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Abstract Phosphocholine is a useful magnetic resonance (MR) biomarker for
cancer. °C hyperpolarized MR is likely to enhance the detection of this compound
by orders of magnitude. The ability to differentiate phosphocholine from its pre-
cursor, choline, in live tissues, is unique to MR and depends on the 13C chemical
shifts. The dependence of phosphocholine '*C chemical shifts on pH was investi-
gated. We found that under viable physiological conditions of pH > 7, the chemical
shift of phosphocholine '*C is stable and the chemical shift distance from the
choline '’C signals is preserved. Under acidic intracellular conditions of
6.0 < pH < 7, the pH could be sensed by the phosphocholine '*C chemical shifts.
Crucial and damaging pH changes to values lower than 6.0 could be sensed at very
high sensitivity. The highest precision for pH determination is obtained when
considering the chemical shift difference between positions 1 and 2 of phospho-
choline. The solution composition of human plasma did not affect the response of
phosphocholine '*C chemical shifts to pH.

1 Introduction

Choline (Cho) and phosphocholine (PCho) are the building blocks for membrane
phospholipids, and in addition both have been identified as important molecular
biomarkers. Radioactive Cho is a useful molecular imaging probe in positron
emission tomography (PET) scans for cancer [1-3]. PCho is the product of Cho
phosphorylation, catalyzed by the enzyme choline kinase (Fig. 1). PCho has been
identified as an important magnetic resonance (MR) biomarker for cancer
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Fig. 1 Synthesis of phosphocholine (PCho) from choline (Cho) and adenosine triphosphate (ATP)
catalyzed by the enzyme choline kinase. The carbon positions in Cho and PCho are marked by numerals

therapeutics [4-6], relying on the ability to differentiate PCho from Cho in live
tissues, which is unique to MR. The total Cho metabolites signal seen on 'H
magnetic resonance spectroscopy (MRS), which is composed mainly of Cho, PCho,
and glycerophosphocholine [7], and was also found to be a useful cancer marker and
an indicator of treatment success [8, 9].

However, the utilization of these well-proven metabolic biomarkers has two
major limitations. The major limitation of PET scans is the radiation associated with
the radioactive nuclei within the Cho analog molecular imaging probe. As for
clinical MRS examinations, the major limitation is the inherently low sensitivity of
MR, detecting about 1 millionth of the actual nuclei present. Clinical MRS is
applicable only at a very low spatial resolutions (of the order of centimeters) and
low temporal resolutions (about 2-30 min per examination).

To overcome these two limitations, it may be useful to attempt the visualization
of PCho with the hyperpolarized MR technology [10], as it enables a 10,000-fold
increase in '*C MR signal and is non-radioactive. We have previously shown that
the longitudinal relaxation time of sp3 carbons in Cho can be prolonged by
deuteration and that this enables visualization of Cho and its metabolites using
hyperpolarized MR [11]. Hyperpolarized >C nuclei in Cho metabolites, namely
acetylcholine, betaine aldehyde hydrate, and betaine, have been visualized and
enabled the quantification of the rates of these metabolic conversions [11-15]. The
13C label at Cho position 1 (Fig. 1) offers a chemical shift difference between Cho
and PCho of about 2.4 ppm at a pH of 7 [12] and is therefore promising for
visualization of PCho synthesis in a hyperpolarized state.

However, since PCho contains dissociable protons, the chemical shift of PCho
nuclei is potentially pH dependent and therefore this chemical shift difference could
be reduced and hinder the ability to differentiate PCho from Cho. Therefore, we
have set to investigate the dependence of PCho '*C chemical shifts on pH, as a
preparation for possible future visualization of hyperpolarized PCho in live tissues.

The pH dependence of the chemical shift of the *'P nucleus of PCho has been
investigated before, and the pKa for PCho was determined [16]. However, this
determination was made at 22 °C (as opposed to 37 °C which is relevant for live
tissues) and in a different solution composition (which may affect the pKa). In
addition, it is not possible to deduce the dependence of the '>C nuclei chemical
shifts from the *'P chemical shift dependence on pH. To refer to the live tissue set-
up, the pH dependence of '*C chemical shifts was investigated in both aqueous
solutions and human plasma.
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2 Materials and Methods
2.1 Materials

Phosphocholine chloride calcium salt tetrahydrate and choline chloride were
purchased from Sigma-Aldrich (Rehovot, Israel). Expired human plasma was
donated by Hadassah Medical Center blood bank.

2.2 Solutions

Aqueous solutions: the concentration of Cho was 0.82 M and the concentration of
PCho was 0.24 M. Human plasma: the concentration of Cho was 0.20 M and the
concentration of PCho was 0.10 M. All of the plasma solutions were centrifuged,
and the supernatant aspirated as a means to clear the solutions for NMR
measurements. All measurements were carried out at a temperature of 37 £ 1 °C.
Nine aqueous samples with pH ranging from 3.1 to 9.0 and nine plasma-based
samples with pH ranging from 4.5 to 9.0 were scanned. It was not possible to obtain
a plasma-based sample at a pH below 4.5 with suitable clarity for NMR
measurement, as the samples clouded upon acidification below pH 4.5. The pH
of the solutions was adjusted to the desired pH per sample with HCI and NaOH at
37 £ 1 °C. The ionic strength of the aqueous solutions was about 1.6 M, and the
ionic strength of the plasma solutions could not be calculated due to the unknown
ion composition of the sample.

2.3 NMR Measurements and Chemical Shift

NMR spectra of the solutions were recorded on a 500 MHz NMR spectrometer
(Varian, Palo Alto, CA, USA) with a 5 mm 13C direct probe. The 13C chemical
shifts were referenced to methanol at 49.5 ppm. The spectral resolution was
0.0038 ppm/point. Spectral processing was carried out using MNova (Mestrelab
Research, Santiago de Compostela, Spain).

2.4 Processing of Chemical Shift Data to Obtain the pH Dependence
Characteristics

Figure 4a and b shows the variation of the chemical shift with the solution pH for
the '*C nuclei of PCho at positions 1 and 2, respectively. The dependence of this
shift on the pH showed the typical Henderson—Hasselbalch behavior, which can be
described as pH = pKa + log[dops — 011/[02 — Oopsl, if One assumes that a single
pKa is present [HA — A~ + H*] [16], Ka is defined as [AT][H"]/[AH], and here
Jobs is the chemical shift of a specific PCho '*C position at a specific pH, J; is the
asymptotic chemical shift of this '*C as the pH approaches negative infinity (very
acidic), and &, is the asymptotic chemical shift of this '>C as the pH approaches
infinity (very basic). The above equation was re-written as Eq. 1 (below) for
convenience in further analysis [16].
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Table 1 Characteristics of PCho '*C chemical shift dependence on pH

Based on position 1 Based on position 2 Based on the difference
between position 1 and
position 2
pKa® 5.58 (5.52, 5.65) 5.62 (5.42, 5.82) 5.60 (5.52, 5.67)
Sensitive pH range 4.19-6.98 4.23-7.01 4.20-6.99
Maximal change 0.610 0.276 0.880
(ppm/pH units)
81 59.47 (59.44, 59.49) 66.41 (66.37, 66.45) -
82° 58.41 (58.39, 58.44) 66.89 (66.86, 66.92) -
Derivati /o —2.44%1QPH58 5/ — L1IxIQH—36 / _ 3.52x10PH73.60
erivalive obs T (141001 553)2 Oobs = (11008 562)2 obs T (141000 mn)z

* Values are reported as fit results (95 % confidence interval)

The data were processed to extract the values of the pKa, the sensitive pH range,
and the precision of pH determination in the following way. First, the data were
fitted to Eq. 1 to estimate the pKa, d;, and d,. Then using these values the derivative
of Eq. 1 was calculated (Eq. 2).

o1 + ((32 X IOPHipKa)
10pH—PKa 4 |
In(10) x (05 — &1) x 10PH-PKa
(1 + 10pH-PKa)?

()

60bs =

5;bs = (2)

The curves resulting from the fits of the entire data sets of positions 1 and 2 to
Eq. 1 are shown by the solid lines in Fig. 4a, b, respectively, and the specific pKa,
o1, and 62 values for each position are summarized in Table 1. The corresponding
calculated derivatives are shown in these figures as dotted lines.

According to a methodology described by Vistad et al. [17] for '*C NMR pH
sensing, these derivatives serve to determine the sensitive range for pH determi-
nation or pH dependence. The maximal change of ppm/pH, calculated as the
minimum or maximum of the derivative curve, is indicative of the precision of the
pH determination within the sensitive pH range. The pH range in which a chemical
shift is considered sensitive is defined as a pH range in which the ppm/pH change is
above 15 % of this maximal change [17]. The resulting sensitive pH ranges and the
maximal changes are summarized in Table 1.

2.5 Analysis of Chemical Shift Difference Data

The behavior of the chemical shift difference between position 1 and position 2 with
pH was inspected as well. The resulting data (Fig. 5) were fitted to Eq. 3 (below),
which was derived from Eq. 1.

812 — 011 + (822 — 821) x 10PH-PKa
TOPR—PKa ¢ | ’

3)

where g 18 the chemical shift of position 2; d,; is the chemical shift of position
1 at a specific pH value;d; ; and ¢, ; are the asymptotic chemical shifts of positions

5ob52 - 50bsl =
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2 and 1, respectively, as the pH approaches negative infinity (very acidic, as
determined in Sect. 2.4, Table 1); and J,, and J,; are the asymptotic chemical
shifts of positions 2 and 1, respectively, as the pH approaches infinity (very basic, as
determined in Sect. 2.4, Table 1). The resulting pKa, the sensitive pH range, and the
maximal change for this chemical shift difference are summarized in Table 1.

2.6 Curve Fitting and Derivations

Curve fitting was performed using Matlab (MathWorks, Natick, MA, USA).
Derivatives were calculated using Wolfram/alpha [18] and Matlab.

3 Results and Discussion
3.1 The pH Dependence of PCho >C Chemical Shifts

In aqueous solutions, PCho can be found in protonated and deprotonated forms
(Fig. 2) with a distribution that depends on the pH. On '*C spectra of the aqueous
solutions, each PCho 'C signal appears as a single resonance, at all pH values,
suggesting that the protonated and deprotonated species are in fast exchange. These
spectra (Fig. 3) also enable a distinct differentiation between the PCho and Cho '*C
signals of positions 1 and 2, as expected based on a previous characterization of the
13C chemical shifts of these positions in these two compounds at a neutral pH [12].
This differentiation was maintained throughout the pH range investigated (pH
3.1-9.0). The difference in the chemical shift of the carbon at position 1 is the most
significant one, ranging from 2.34 to 3.38 ppm. The differences observed for the
carbon at position 2 ranged between 0.99 and 1.44 ppm. The signals of the carbons
at position 3 of Cho and PCho overlapped with a small and pH-insensitive shift
(~0.08 ppm). The finding that the magnitude of the change in chemical shifts of
PCho was the greatest for position 1 was in agreement with the proximity of this
position to the phosphate group in PCho, i.e., to the site where proton association or
dissociation occurs (Fig. 2).

The reason for these differences in the PCho—Cho chemical shifts was that the
PCho '3C signals varied in chemical shift in response to a pH change. In a basic
solution, the signal of the '*C at position 1 of PCho is shifted to a lower frequency
compared to the respective signal in an acidic solution (Fig. 3). In an opposing
trend, the signal of the '*C at position 2 of PCho is shifted to a higher frequency.
The signal of the '*C at position 3 of PCho did not show a change in chemical shift
with pH. As opposed to PCho which contains dissociable protons, Cho does not.

CH3 O o CH3 0 o
HSC\,{,’f LI/ + Ho0 Hac\,lf By H,0*
. PN , SN - 3
H3C ~"N0" Non HaC ~ o” Yo

Fig. 2 pH-Induced equilibrium between protonated and deprotonated PCho
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Fig. 3 '>C NMR spectra of A Cho+PCho
aqueous solutions containing 3
choline (Cho) and Cho |
phosphocholine (PCho) at 1

37 °C. The pH of the solutions
was adjusted to 3.1 (a) and 9.0

(b) at 37 °C. The spectra were Cho

obtained by accumulating 256 2

(a) and 148 (b) transients with a PCho
2 s repetition time and processed " Pcho 1
with a line broadening of 1 Hz 2

(a) and 1.7 Hz (b)

68 66 64 62 60 58 56 54
3 (ppm)

Therefore, as expected, the chemical shift of the '*C signals of Cho did not change
between these two extreme pH conditions.

3.2 The Effect of Solution Composition and Temperature on the pH
Dependence of PCho >C Chemical Shifts

The specific composition of a solution, its ionic strength, and the temperature may
all affect the pKa of proton dissociation [16, 19, 20]. Specifically, for phosphates it
has been shown that the ionic strength affects the pKa significantly [21], while
changes in temperature lead to only slight or non-significant effects on pKa [22, 23].
For this reason, as a preparation for a potential examination in live tissues, the effect
of pH on PCho 13C chemical shifts was examined under two solution conditions: (1)
aqueous solutions of PCho and Cho titrated with sodium hydroxide and
hydrochloric acid represented solutions with a limited number of particle (ion)
types; (2) solutions of PCho and Cho in human plasma, titrated with sodium
hydroxide and hydrochloric acid, represented solutions with a composition that is
biologically relevant. All solutions were titrated and scanned at 37 °C to match the
temperature in live tissues, although the temperature does not seem to be a dominant
factor affecting the pKa.

Figure 4a, b shows the variation of the chemical shift of PCho '*C nuclei at
positions 1 and 2, respectively, with the solution pH (in both solution types). The
pattern of pH dependence of PCho '*C chemical shifts was similar in the aqueous
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and plasma solutions. Specifically, the pKa values for PCho, which were calculated
from each data set (aqueous and plasma based) by a curve fit of the data of position
1 to the adapted Henderson—Hasselbalch equation (Eq. 1, Materials and Methods),
were similar: 5.58 (95 % CI 5.42-5.73) and 5.63 (95 % CI 5.53-5.74), respectively.
The similarity of these two values suggested that the results from both solution types
could be combined for further analysis. We concluded that the plasma solution
composition does not contain factors that affect the response of PCho '*C chemical
shifts to pH, as measured in aqueous solutions of limited particle types.

A 0
3.3 59.4
E .4
g 3.1 59.2 0.2 :5_
S 29 € 59 §
S o
5 2 -04 9
© 27 o 588
g
s 25 58.6 -0.6
g
2=}
2.3 58.4
2 10
B 67.2
67 0.4
_. 668
E 02 §
<
2 66.6 3
%] <
66.4 0
66.2 02
2 3 4 5 6 7 8 9 10
pH
c 55
54.8
54.6

Fig. 4 a, b The chemical shift,  (ppm), of the PCho '*C nuclei at positions 1 and 2, respectively, under
varying pH values. The solid lines show the fits to Eq. 1. The dotted lines depict the derivatives of these
curves (Eq. 2) and relate to the vertical axes on the right (A8/ApH units). ¢ The 3 of the 13C nucleus at
position 3 of PCho under varying pH values. The red squares represent results determined in plasma-
based samples. Blue circles represent results obtained in aqueous solutions
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The insensitivity of the chemical shift of position 3 (trimethylamine carbons)
across the investigated pH range in both solution types is depicted in Fig. 4c.

3.3 Analysis of pKa, Sensitive pH Range, and Precision for Positions 1
and 2

The data were further processed to extract the values of pKa, sensitive pH range,
and precision of pH determination from each plot (Fig. 4a, b) as described in
Sect. 2.4. The calculated pKa (5.6) and the sensitive pH range (4.2—7.0) were found
to be the same for both position 1 and position 2 of PCho (Table 1), although the
direction and magnitude of the change in chemical shift were different. The
similarity in these calculated values is to be expected, as they reflect the same
chemical change in the same molecule. This pKa value was close to a previous
determination which reported a value of 5.76 + 0.03, based on PCho 31p chemical
shifts [16]. We suggest that the differences in solution composition between the
current and the previous determination may have led to the 0.1-0.2 pH units
difference in pKa. The ionic strength in the current solutions was high due to the
NMR sensitivity requirements. The previous study also used solutions with high
ionic strength. However, due to the use of aminopolycarboxylic acid compounds,
such as EDTA, the ionic strength of these solutions was dependent on pH,
prohibiting comparison to the current study in this aspect.

3.4 Analysis of the Difference Between Positions 1 and 2

Because the change in the chemical shifts of positions 1 and 2 with pH was in
opposite directions, it raised the possibility that the chemical shift difference
between the two positions may offer better precision of the pH determination. For
this reason, the behavior of this chemical shift difference against pH was inspected
as well. The data (Fig. 5) were processed as described in the Sect. 2.5. The pKa and
the sensitive pH range calculated from these data were the same as those calculated

84

g 8.2 0.8
— 8 106 _
E 7.8 o
& 76 04 3
Ig; 7.4 loa <
5 72

[%e) 7 10

2 10

Fig. 5 Chemical shift difference between position 1 and position 2 of PCho under varying pH values.
The solid line shows the fit to Eq. 3. The dotted line depicts the derivative of this curve and relates to the
vertical axis on the right (AS/ApH)
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for each position alone. However, the precision of the pH determination within the
sensitive pH range, expressed as the maximal change in ppm/pH, was indeed higher
(0.880 ppm/pH) than that of each position alone (0.61 and 0.28 ppm/pH for
positions 1 and 2, respectively).

3.5 Implications of our Findings to Experiments in Live Tissues
3.5.1 Expected variation of PCho >C Chemical Shifts in Live Tissues

In cellular compartments, the pH ranges from 7.2 to 7.8 (e.g., cellular cytosol and
mitochondrial matrix, respectively). Under such conditions (and for higher pH
values), it is expected that all of PCho chemical shift indicators (position 1, position
2, and the difference between them) will be constant. However, for biological
conditions in which the pH is lower than 7.0, for example tumor microenvironment
in which the pH can range from 6.0 to 6.5, PCho chemical shifts will indicate this
change. This partition into two different regimes, one in which the PCho protonation
status is constant and another in which PCho protonation varies, was recently
utilized to target PCho-containing copolymers to tumor microenvironment [24], in
agreement with the current findings.

3.5.2 pH Sensing

pH sensing using chemical shift changes has been reported for numerous
compounds and nuclei. pH sensing via '>C chemical shift changes are less
commonly reported, most likely due to the lower sensitivity of '*C MRS compared
to 'H or *'P MRS. Nevertheless, with the advent of >C hyperpolarized MR and
numerous '*C-labeled compounds that are being developed for this technology [25],
it is likely that more studies on this topic will evolve.

Of note here is the investigation into the pH-sensing properties of '*C-
bicarbonate by hyperpolarized MR. Bicarbonate is the main extracellular buffer,
helping in the control of acid-base balance in the body through the exchange
between bicarbonate (HCO37) and carbon dioxide (CO,) catalyzed by carbonic
anhydrase [26]. The distribution between the two species depends upon pH
(according to the Henderson—Hasselbalch equation), and hence the ratio between the
two can be translated into the pH of the tissue examined (specifically extracellular
pH since bicarbonate is mainly an extracellular buffer) [27]. The bicarbonate probe
was the first demonstration of pH determination using molecular imaging probes
that contain hyperpolarized '*C nuclei [26].

Our study suggests that under viable physiological conditions of pH > 7 and
37 °C, the '*C chemical shift of PCho, which is mostly intracellular, is not expected
to vary and the chemical shift difference from the Cho '>C signals is expected to be
preserved. Under acidic intracellular conditions of 6.0 < pH < 7, the pH could be
sensed by the PCho '*C chemical shifts, where the precision would be the highest
when the chemical shift difference between positions 1 and 2 is used. Crucial and
damaging pH changes to values lower than 6.0 could be sensed at very high
sensitivity.
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