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The aim of this study was to investigate possible sodium triple-quantum (TQ) signal

dependence on pH variation and protein unfolding which may happen in vivo. The

model system, composed of bovine serum albumin (BSA), was investigated over a

wide pH range of 0.70 to 13.05 and during urea-induced unfolding. In both experi-

mental series, the sodium and BSA concentration were kept constant so that TQ sig-

nal changes solely arose from an environmental change. The experiments were

performed using unique potential to detect weak TQ signals by implementing a TQ

time proportional phase increment pulse sequence. At a pH of 0.70, in which case

the effect of the negatively charged groups was minimized, the minimumTQ percent-

age relative to single-quantum of 1.34% ± 0.05% was found. An increase of the pH

up to 13.05 resulted in an increase of the sodium TQ signal by 225%. Urea-induced

unfolding of BSA, without changes in pH, led to a smaller increase in the sodium TQ

signal of up to 40%. The state of BSA unfolding was verified by fluorescence micros-

copy. Results of both experiments were well fitted by sigmoid functions. BothTQ sig-

nal increases were in agreement with an increase of the availability of negatively

charged groups. The results point to vital contributions of the biochemical environ-

ment to the TQ MR signals. The sodium TQ signal in vivo could be a valuable bio-

marker of cell viability, and therefore possible effects of pH and protein unfolding

need to be considered for a proper interpretation of changes in sodiumTQ signals.
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1 | INTRODUCTION

The biological and physical properties of the sodium nucleus are attractive for a variety of biomedical MR applications.1,2 The sodium potassium

pump maintains a large sodium concentration difference between the intra- and extracellular space.2 Maintaining this difference in sodium con-

centration is a highly energy-consuming process. Therefore, sodium MR signals may directly reflect disruption in energy metabolism on a cellular

level and, therefore, may aid in the noninvasive detection and investigation of vital in vivo processes.

The sodium nucleus has a nuclear spin of 3/2. This allows the positively charged sodium ions (Na+) to interact with surrounding electric field

gradients created by electro-negative groups within macromolecules during electrostatic attraction or binding. These charged groups include car-

boxyl, hydroxyl and phosphate groups of proteins, nucleic acids and carbohydrates.3 In this case, binding refers to electric quadrupole interactions

of sodium ions with electro-negative groups during a time range of several milliseconds. Interactions in this time range create observable sodium

triple-quantum (TQ) signals. It was shown that the sodium TQ signal may have a higher intracellular weighting than the sodium single-quantum

(SQ) signal.4–11 Thus, theTQ signal can potentially be a valuable biomarker of cell viability.4,6,7,12–16 Both the sodiumTQ signal and the sodium SQ

signal can be valuable parameters for cell viability.17–22 Yet, in the case of the sodium SQ signal, the differentiation between increased intracellular

sodium content and increased extracellular space cannot be accomplished.23 Therefore, combined approaches24–26 which simultaneously measure

the sodium SQ and TQ signal may further enhance the value of sodium MRI. However, the interpretation of the biological origin of the TQ signal

should be performed very carefully as it may be hindered by many biological and physical environmental factors. For instance, TQ signals were

shown to depend on the concentrations of sodium4,7 and protein.7,11 Furthermore, changes in the extracellular sodiumTQ signal,4,27 altered trans-

versal relaxation times,28,29 and competitive binding with ions such as potassium3 or lithium30 should be taken into consideration.

Another important factor that may influence the sodiumTQ signal is the availability of negatively charged groups of proteins induced by pH

or protein conformational changes (Figure 1). Possible causes of a pH change in vivo are cancer or stop-flow ischemia, while protein conforma-

tional changes are associated with cancer or neurodegenerative diseases. In cancerous tissue, the intracellular pH and the extracellular pH can

change from 7.05-7.2 to 7.3-7.6 and from 7.4 to 6.8-7.0, respectively.31 During brain ischemia, both the extra- and intracellular pH could drop to

6.2-6.9 depending on the duration of ischemia.32–34

At higher pH values, the availability of negatively charged groups of macromolecules increases, while at lower pH values it decreases

(Figure 1A). In addition, a pair of oppositely charged groups within close-range can interact noncovalently via electrostatic interaction, forming an

ion pair.35 As the availability of electro-negative and electro-positive groups varies with pH, the number of such ion pairs also differs. The alter-

ation of negatively charged groups by pH results in a changed affinity of proteins for cations.36–38 In accordance with these studies, Hutchison

et al39 observed a change in a sodium double-quantum (DQ) signal from bovine serum albumin (BSA) in solution with a pH range of 5 to 8. It is

expected that not only DQ signal, but also a sodium TQ signal originating during binding interactions between proteins and sodium ions, will

depend on pH.

The 3D structural integrity of proteins is a fundamental part of their biological function. Unfolding of proteins results in the disruption of the

tertiary and secondary protein structure and in the exposure of the protein backbone to the aqueous phase.40–42 This can increase the availability

of negatively charged groups, as ion pairs are disrupted and amino acid residues buried in the hydrophobic protein core become exposed to the

F IGURE 1 (A) The relation between the electric charge of the carboxyl groups and pH is shown for the amino acid aspartic acid. The charge
of each carboxyl group depends on the acidity constant pKa as well as the solution pH. (B) The unfolding of BSA leads to a random coil
configuration. On the left, the native BSA crystal structure is visualized (PDB-File: 4F5S). BSA domain I (gray), II (cyan), III (blue), and the
negatively charged amino acid residues (red)
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aqueous phase43 (Figure 1B). This environmental change can influence the electric-quadrupole interactions of sodium ions with negatively

charged groups, thereby affecting sodium relaxation times and, thus, sodiumTQ signal. Therefore, we hypothesize that theTQ signal may depend

on the protein folding state.

The goal of the current study is an evaluation of effects on the sodiumTQ signal caused by changes in pH as well as the protein folding state.

The concurrent changes in sodium relaxation times were also evaluated.

In this study, theTQ time proportional phase increment (TQTPPI) pulse sequence3,12,13 was selected for sensitive detection of sodiumTQ sig-

nals. The sodium TQ signal was separated by frequency from other MR signals comprising SQ and DQ signals. The pulse sequence allows the

equal optimal detection of sodiumTQ signals with different ion binding interaction strengths. The DQ signal was suppressed and SQ signal served

as a reference quantification parameter.44 TheTQ/SQ signal ratio has been shown to be capable of reflecting the level of sodium interactions with

macromolecules.3,12,13

The experiments in this study were conducted using BSA, a protein that has been shown to create a strong TQ signal despite a weak affinity

for sodium ions.36,45–47 BSA was selected to be a suitable model system, as BSA has been widely studied, is available in high purity, and has a

known protein structure with a relatively large amino acid chain length of 583. The number of negatively charged amino acids is 100 (59 glutamic

acid, 40 aspartic acid and one carboxyl-terminus). Furthermore, both the distribution of correlation times and the root mean square of the electric

quadrupole interactions of BSA are very similar to the yeast protoplasm.46 The pH dependence was investigated by measuring the sodiumTQ sig-

nal of 10% w/v BSA over a wide pH range of 0.70 to 13.05, while the sodium and BSA concentration were kept constant. Extreme pH values were

chosen to obtain an estimate of the minimum and maximumTQ signal of 10% w/v BSA. The influence of the protein conformation on the sodium

TQ signal was studied under constant pH and by using urea-induced unfolding of BSA. The use of urea does not induce formation of immobile

solid-like structures.48 The state of BSA unfolding was additionally monitored by fluorescence signals from two tryptophan residues.49

2 | MATERIALS AND METHODS

2.1 | Model solutions and variation of the pH values

All chemical substances used to produce the phantoms were purchased from Carl Roth GmbH (Karlsruhe, Germany). In the first step, saline solu-

tions were made by adding 154 mM NaCl to distilled water. Such saline solutions are pH-neutral. To increase or decrease the pH of such solu-

tions, a portion of the saline solution was replaced by an alkaline solution containing 154 mM NaOH or by an acidic solution containing 100 mM

HCl with 154 mM NaCl, respectively. The final pH of the solution was verified with a VOLTCRAFT PH-100 ATC device (Conrad Electronic SE,

Wernberg, Germany) after MRS measurements.

The 24 phantoms (diameter = 16mm and length = 40mm) containing 8ml solution with 154 mM Na+ and 10% w/v BSA were prepared with

nonequidistantly distributed pH values over the range of 0.70 to 13.05. The extremely low pH values should minimize the availability of all nega-

tively charged groups, while a pH 13.05 should maximize the availability of all negatively charged groups for sodium binding.50

2.2 | Urea-induced unfolding of BSA

For the following control and urea-induced unfolding of BSA experiments, 10 ml phantoms (diameter = 16 mm and length = 50 mm) with

154 mM NaCl were prepared.

2.2.1 | Control experiments

The control measurements served to determine if the presence of urea itself might create a sodiumTQ signal. For this purpose, phantoms with a

urea concentration of 0, 5.5 and 8 M were used. All three phantoms contained no BSA.

2.2.2 | BSA unfolding experiments

In these experiments, the urea concentrations had the values of 0, 1, 2, 3, 4, 5, 5.5, 6, 7 and 8 M. All 10 phantoms contained 5% w/v BSA. The pH

values were 7.02, 7.03, 7.05, 7.05, 7.03, 7.00, 6.98, 6.99, 7.04 and 7.05 in phantoms with a urea concentration of 0, 1, 2, 3, 4, 5, 5.5, 6, 7 and 8 M,

respectively. The low content of BSA was chosen to prevent gelation of BSA occurring at high urea concentrations.51 No gelation of BSA was

observed during an observation period of 3 months following our experiments, during which the phantoms were stored at room temperature.
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2.3 | Fluorescence measurements

Fluorescence measurements were used as a gold standard to monitor the protein folding state. A second set of phantoms was produced for such

measurements, identical to the ones used in MR experiments. Fluorescence was monitored by a Tecan Infinite 200 PRO plate reader (Tecan

Group, Männedorf, Switzerland) using three 200 μl volumes per phantom. The two tryptophan residues of BSA were excited at λ = 295 nm with a

subsequent detection of response between λ = 320 nm and λ = 400 nm with a resolution of Δλ = 2 nm. The detected fluorescence spectra were

integrated, and the relative changes were plotted as a function of urea concentration to obtain a denaturation curve.

2.4 | MRS measurements

MR sodium data were acquired using a 9.4 T preclinical scanner (Biospec 94/20, Bruker, Ettlingen, Germany) equipped with a linear polarized
1H/23Na Bruker volume coil. The volume coil with an inner diameter of 72 mm had a length of 110 and 100 mm for 1H and 23Na, respectively.

The non-localized TQTPPI pulse sequence consisted primarily of three 90� radiofrequency (RF) pulses. One additional 180� refocusing RF

pulse was set in the middle between the first two 90� RF pulses, to compensate for B0 inhomogeneity (Figure 2A). The time interval between the

first and the second 90� RF pulses, called the evolution time (τevo), was incremented in the pulse sequence. The interval between the second and

third 90� RF pulses, called the mixing time (τmix), was set for its minimum possible value and remained unchanged. In our case, τmix was in the

range of 130-135 μs. The starting phase α = 90� was incremented in 45� steps, resulting in a cycle of eight phase steps to cover a full rotation of

360�. To suppress sodium DQ signals, phase β was alternated between ±90� while keeping τevo unchanged. An additional eight phase steps were

added, extending the total number of phase steps in one phase cycle to 16. The signals of these two subsequent phase steps were added to sup-

press the DQ signal. Figure S1 and Figure 2 show the successful suppression of the DQ signal. Next, the evolution time was incremented by Δτevo
alongside an increment of α by 45� after every second phase step. The total number of increments (ns) is given by ns = 8*nPC, where nPC is the

number of phase cycles.

The first free induction decay (FID) was Fourier-transformed and phase-corrected by an automatic phasing in frequency domain. Then the

found phase correction was applied to all other FIDs. Subsequently, all spectra were stacked along the evolution time axis. The amplitudes of

sodium spectral peak constituted the amplitudes of the TQTPPI FID in a second dimension. A Fourier transform of this TQTPPI FID yielded the

TQTPPI spectrum showing an SQ and aTQ peak at distinct frequencies (Figure 2B).

The length of the 90� RF pulse and therefore τmix was 130-135 μs. The original FIDs had 2048 complex points and a sampling rate of 50 μs

per complex point. The number of phase cycles, nPC = 50-100, was selected to sample the entire TQTPPI FID decay in a second dimension. The

evolution time increment (Δτevo) was 200 μs and the range of the evolution time was τevo = 0.4-160.4 ms. TheT1 value of each phantom was mea-

sured in advance, enabling a repetition time of TR > 5 T1 (or TR = 125-300 ms) to be set for theTQTPPI measurements. The total scan duration for

oneTQTPPI measurement was in the range of 2.2-10.1 minutes. Each phantom measurement was repeated 4-7 times with three averages.

To fit the TQTPPI FID, a Matlab (MathWorks, Natick, MA, USA) built-in trust region-based algorithm52 was used. The TQTPPI FID fit

function was3:

F IGURE 2 (A) TheTQTPPI pulse sequence. In this pulse sequence,
the RF phase α = 90� + ns * 45� and the evolution time
τevo = τmin,evo + ns * Δτevo are simultaneously incremented. For
elimination of the DQ signal, the output signals for the RF phases

β = ±90� are added for each new value of α and τevo. A 180� refocusing
RF pulse during the evolution time compensates for B0

inhomogeneities. (B) SodiumTQTPPI spectrum of 10% w/v BSA with
pH 13.05 and Δτevo = 0.2 ms. TheTQTPPI spectrum consists of sodium
SQ and TQ signals at the distinct frequencies of 0.625 and 1.875 kHz,
respectively. The sodium DQ signal, which should appear at the
frequency of 1.25 kHz, was completely eliminated
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S tð Þ=ASQS sin ωt +φ1ð Þexp −t=T2Sð Þ+ASQF sin ωt +φ1ð Þexp −t=T2Fð Þ+ATQ sin 3ωt +φ2ð Þ exp −t=T2Fð Þ−exp −t=T2Sð Þð Þ+DC ð1Þ

The parameters ASQS and ASQF are the amplitudes of the slow and the fast SQ relaxation component, respectively. Similarly, T2S and T2F are

the respective slow and fast transversal relaxation times. ATQ is the amplitude of the TQ signal. The frequency ω in the second dimension is

defined by ω = 1/((360�/Δα) Δτevo), where Δα = 45�. Possible phase shifts are compensated by φ1 and φ2; DC is a base line shift. In the current

study, we report the TQ amplitude as (ATQ/(ASQS + ASQF)), that is, normalized to the total SQ amplitude ASQ. Additionally, we report the fraction

of the slow component (ASQS/ASQ), and both transverse relaxation times, T2S and T2F. Each TQTPPI measurement was fitted separately to deter-

mine the mean and the standard deviation of all fitting parameters.

2.5 | Quantification of protein conformational changes

The relative change of the sodiumTQ signal and integrated fluorescence signal during urea-induced unfolding of BSA was calculated by using the

measurements at curea = 0 M as a reference. Measurement data from investigation of pH and the protein folding state Y(x) were fitted by a sig-

moid function, which is commonly used for investigation of pH53 dependence and the protein folding state48,49:

Y xð Þ=A+ B–Að Þ= 1+ exp V50 – xð ÞCð Þð Þ ð2Þ

For the pH experiment, A and B are the minimum and maximum values of the sodiumTQ signal, respectively, and x represents the pH value.

For the urea experiment, A and B are the minimum and maximum values, respectively, of the relative change of either theTQ or fluorescence sig-

nal. In this case, x is the urea concentration. V50 is the transition midpoint and C is the growth rate of the sigmoid function. For the fitting of the

data from urea-induced unfolding of BSA, the minimum value a was set to zero.

2.6 | Statistical analysis

The signal-to-noise ratio (SNR) of the TQ signal was calculated via SNR = (peak height)/σnoise, where σnoise is the standard deviation of the data

points in the TQTPPI spectrum containing only noise signal. SNR was used as a measure of the significance for the sodium TQ signal. For a TQ|

SNR| < 3, the TQTPPI FID was fitted by mono-exponential decay, while the TQ signal fitting was omitted.12 The Pearson correlation coefficient

(PCC) was used for correlation analysis.

3 | RESULTS

3.1 | Variation of the pH value

The dependence of the sodiumTQ signal on pH was investigated in phantoms with 10% w/v BSA and 154 mM Na+ over the pH range of 0.70 to

13.05. The changes of theTQ signal, the amplitude of the slow relaxing component and bothT2 relaxation times as a result of the variation of pH

are presented in Figure 3. In the pH region of 3.55 to 6.50, the ATQ/ASQ ratio was unchanged within the 95% confidence interval (CI) and the

average ATQ/ASQ was 1.59% ± 0.12%. When pH was increased from 6.50 to 8.84, the ATQ/ASQ values increased almost linearly with pH. In the

phantoms with a pH of 8.84 to 9.64, the ATQ/ASQ ratio reached a constant value of 5.16% ± 0.09%, which is a �225% increase relative to

the average value of ATQ/ASQ in the pH region of 3.55 to 6.50. In addition to the increase in the TQ signal, both sodium T2 relaxation times

decreased with increasing pH, whileT2F decreased at a higher rate thanT2S. TheT1 values were close to the corresponding T2S values for all phan-

toms (Figure S2a). It is important to note that in the pH range of 3.55 to 9.56, the amplitude ratios of ASQS/ASQ were unchanged at 41.2% ± 0.9%

(Figure 3A).

The sodium TQ signal at the extremely low pH of 0.70 to 2.09 was constant within 95% CI and the average ATQ/ASQ ratio was

1.27% ± 0.07%. This was a reduction by 20% ± 7% compared with the average ATQ/ASQ ratio of 1.59% ± 0.12% at a pH of 3.55 to 6.50. At

pH 13.05, the ATQ/ASQ ratio was 5.22% ± 0.13%, which was within 95% CI compared with the ATQ/ASQ ratio of 5.16% ± 0.09% for a pH of

8.84 to 9.64. Thus, the maximum TQ signal was already reached at a pH of 8.84. The ratio of the slow amplitudes (ASQS/ASQ) was

58.8% ± 0.9% and 45.6% ± 2.9% for pH values of 0.70 to 2.09 and 13.05, respectively. The fitting analysis of the TQ measurements during pH

variation by a sigmoid function (Equation 2) yielded a transition midpoint at a pH of 7.60 ± 0.11 and a growth rate of 2.05 ± 0.40 1/pH

(Table 1).
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3.2 | Urea-induced unfolding of BSA

In control experiments, no significant sodium TQ signal was found. The TQ SNR was −2.4, −0.1 and 1.0 (±0.1) for 0, 5.5 and 8 M urea, respec-

tively. The result of the control TQTPPI experiment in the phantom containing 8 M urea without BSA is illustrated in Figure 4D. By contrast, a sig-

nificant TQ SNR of at least 24.3 ± 0.1 was measured in phantoms containing BSA during the unfolding experiments. Thus, the presence of urea

did not produce any background sodiumTQ signal in our BSA unfolding experiments.

In the same control measurements, without BSA, sodium at the higher urea concentrations had lower T2 relaxation times, 50.6, 34.7 and

25.2 (±0.1) ms for the samples with 0, 5.5 and 8 M urea, respectively. In the unfolding experiments, a similar reduction in all sodium relaxation

times was observed, where theT1 values were again close in value toT2S (Figure 4A and Figure S2b).

In Figure 4B, the change in the sodium TQ signal in the unfolding experiments is presented. Up to a urea concentration of 4 M, the relative

change in the TQ signal was almost zero, within 95% CI, relative to the 0 M urea sample. For higher urea concentrations, the sodium TQ signal

increased and reached a constant value above 7 M urea. In addition to these changes in the sodiumTQ signal, the fraction of the slow component

ASQS/ASQ changed from 49.5% ± 4.2% (0 M urea) to 59.6% ± 4.6% for 1-2 M urea and reached a plateau of 52.1% ± 1.9% for 3-5.5 M urea

(Figure 4A). For 6-8 M urea, theT2S fraction was 42.2% ± 1.1%.

The above observed sodium TQ signal changes were compared with the results of an established method to detect protein unfolding using

fluorescence measurements, where the signals from two intrinsic tryptophan residues of BSA were used.49 The changes of the fluorescence spec-

tra reflecting the protein denaturation are presented in Figure 4B,C. Using the reverted ATQ/ASQ y-axis, the results of the TQ experiments were

overlaid with data from the fluorescence experiments (Figure 4B). Both experiments revealed a similar sigmoidal shape dependence during BSA

unfolding. Correlation analysis showed a negative linear correlation of ATQ/ASQ with the fluorescence signal (PCC = −0.99, P < .01), which indi-

cated a high correlation of theTQ signal with the protein structural alterations. A sigmoid fit of both denaturation curves also revealed a compara-

ble transition midpoint at � 5.7-5.9 M urea (Table 1). In both denaturation curves, a complete unfolding of BSA was reached above 7 M urea.

F IGURE 3 (A) Dependence of sodiumT2 relaxation times and the fraction of the slow component ASQS/ASQ on pH in the BSA phantom
samples. At the high pH values, T2F was decreasing much faster compared withT2S. (B) Dependence of the sodiumTQ signal on pH in the
phantom samples. Up to pH 6.50, ATQ/ASQ remains relatively unchanged. Between pH 6.5 and 8.84, the ATQ/ASQ increased with pH, which
correlates with the fact that at higher pH values the electrostatic attraction to the negatively charged groups is increasing. The results of the
sigmoid fit are given inTable 1. (C) Zoomed sodiumTQTPPI spectra for different pH values

TABLE 1 Sigmoid function fit of the results for sodiumTQ MR signal and fluorescent response

Fit parameter ATQ/ASQ vs pH ATQ/ASQ vs curea Fluorescence signal vs curea

A 1.43 ± 0.12% 0% 0%

B 5.28 ± 0.18% 43.22 ± 11.64% 46.04 ± 7.94%

V50 7.60 ± 0.11 pH 5.73 ± 0.60 M 5.92 ± 0.35 M

C 2.05 ± 0.40 1/pH 1.48 ± 1.14 1/M 1.89 ± 1.06 1/M

Sigmoid function is presented by Equation 2. “A” is the minimum value, “B” is the maximum value, “V50” is the transition midpoint of the sigmoid function

and “C” is the growth rate.
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4 | DISCUSSION

The sodium TQ signal is created when positively charged sodium ions interact with negatively charged groups of macromolecules (e.g. proteins).

Such signals can be used to assess cell viability.4,6,7,12–16 However, the effect of pH or protein conformation, which affects the availability of nega-

tively charged groups, can contribute to theTQ signal and needs to be evaluated. In this study, we investigated the dependence of the sodiumTQ

signal on pH and the protein folding state of the well-known protein BSA, which can resemble the in vivo situation.46 The pH dependence was

evaluated for 10% w/v BSA over a wide pH range of 0.70 to 13.05. The influence of the protein folding state on the TQ signal was investigated

by urea-induced BSA unfolding. These results provide insights giving a deeper understanding of the origin of the sodiumTQ signal and its capabil-

ity to serve as a potential biomarker.

In general, negatively charged groups within proteins are mainly found in the carboxyl-terminus and the amino acids, aspartic acid and glu-

tamic acid. The observed increase in ATQ/ASQ by �225% for a pH range of 6.50 to 8.84 can be explained by a combination of the following two

effects: (i) the protonation level of each carboxyl group depends on the dissociation constant pKa. At low pH, almost all carboxyl groups are pro-

tonated and therefore are almost neutrally charged. With increasing pH, the availability of negatively charged groups increases as more carboxyl

F IGURE 4 (A) Dependence of sodiumT2 relaxation times and the fraction of the slow component ASQS/ASQ on urea concentration in the BSA

phantom samples during the unfolding experiments. The addition of urea caused a reduction in both sodium transverse relaxation times and in
the percentage of slow relaxing component. (B) Comparison of the ATQ/ASQ ratio and the fluorescence signal at different urea concentrations in
the phantom samples during the BSA unfolding experiments. The ATQ/ASQ y-axis was inverted for a better comparison of the shapes of theTQ
signal with denaturation curve detected by fluorescence signal. For calculation of the relative changes in both curves, the measurement with 0 M
urea was used as a 100% reference. Both denaturation curves show a similar sigmoidal shape (Table 1) and the correlation analysis revealed a
negative linear correlation of the ATQ/ASQ ratio to the fluorescence signal (PCC = −0.99). (C) Fluorescence spectra of 5% w/v BSA at different
urea concentrations. Protein unfolding reduces the fluorescence signal. (D) Zoomed TQTPPI spectra of 5% w/v BSA at different urea
concentrations as well as for 8 M urea without BSA are shown. Urea alone, without BSA, even at the urea concentration of 8 M does not create
any sodiumTQ signal
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groups become deprotonated or more negatively charged; and (ii) oppositely charged groups of proteins within close range can interact via elec-

trostatic interactions and form ion pairs. These ion pairs can contribute to the overall stability of the protein tertiary structure,35 while their num-

bers and strength of interaction also depend on pH. For increasing pH, the increase in available negatively charged groups and the reduction of

available positively charged groups decreases the number of ion pairs, which also increases the availability of the negatively charged groups.42

Both effects lead to an increase in the availability of negatively charged groups and can contribute to the observed increase of ATQ/ASQ with

increasing pH. However, which effect is more dominant has yet to be investigated. But the large increase in TQ signal during variation of pH

underlines the importance of the availability of negatively charged groups for the creation of a TQ signal. Increasing pH also caused a reduction in

transversal relaxation times, which was also demonstrated for human erythrocytes over a pH range of 5.2 to 8.5.54 The reduction in relaxation

times and increase of the TQ signal for increasing pH are in accordance with the observed higher affinity of proteins for cations with

increasing pH.36–38

The extreme variation in pH can cause denaturation of BSA. According to Lin and Koenig,55 the onset of acidic and alkaline denaturation of

BSA is found around pH 5.0 and 9.5-10.0, respectively. For the pH range of 6.50 to 8.84, denaturation of BSA is not expected and therefore the

increased TQ signal in this pH range was a consequence of the reasons mentioned above. However, denaturation of BSA could have influenced

the estimation of the minimum and maximumTQ signals of 10% w/v BSA. For pH 0.70 to 2.09, an averageTQ signal of ATQ/ASQ = 1.27% ± 0.07%

was still found. In particular, at pH 0.70, the effect of negatively charged groups on TQ signal is minimized, because almost all of the negatively

charged groups are protonated and therefore neutrally charged.50 For these very low pH values, the slow relaxing fraction of sodium signal

ASQS/ASQ changed to 58.8% ± 0.9% compared with 41.2% ± 0.9% for pH 3.55 to 9.56. The deviation of ASQS/ASQ from the theoretically

expected value of 40% at low pH suggests that sodium ions were exposed to multiple environments with different bi-exponential or mono-

exponential relaxation properties.56 The fact that the TQ signal was unchanged in the pH range of 0.70 to 2.09 can be attributed to protein

unfolding and aggregation of BSA. At these low pH values, amine groups are positively charged (Figure 1A) and, in combination with aggregation

of BSA, could cause electric quadrupole interactions which are sufficient for the creation of a TQ signal. Further investigations of different pro-

teins with a minimized influence of negatively charged groups using the sodiumTQ signal are required to confirm this observation.

The observed pH dependence may affect the analysis of the sodium TQ signal in pathologies such as ischemic stroke32–34 or tumor.31,57

LaVerde et al16 investigated the sodium TQ signal in focal brain ischemia of a nonhuman primate model. After 0.6 hours the TQ signal increased

by 126% ± 70%, and after 3 hours by 175% ± 91%. It was concluded that these changes were only caused by an increased intracellular sodium

concentration. However, both extra- and intracellular pH could drop to 6.2-6.9 during ischemia, depending on the duration of ischemia.32–34

According to estimates from the current study, a decrease in pH from 7 to 6.5 could cause a ATQ/ASQ reduction of 33% ± 4%. Thus, the actual

increase of the TQ signal due to changes in the intracellular sodium content might have been larger than the values reported by LaVerde et al,16

as both the extra- and intracellular TQ signal could have been decreased by reduced pH. It is important to note that alterations in the TQ signal

due to changes in the intracellular sodium content or pH cannot be separated. To exclude the effect of pH changes on the TQ signal, MRI-based

methods to assess the pH can be used.58–60

Thus, in addition to biological and physical environmental factors, such as sodium and protein concentration, the TQ signal depends on the

availability of negatively charged groups and therefore on the pH value. This should be considered in the interpretation of TQ signals from pathol-

ogies causing a pH change, for example, ischemic conditions.9,11–13,61–64 This pH dependence, however, cannot be used to directly measure the

pH value, as sodium interactions with macromolecules are needed for theTQ signal. Thus, without macromolecules, pH variation may lead to small

changes in sodium relaxation times.

Going one step further, a possible correlation between the TQ signal and the protein folding state was investigated. Protein folding states

include natively folded proteins, partially folded proteins, unfolded proteins and protein aggregates.42 Only the native protein structure possesses

a biological function.

In the control measurements of NaCl with urea, a strong reduction of the relaxation times was observed, which was not accompanied by the

formation of a TQ signal. Schepkin et al3 observed a similar effect in solutions of glycerol and saline in equal volumes. They measured an even

more substantial reduction of the relaxation times and, similarly, did not detect any TQ signal due to the very short tumbling time of the glycerol

molecule. The tumbling time of the urea molecule is also too short for the formation of a TQ signal and thus the presence of urea did not contrib-

ute to a measured increase of theTQ signal in our unfolding experiments.

The urea-induced unfolding of BSA resulted in an increase of the sodium TQ signal with a sigmoid function profile similar to fluorescence

measurements. Both methods have similar curves as a function of urea concentration with a negative linear correlation (PCC = −0.99), indicating

a correlation of theTQ signal with the changes in protein structure. The pH value was practically unchanged, and it was verified directly after each

MRS measurement in each phantom to control a possible pH effect on the urea experiments.

Urea unfolds proteins, due to the preferential solvation of hydrophobic residues and the preferential binding of urea to the protein back-

bone.40,41 Protein unfolding by urea disrupts the protein tertiary and secondary structure and exposes the protein backbone to the aqueous

phase.42 These effects lead to a random coil formation of the protein (Figure 1). The observed increase of the sodium TQ signal in the BSA

unfolding experiment can be explained by a combination of two effects: (i) the loss of the tertiary structure disrupts ion pairs, which increases the

availability of negatively charged groups compared with the native state. However, it has recently been suggested that in denatured proteins new
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long range ion pairs are formed to minimize energy65; and (ii) protein unfolding exposes the hydrophobic protein core to the aqueous phase. This

exposure of the hydrophobic core increases the availability of negatively charged groups, which are exposed to the aqueous phase.66 In addition,

the transformation from a hydrophobic to a hydrophilic environment can affect the sodium TQ signal.67 Our current experiments cannot distin-

guish between the two effects referenced above, which can potentially cause the observed TQ signal to increase during a rising degree of protein

denaturation. It is interesting to note that the effect (ii) correlates with the change in the slow fraction ASQS/ASQ. This ratio is getting close to the

theoretical value of 40% for 6-8 M urea due to the change of environment from hydrophobic to hydrophilic. This process results in one or more

sites with similar relaxation properties for all sodium ions. In accordance with our results, Uzman43 observed that a larger fraction of an organic

anion was bound to denatured BSA compared with native BSA.

The observed TQ signal dependence on the protein folding state could be of importance for analysis of sodiumTQ signals in diseases associ-

ated with pathological changes in protein expression, such as cancer and neurodegenerative diseases. Recent studies24,68,69 showed a reduced

sodiumTQ signal in cancer, whereas in recurrent cancer an increased TQ signal was demonstrated.70 In cancer, a reduction in the sodiumTQ sig-

nal could be caused by reduced extracellular pH31 and decreased protein content in the tumor core71 due to edema and necrosis. On the other

hand, the intracellular sodium content,72 intracellular pH31 and the protein content in the tumor rim71 are increased, which could lead to an

increase in the sodiumTQ signal. Based on our results, the increase of available negatively charged groups in misfolded proteins can also lead to

an increase in sodium TQ signal. The contribution of each environmental change to the altered TQ signal in cancer has yet to be investigated to

obtain a deeper understanding of the TQ signal origin in different pathologies. In addition, the influence of protein denaturation processes on the

in vivo sodium TQ signal, where many confounding factors are present, remains to be verified. Misfolded proteins also tend to form aggregates,

which could also affect the sodiumTQ signal.

There is a recent debate about the possibility of discriminating between intra- and extracellular sodium signal based on the sodium TQ sig-

nal.13,56 It was shown experimentally that the intracellular sodium signal contributes 30%-70% to the total TQ signal.4–11 TheTQ signal may have

a higher intracellular sensitivity compared with the SQ signal but it cannot discriminate between extra- and intracellular signals. The TQ signal

might correlate with intracellular sodium changes, as shown in an isolated well perfused rat heart system when extracellular sodium remained

unchanged.4 However, theTQ signal is influenced by many parameters, as indicated in our study, which requires a careful interpretation of TQ sig-

nal alterations before making any final conclusions about its possible correlation with intracellular sodium.

In the current study, the influence of B0 and B1
+ inhomogeneity on the TQ signal was minimized in order to prevent a reduction in the TQ

signal.73–75 The use of a 20-step shim routine including the first and second order shims resulted in a full width at half maximum (FWHM) of the

sodium SQ signal of 25-30 Hz for all phantoms. This good B0 homogeneity was confirmed by a minimal B0 deviation of −90 to 240 Hz in two

exemplary B0 maps (Figure S3). Furthermore, the TQTPPI pulse sequence included a 180� RF pulse to compensate for B0 inhomogeneity

(Figure 2A). With respect to B1
+, the use of a volume coil and the placement of all phantoms in the homogeneous part of the volume coil mini-

mized the effect of B1
+ inhomogeneity in our experiments. Accurate repositioning of all phantoms provided similar minimum B1

+ deviations for all

phantoms. Exemplary B1
+ maps for both phantom sizes showed a minimal B1

+ deviation of less than 7.2% (Figure S4). Based on calculations of

Wigner matrix elements76 and transfer functions,77 the B1
+ deviation of 7.2% resulted in a negligibleTQ signal contribution, which was created by

an imperfect refocusing pulse, of 1.8% to the total TQ signal. Any DQ signals created by an imperfect refocusing pulse were cancelled by the

phase alteration of the third RF pulse.

5 | CONCLUSION

The unique capability of theTQTPPI sequence was applied to evaluate two major effects of environments on the sodiumTQ signal from BSA pro-

tein solutions. The high pH values yielded up to a 225% increase of the sodiumTQ signal relative to low pH. Up to a 40% increase of the sodium

TQ signal was observed during protein unfolding by urea while the pH values were kept unchanged. The protein unfolding was independently

controlled by fluorescence microscopy. Thus, the sodium TQ signal is closely linked to the protein structure and the availability of negatively

charged groups. The results of these experiments provide a first assessment of the possible effects from pH and protein unfolding during in vivo

application of theTQ signals.
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