deprotonated (bottom right) form (also see
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Figure 3. Changes of the isotropic chemical shift,, the principal
valuesoii, and the anisotropydnis9 and asymmetryr() parameters of
the 13C CSA tensor of the carboxyl group inphosphoserine as a

function of pH. The anisotropy and asymmetry parameters have their

usual meaning (see Table 2).

TABLE 3: DFT-Based Orientation of the Principal Axes of
Shielding Tensor of Carboxyl Carbon for Various lonic
Forms of L-Phosphoseriné

Figure 5. 3P chemical shielding tensor orientation in O-phosphorylated
amino acids®

tion found in the case of Oy~ molecule!® This orientation

is shown in Figure 5.

The principal axes od1; andd,, elements have been found
in a plane perpendicular to the=P—0O~ plane. The axis
corresponding td,, element nearly bisects the ORP—O(H)
angle. This axis also nearly bisects the=P-O~ angle. The

lonic form S S S 33 axis is almost perpendicular to the OgR)—O(H) plane.
COOH/NH"/PQH™ 327 93.6 1226 7.7 920 832  The same axis is also in the=—0O~ plane. Attempts were
gggm:gggﬁ_ gg'g gg'i iggg g-g gg'g g;é ma_de before to correlatigs yvith structural parameters of a wide
COO INH,/PO2- 50.3 669 1492 232 o922 grg Varety of phosphate-bearing compouri¥$?it was suggested
that the observed differences of this element can reflect the
_8=€_8 igég —C-C-0 112.3 changes in &P—0 valence angles or in an average length of

aFor the definition of angles, see Figure 4.

3. General Features of the Phosphate’® Chemical
Shielding Tensor in Phosphorylated Amino Acids. The
orientation of the principal axis P shielding tensor in isolated
molecules of phoshorylated amino acids is close to the orienta-the principal components of tiéP shielding tensor for and

shortest P-O bonds!® However, no such correlation has been
observed for O-phosphorylated amino acitlOn the other
hand, important changes of the principal values and orientation
of 3P chemical shielding tensor in the presence of hydrogen
bonds involving the phosphate group in O-phosphorylated amino
acids have been observEdOpposite trends in the changes of
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Figure 6. Changes of the isotropic chemical shift,, the principal ]Z S - : | P )
valuesdii, and the anisotropydgnis9 and asymmetryr() parameters of
the 3'P CSA tensor of the phosphate groupLiphosphoserine as a 7 %
function of pH covering the deprotonation region of the carboxyl group. 20 ) o . : 50 s T . :
3, (ppm) 35 (ppm)
pL forms as a function of hydrogen bond distance have been 20 1 40
related to different natures of the shortest hydrogen bonds with T 50 s
the phosphate group behaving as an acceptor and as a donor/ 0 60
acceptor, respectively. This manifests itself by opposite changes 210 70 1
of principal components and of corresponding anisotropic 20 : M I L i :
parameters and may be related to opposite rotations ofhe 5 2 I 8 2 4 pH 6 8
shielding tensor upon changes in the hydrogen bonding strength. Zunie (PP M
Indeed, on the basis of the theoretical calculations, it has been 60 e " s |
revealed that the presence of hydrogen bonding leads to ] 06
significant reorientation of th&'P shielding tensor around the 30 04 1 It
axis of thed,, and dz; elements® o) FOS— -
3.1. Deprotonation of the Carboxyl Group As:Raled by 2 « s s 2 “ o6 :

the Phosphaté'P Chemical Shift Tensoifo understand the  Figure 8. Changes of the isotropic chemical shift,, the principal
role played by the phosphate functional group in catalytic events valuesd;, and the anisotropydgnis9 and asymmetrys() parameters of
or in protein structure formation, one needs to answer the the 3P CSA tensor as a function of pH close to the secondary ionization
question of whether the phosphate group is mono- or dianionic ©f the phosphate group inphosphoserine.
and to what extent its ionization state is affected by the presencethe characteristic effect of the secondary ionization of the
of ligands or changes in the intermolecular contacts involving phosphate group on the form of tFi® CSA tensor. The changes
hydrogen bonding. The changes of tH principal elements  of the principal element®; and anisotropy and asymmetry
i and anisotropy danisy and asymmetrys() parameters as a  parameters as a function of the pH covering the secondary
function of the pH covering the deprotonation region of the jonization region of the phosphate group iphosphoserine are
carboxyl group are reported in Figure 6. Thg element shows  reported in Figure 8 (see also Table 4). In contrast to a
the most pronounced sensitivity to the ionization of the carboxyl continuous increase afis, and 011, the second ionization of
group leading to the decrease of its value by about 20 ppm, phosphate leads to a dramatic jump in opposite directions of
while thed11 andd,2 values increase respectively by about 15 §,, andds3 values. A second striking feature of these changes
and 5 ppm. This is responsible for a fortuitous constancy of is related to the opposite directions of these changes as compared
the value obiso for 3P during this ionization step. The decrease with the changes due to disruption of hydrogen bonding during
of the d33 value and increase @, andd, values are directly  the deprotonation of the carboxyl group. This is related to a
related to the breaking of strong hydrogen bonding contact specific sensitivity of the principal axes because of their
involving both functional groups and fully confirm previously  particular orientation in the molecular frame of the phosphate
reported, experimentally observed and theoretically reproducedgroup. As shown in Figure 9, fully corroborating experimental
opposite shifts of th&ss and 622 principal values due to the  evidence revealing common trends3P CSA changes upon
changes in the strength of hydrogen bondihg. the protonation state can be observed in two other phosphory-
3.2. Secondary lonization of the Phosphate Grdue issue lated systems such as adenosine monophosph#tevePr-5')
of whether a phosphate group is mono- or dianionic is of prime and glucose-6-phosphate.
importance when studying the activation of biomolecules. As  From the simulations of spinning sideband manifolds in the
shown in Figure 7, this question can be answered in a range of secondary ionization where both mono- and dianionic
straightforward manner by using solid-stdt® NMR through species are present simultaneously, we have determined the
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TABLE 4: Experimental 2 and Calculated 3'P Values of the Principal Tensor Elementsd; and Corresponding Anisotropic
Parameters for Various lonic Forms of L-Phosphoserine

31p phosphate data

ionic form Oiso (PPM) 011 (ppm)  S22(ppm) O3z (PPM)  Janiso(PPM) 2 (ppm) U

COOH/NH"/POH~ experimental 0.6 53 4 —55 —56 108 0.88
calculated —-3.6 81 6 —98 —-94 179 0.80

COO /NH3z"/POMH~ experiment&l 1.1 72 11 —76 —81 152 0.75
calculated -3.1 79 6 —-94 —-93 173 0.79

COO /NH3/PO2~ experimentdl 35 71 -17 —44 67 115 0.40
calculated 0.3 82 —22 —-59 82 141 0.45
A experimental +2.4 -1 —28 +32
A calculated +1.6 +3 —28 +35

COO /NH,/POZ~ experiment&l 8.4 80 —14 —45 72 125 0.43
calculated 0.6 78 —-20 —-56 77 134 0.47

a Estimated errors id11, 2, 033 are+3 ppm; span is expressed @s= 911 — 033 anisotropy is calculated @sniso= d33 — Jdiso and asymmetry
asn = (822 — 011)/(d33 — dis)) When|[d11 — Jisol = [033 — Jiso| OF @Sdaniso= 011 — Jiso ANA7H = (022 — 033)/(011 — Oiso) When |11 — isol = [J33
— Jisol; A = difference due to the secondary ionizatiérf Average values from the corresponding range of the pH. To convert the shielding
constants into the chemical shifts ther was chosen to be 287.3 ppm obtained with the same DFT basis as in the main calculations.

TABLE 5: DFT-Based Orientation of the Principal Axes of
Shielding Tensor of Phosphate for Various lonic Forms of
L-Phosphoseriné

Phosphoserine ionic form o 021

022 031 032

COOH/NH;*/POH~ 47.0 43.1 58.5 88.8 90.4
COO /NHz"/POH™~ 45.6 44.4 57.1 88.8 90.5

e
{

COO /INHs" /PO 71.3 18.7 82.9 91.3 92.5
COO /INH/PO2Z 70.7 195 82.4 92.3 93.0
ionic form
AMP-5' b b 2 d
COOH/NH;H/POH- 122.0 122.9 32.1 33.0
COO /NH3"/POH~ 122.0 123.0 32.1 33.1
COO /NH3/PO2~ 114.4 121.2 28.5 36.7
COO /NH/PO2~ 113.5 122.6 27.3 37.9
—0=P-0O" 114.8 —0O(Me)—P—0O(H) 101.4
GP-6 2 For the definition of angles, see Figure 5.
0.; Qi
3 3
b > }/611
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Figure 9. Reconstruction of'P CSA powder spectra of monoanionic
(left) and dianionic (right) phosphate group in lyophilisates Lef & 5,

phosphoserine, AMP=&nd GP-6 prepared with NaOH. Figure 10. DFT-based rotation of th&P chemical shielding tensor

of the phosphate group due to its secondary ionization.
ratios of the amounts of both forms, which as mentioned above

permits calculation of thekovalues. For phosphoserine, AMP-  25° around the newdss direction. This second rotation is
5, and glucose-6-phosphate, respectively, the avetdgegiues illustrated in Figure 10.
of 5.9, 6.42, and 6.35 have been obtained, and are only slightly \whjle this first, small amplitude rotation leads to the

larger than the corresponding average values of 5.7, 6.2, anddisplacement obs3 element in the &P—0~ plane, the second

6.0 measured in solution. o ~ rotation moves ther, axis out of this plane.
The observed changes of the principal values accompanying - 3.3. Effect of Counterions on the Principal Values of
the secondary ionization of the phosphate group-pghospho-  Chemical Shift TensoAlkali metal cations binding to biomol-

serine are Compared with the theoretical calculations in Table ecules play an important role in their biologica| activity and
4. An excellent agreement between the experimentaB(and  contribute to the stability of the intermolecular contacts through
+32 ppm) and calculated-28 and+35 ppm) changes a2, the ion—-multipole interactions. Precise information about the
anddss principal values has been obtained. This witnesses thatcharge of the phosphate groups in a complex molecular
the electronic changes occurring during secondary ionization environment is indeed crucial for understanding the involvement
of the phosphate group are adequately defined in the theoreticalf this group in catalytic events and in protein formation. Here
calculations. we wish to compare the electronic effects of LNa", and K

Finally, the concurrent change in the orientation of the counterions on the principal values of tR¥ tensor of the
chemical shielding tensor upon this deprotonation deserves aphosphate group and to check to what extent these effects could
comment. Table 5 gives the angles of the principal axedrof influence the characteristic fingerprints of deprotonation revealed
shielding tensor calculated for the successive ionic forms. by the opposite shifts of thé,, and ds3 principal values.

These data show that the secondary ionization of the Figure 11 shows the static CSA spectra simulated from the
phosphate group leads to a significant change of the orientationfitted manifolds of 31P spinning sidebands of lyophilisates
of the 31P shielding tensor which consists of a small amplitude prepared with LiOH, NaOH, and KOH at a pH value close to
rotation around thé; direction and a second rotation of about pKupg,. The characteristic change of the CSA pattern due to
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COO/R-PO H/NH," COO/R-PO,"/NH, related to singly and doubly ionized phosphate groups in
lyophilisates prepared from parent solutions at different pH
values. Although distinct differences in the individual principal

K values may be observed in the presence of Na', and K"
cations, the characteristic change of the CSA pattern due to the
secondary ionization of the phosphate group is clearly visible
in each case.

Finally, it is worth pointing out that liquid-state alternative,

Na* i.e., pH titration with observation of one-dimensioR&C and
31p spectra, could not provide such straightforward information
about the ionization state not only due to disadvantageous rapid
proton exchanges but also, as demonstrated in this work, due
to largely canceling opposite shifts of individual principal values
in the trace of a chemical shift tensor.
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set size. Shielding densities of protonated and deprotonated
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