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ABSTRACT

The physicochemical environment inside cells is distinctly different from that immediately
outside. The selective exchange of water, ions, and molecules across the cell membrane,
mediated by integral, membrane-embedded proteins is a hallmark of living systems. There
are various methodologies available to measure the selectivity and rates (kinetics) of such
exchange processes, including several that take advantage of the non-invasive nature of NMR
spectroscopy. A number of solutes, including particular inorganic ions, show distinctive
NMR behaviour, in which separate resonances arise from the intra- and extracellular solute

populations, without the addition of shift reagents, differences in pH, or selective binding
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partners. This ‘split peak effect/phenomenon’, discovered in 1984, has become a valuable
tool, used in many NMR studies of cellular behaviour and function. The explanation for the
phenomenon, based on the differential hydrogen bonding of the reporter solutes to water, and
the various ways in which this phenomenon has been used to investigate aspects of cellular

biochemistry and physiology, are the topics of this review.
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1. Introduction

1.1. Serendipity

The discovery of the transmembrane NMR ‘split peak effect/phenomenon’ [1, 2], which
has its origins in different extents of hydrogen bonding of water to a reporter solute inside
and outside cells, was a case of classical serendipity. In 1984, an undergraduate research-
project student, KK, working with PWK, began investigating the possibility of measuring the
membrane potential of cells, using the favourable non-invasive characteristics of *'P NMR
spectroscopy. *P NMR had been used over the previous decade to study cell and tissue
metabolism: initial applications had been with intact rabbit red blood cells (RBCs) to provide
an estimate of intracellular pH and measure the concentration of the metabolite 2,3-
bisphosphoglycerate (2,3BPG) [3], followed a year later by **P NMR observations of pH and

metabolite levels inside intact rat muscle [4].
1.2. Background and motivation

The enticement to develop an NMR method for estimating membrane potential came from
reports of electrochromic dyes being used with optical spectrophotometry for that purpose.
Such dyes physically exchange between the hydrophobic environment of phospholipid
bilayers enclosing the cytoplasm and the aqueous medium, and their optical absorption and
emission spectra are functions of the cell’s membrane potential [5, 6]. We speculated that it
might be possible to develop an NMR counterpart of this experiment, relying on the fact that
an atomic nucleus has a resonance frequency, m, that is directly proportional to the average
strength of the local magnetic field at the nucleus, B, as encapsulated in the Larmor

equation:

® = —yBjoc (1)

where y is the magnetogyric ratio of the nucleus [7, 8]. For a nucleus placed within the
magnetic field (By) of an NMR spectrometer, the electron cloud that surrounds the nucleus
partially shields it from By. This has the effect of lowering the resonance frequency of the

nucleus. Because the changes in frequency are relatively small, and in order to normalize the



measurement and to make the changes independent of the particular magnetic field strength,
the ‘chemical shift’ in units of ppm (parts per million) is defined as:

® -0
5= sample ~@reference x 106 (2)

Oreference

where ®sampie IS the resonance frequency of the nucleus of interest, and ®reference IS the
resonance frequency of a particular nucleus in a chemical species that is chosen to be the
chemical shift reference. A perturbation of the electron cloud by a change in the
physicochemical environment associated with an alteration in the cell’s membrane potential
might be expected to alter the chemical shift of the nucleus.

Our initial intention was to use selected electrochromic dyes, hoping that NMR spectra
arising from these compounds would display changes.in chemical shift when the membrane
potential was changed. Optical frequencies change when the membrane potential changes, so
why not NMR frequencies? But, are the dyes detectable by NMR spectroscopy under cellular
conditions? Unfortunately, “No!”. The dye concentrations typically used are in the uM range,
and NMR spectroscopy is not sufficiently sensitive to detect solutes at such low
concentrations, generally requiring ~-mM levels. Nevertheless, the notion of the
physicochemical environment in‘and around cells affecting the NMR resonance frequency of

probe nuclei remained anintriguing one.
2. Dimethyl methylphosphonate — the beginning with *P NMR

As a first step towards devising a quantitative procedure for detecting changes in chemical
shifts of selected probe solutes in RBCs, we sought a new chemical shift and intensity
reference-compound that would dissolve in an agueous medium while not perturbing cellular
metabolism. Up to this time, there had been no universally applicable internal references for
biological *'P NMR spectroscopy. The international standard for *P chemical shift was, and
still is, 85% phosphoric acid in ?H,0; perforce, it is an ‘external’ reference that must be
housed in a glass capillary, or spherical bulb, inserted into the sample and thus isolated from
the (bio)molecules of interest. The use of this standard has significant shortcomings in the
context of cell suspensions, in which, as is described below, variations in magnetic
susceptibility between the contents of the reference-capillary and the cells can contribute to

apparent chemical shift differences seen in the NMR spectra.



Endogenous metabolites can be used as ‘internal’ chemical shift references in some
tissues, such as phosphocreatine in muscle. This has a value of -2.3 ppm at pH 7.42, but it is
calibrated relative to external 85% phosphoric acid in ?H,O [9], which we considered to be
non-ideal for reasons stated above; furthermore, phosphocreatine is not present in human
RBCs.

Amongst a group of candidates for internal reference compounds, the water-miscible,
electrically neutral ester, dimethyl methylphosphonate (Fig. 1A, DMMP) was appealing. Its
single 3P atom is surrounded by three oxygen atoms, with a directly bonded carbon atom that
defines it as a phosphonate. It was expected to give a single P NMR resonance with a
chemical shift to high frequency of the resonances from endogenous phosphate esters, thus
avoiding spectral resonance overlap with them. However, when DMMP was added to freshly
prepared human RBCs, the P NMR spectrum contained not the expected single resonance,
but two! This was the foundational serendipitous discovery.

We set out to understand the physicochemical origins of this phenomenon, and to explore
how it could be used to probe various properties of RBCs.

A CH3 B OC2H5 C O
H,CO — T|) — OCH,  H,C,0— T|) — OCH, H— T|) —H
O @) @)
DMMP TEP HP
Fig. 1 Three phosphoryl compounds that were important in the development of *!P NMR methodology that
emerged from the study of the split peak effect. A, Dimethyl methylphosphonate (DMMP) shows separate intra-
and extracellular *P NMR resonances when added to a cell suspension and has been used for measuring
changes-in cell volume [2] and membrane permeability on the sub-second time scale [10]. B, Triethyl phosphate
(TEP) is the **P NMR chemical-shift and intensity reference for general use in cell suspensions [11]; it
undergoes fast-exchange across the erythrocyte membrane under physiological conditions and gives rise to a
single *P NMR resonance. C, Hypophosphite (HP), like DMMP, shows the split peak effect and is used for
measuring membrane potential [12], as an analogue of bicarbonate in membrane transport studies, and to record

changes in cell volume during time courses in which other cell attributes are recorded [13].

Further experiments revealed more intriguing characteristics of the 3P NMR signals from
DMMP. Fig. 2A shows the separation between the two peaks of DMMP and how this

increased with a decrease in mean cell volume (MCV), brought about by changing the



osmolality of the medium by changing the NaCl concentration [2]. This spectral series also
served to identify the low chemical shift resonance as being from the intracellular population
of DMMP molecules. The osmotic shrinking reduced the RBC water volume while
increasing that of the extracellular compartment. Hence the peak with the decreasing integral
(area) can be deduced to be from DMMP inside the cells, while the increasing one is from
DMMP outside them. In other words, it was the low chemical shift peak (to the right in the
spectra of Fig. 2A) for which the integral changed in this way, thus identifying it as being
from the intracellular DMMP. The observation that the low chemical shift resonance moved
to a greater extent than the high chemical shift one, as the cell volume was varied,
underscored the conclusion that this resonance was indeed from DMMP inside the cells.

Fig. 2B is a graph of the dependence of the DMMP resonance separation on the RBC
volume (MCV), measured using the initial cell count and a standard haematological
procedure to measure the haematocrit (Ht) with a special centrifuge. This outcome was
important as it provided a tool for real-time monitoring of MCV. Once a blood sample from a
particular donor has been calibrated with respect to DMMP splitting as a function of RBC
volume, changes in MCV during time course experiments can be monitored in a quantitative

manner by referring the resonance separation back to the standard line.
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Fig. 2 *H-decoupled **P (162 MHz) NMR spectra of DMMP in a suspension of RBCs with a progressive
decrease in RBC volume brought about by adding concentrated NaCl solution to a previously hypotonic
medium. A, Chemical shift separation between the two resonances (peak splitting) increased as the RBC volume
was decreased; the resonances that corresponds to the respective extracellular and intracellular populations of
DMMP are labelled in the top spectrum . B, Graph of resonance separation (peak splitting) as a function of RBC

volume. Adapted from the original [2], with permission of Elsevier.
3. Possible mechanisms
3.1. pH and binding

In subsequent work, the separation of the DMMP resonances in RBC suspensions was
seen to change with changes in pH; however this was soon shown to be an indirect effect,
secondary to the influence of pH on the MCV [14]. The **P NMR chemical shift of DMMP
(a non-ionisable, electroneutral compound) itself is independent of pH.

When the packing density of the RBC sample (the Ht) was varied by adding more packed
cells to an existing sample, the resonance separation remained almost constant. Additionally,
the magnitude of the splitting was independent of the concentration of DMMP up to bio-
tolerable concentrations (~50.-mM). Both of these results argued against tight (saturable)
binding to haemoglobin (or other less abundant proteins and lipids) as the basis for the
chemical shift of the intracellular resonance.

In experiments with haemolysates, it was shown that the frequency of the *'P NMR signal
from DMMP; relative to that of triethyl phosphate (a compound shown to have a 3P NMR
signal that made it ideally suited for use as an internal chemical-shift standard; see below and
Fig. 1B for its structure), was dependent mostly on the haemoglobin concentration [14, 15].

In summary, it appeared from the early work with DMMP that its split peak effect was not
due to direct saturable binding to macromolecules in RBCs, and yet it was dependent on the

protein (mostly haemoglobin) concentration.
3.2. Other phosphonates
Following the original observation of the DMMP split peak effect, a set of other

phosphoryl compounds was added to RBC suspensions (Fig. 3A). With the exception of
triethyl phosphate (TEP), all showed the split peak effect. The compounds for which peak



splitting was seen included the charged monovalent hypophosphite anion (HP; Fig. 1C),
while the remainder were electroneutral esters like DMMP. For those compounds showing
the split peak effect, there was a high degree of variability in the magnitude of the separation
between the intra- and extracellular resonances. For isovolumic RBCs (MCV = 86 fL), the
largest splitting was seen with diphenylphosphinate (DPP; 1.324 ppm) and the smallest
splitting was with trimethyl phosphate (TMP; 0.055 ppm).

Fig. 3B shows the effect on the NMR spectrum of Fig. 3A, obtained by adding 100 uM
MnCl, to the RBC suspension, The extracellular Mn®* causes suppression and broadening of
the higher frequency (higher chemical shift) component of the split peak, thus confirming the
identity of this resonance as the extracellular one. Note that in the case of the anionic species
phenylphosphinate (PP) and hypophospite (HP), addition of MnCl; resulted in the complete
elimination of the extracellular resonance (Fig. 3B).

A HP
DMMP Bef =
TMPO B2 TMP  TEP
1 9. el DPP 1 d ! l
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Fig. 3. *H-decoupled *'P (162 MHz) NMR spectra of eight phosphoryl compounds, each at a concentration of
10 mM, in an RBC suspension that had been treated with carbon monoxide to convert the haemoglobin to its
stable diamagnetic (carbonmonoxy) state. A, An RBC suspension with Ht = 0.56, where e and i denote
extracellular and intracellular resonances, respectively. B, A similar suspension to which 100 pM MnCl, was

added. C, A haemolysate prepared by freeze-thawing of a suspension of RBCs prepared as for A. Abbreviations



and peak separations (ppm) at an RBC volume of 86 fL: trimethylphosphine oxide (TMPO), 0.212; dimethyl
methylphosphonate (DMMP), 0.195; diethyl methylphosphonate (DEMP), 0.209; diphenylphosphinate (DPP),
1.324; phenylphosphinate (PP), 0.316; hypophosphite (HP), 0.233; trimethyl phosphate (TMP), 0.055; triethyl
phosphate (TEP), 0.000; and ‘Ref’ indicates the peak of DEMP in a glass capillary serving as an external
(secondary) chemical shift standard. Resonances at 3.42 and 4.17 ppm were from 2,3BPG in the RBCs, while a
signal from intracellular inorganic phosphate was at 2.78 ppm. Adapted, using the original spectra from Fig. 3.1
in [16], with new solid lines and symbols. A version of the figure with only the top spectrum is Fig. 1-in [17].

Adapted, with permission of Elsevier.

3.3. Magnetic susceptibility differences

One potential source of a chemical shift difference between intra- and extracellular
populations of the compounds of interest is a difference in magnetic field strength between
the inside of the RBCs and the medium. This can be brought about by differences in magnetic
susceptibility of the intra- and extracellular milieux. If the local magnetic field is different
inside and outside the cells, the Larmor equation (Eq. 1) predicts different resonance
frequencies for corresponding nuclei (in-a particular molecule) located in the two
compartments.

It is sometimes forgotten that haemoglobin is not always paramagnetic. In fact, the
globin, and porphyrin parts of the heme moiety, are diamagnetic [18, 19]. The iron in heme
can exist in several different electronic states. The Fe(ll) state is only paramagnetic when no
oxygen is bound to it: in deoxyhaemoglobin, Fe(ll) exists in a high-spin electronic state and,
as a result, it is paramagnetic. In methaemoglobin, the iron exists in the paramagnetic Fe(lll)
state, rendering the protein as a whole paramagnetic. However, oxy- and carbonmonoxy-
haemoglobin are both diamagnetic [18]. It is with this in mind that, in order to achieve the
highest resolution in NMR spectra, RBC suspensions are often gassed with carbon monoxide
to lock haemoglobin into the low-spin diamagnetic (carbonmonoxy-haemoglobin) state.
Because the affinity of haemoglobin for carbon monoxide is ~250 times that for oxygen [20],
the sample remains diamagnetic for many hours in a sealed NMR tube. This high affinity is
highlighted by the observation that the biological half-life of carbon monoxide in a healthy
sedentary adult is 4-5 h [20]; this is something worth remembering when using this gas to

prepare blood samples in experimental studies.
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Fig. 4. Representation of magnetic field distortion by a spherical cell enclosing a medium that has lower
magnetic susceptibility, y;, than that in the extracellular medium, .. The cell is typically more diamagnetic than
the surrounding medium as is the case of oxygenation or carbon-monoxygenation of RBCs. The separation or
distance between the lines of force indicates the_ relative magnetic induction, or flux density, in the depicted
region. The figure is based on a solution of the Laplace equation using Mathematica [21] for which y;: % =
1:1.9.

Fig. 4 represents a physical situation that may seem intuitively obvious: if the interior of a
cell is more diamagnetic than outside, then the bulk magnetic field strength inside will be less
than that outside. While there are gradients of the field near the outer surface of the sphere,
the field inside is homogeneous. It could be surmised from Eq. (1) that, providing that
transmembrane exchange is slow on the NMR time scale, the net effect of this situation will
be separate NMR peaks arising from the solute nuclei inside and outside the cells. Because
the field outside the cell is not homogeneous, the spectral lines from nuclei in the immediate
vicinity of the cell will be broader than those from nuclei inside the cell, or in the bulk
external phase because of the range of magnetic field strengths.

However, the situation is not this simple. Cells, and the medium in which they are
suspended, are magnetically polarized by the imposed magnetic field, Bo. This polarisation of
the contents of each compartment makes a contribution to the magnetic field that is
experienced by nuclei within that compartment. This contribution combines with the

magnetic field arising from induced magnetic dipoles from adjacent nuclei which averages to
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zero in an isotropic system, but not necessarily so in complex structures like the inside of a
cell.

While we will not digress into this topic here, it can be shown that for an isolated sphere in
a uniform imposed magnetic field, the field experienced by a nucleus within the sphere is the
same as that experienced by a nucleus in the same solute species in the external medium. This
is why a ‘true’ external chemical shift standard is placed into a glass sphere inside the NMR
sample tube. On the other hand, cells in a dense suspension cannot be assumed to be
spherical (RBCs certainly are not under normal circumstances) or isolated from each other,
so the inside magnetic field is also not homogeneous. As a general rule of thumb, if the
cellular contents are more diamagnetic (less paramagnetic) than the external medium, then
resonance frequencies will be lower inside the cells than their counterparts outside. The
subject of magnetic susceptibility-induced resonance shifts is comprehensively covered in
references 22-24 [22-24] and an illustration of the effect is presented below under the
heading “Differential hydrogen bonding of water inside and outside RBCs “.

Overall, in the absence of other factors, such as specific chemical interactions, the extent
of peak splitting arising from a transmembrane magnetic susceptibility difference will be the
same for the nuclei in all solutes. The data in Fig. 3 clearly show this not to be the case. So, if
a magnetic susceptibility difference did contribute to the splitting of the peaks, it could not

the sole cause.

3.4. Solvent effects

Earlier studies by Natterstad and Maciel provided the key to our understanding of a likely
cause of the split peak effect [25-27]. They explored solvent effects on the chemical shift in
3C NMR spectra of a series of eight carbonyl compounds, including acetone. The chemical
shift of the 3 C=0 group was measured in samples made in 17 different solvents ranging
from aprotic ones (including acetone itself, cyclohexane, and methanol) to protic solvents
(including acetic acid and 97% sulfuric acid in water). The solvent series was ranked in terms
of the tendency to form hydrogen bonds between the solvent and solute molecules. The full
range of *C chemical shifts of **C-acetone was a mighty 43.6 ppm (not including neat
acetone itself). In the same solvents, the range of shifts of **C-dimethyl carbonate was only 3
ppm (not including sulfuric acid as the solvent) suggesting the use of this compound as a
general internal **C NMR chemical shift reference [27]. The near invariance of the difference

in chemical shift between its methyl and carbonyl resonances also had a bearing on the
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mechanism deduced for the solvent shift effect seen with the other solutes. This observation
prompted the idea of finding an analogous compound as an internal chemical shift standard
for our **P NMR studies. TEP turned out to be the best candidate [11] (see Fig. 3, and
below).

The study of solvent effects on the **C NMR chemical shifts of compounds containing the
carbonyl group led us to explore whether the *P NMR chemical shifts of the various
phosphoryl compounds of interest showed analogous solvent dependence.” A range of
solvents were tested: heptane, cyclohexane, benzene, carbon tetrachloride, acetone,
chloroform, tert-butyl alcohol, isobutyl alcohol, 2-propanol, 1-pentanol, 1-butanol, 1-
propanol, ethanol, methanol, water, 2H,0, acetic acid, and sulfuric acid. The chemical shift of
DMMP spanned from -7.3 to 11.1 ppm, viz., over 18 ppm! DEMP and TMPO showed
similarly large chemical shift ranges, while TEP had a chemical shift range of only 0.5 ppm
[28]. This property, coupled with its metabolic inertness, made (and still makes) TEP an ideal
internal chemical shift reference for 3'P bio-NMR [11].

When interpreting the chemical shift behaviour of the different phosphoryl compounds
dissolved in the different solvents, it was recognized that the solvents varied in the extent to
which they participate in hydrogen bonding with each of the compounds (as in [27]). For the
two phosphate esters (TEP and TMP), the variation in hydrogen bonding at the phosphoryl
oxygen was evidently of little consequence for the 'P NMR chemical shifts. Having the
carbon atom directly bonded to the phosphorus atom in the phosphonates was clearly
important for the solvent-shift effect. In rationalizing the physicochemical features of this
solvent set, the feature that correlated with the observed chemical shift of DMMP (as well as
those of DEMP and TMPO) was the extent to which each solvent is able to participate in
hydrogen bonding, primarily as a donor to the phosphoryl oxygen. This led to the hypothesis
that the observation of separate intra- and extracellular peaks for many of the phosphoryl
compounds in a suspension of RBCs reflects, at least in part, a difference in the extent of
hydrogen bonding, primarily to water (since this is by far the most abundant hydrogen bond
donor in the system), inside and outside the cells. It was postulated that because of the high
concentration of protein within RBCs, the extent of hydrogen bonding between the probe
compounds and water will be lower inside the cells relative to the suspension medium outside
the cells.

This hypothesis for the primary mechanism underlying the split peak effect led us to
postulate that the effect would also be seen with fluorinated compounds. Although

controversial [29], it had been claimed by various authors that the fluorine atom can act a
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hydrogen-bond acceptor in some compounds, and this now appears to be well accepted [30].
Thus, a different hydrogen bonding environment to water inside and outside the cells might
be expected to give rise to differences in the ®F NMR chemical shifts of intra- and

extracellular populations of fluorinated compounds, as had indeed been observed.

4. F NMR spectroscopy of RBCs

4.1. Previous interpretations

London and Gabel [31] had observed split peaks in *°F NMR spectra of trifluoroacetamide
and trifluoroacetate added to RBC suspensions. They used the phenomenon to measure the
membrane potential in a manner that was similar to our use of HP with 3P NMR (see below).
However, they ascribed the '°F NMR spectral splitting to differences in magnetic
susceptibility between the inside and outside of the cells, in addition to differential binding to
cellular constituents. The latter idea was invoked to account for the observation that the
separation between the intra- and extracellular peaks was different for the two compounds; as
noted above, a magnetic susceptibility difference alone would have given the same split for

both compounds.

4.2. 3-Fluoro-3-deoxy-D-glucose

A clear difference between the splitting observed with *'P and '°F compounds is the
direction of the intracellular shift. As can be seen from Fig. 5, on adding 3-fluoro-3-deoxy-D-
glucose (FDG-3) to a suspension of RBCs [32, 33], the resonance from the intracellular
population of this glucose analogue is to high chemical shift of the extracellular one. This is
the opposite of what is seen in the **P NMR spectra of phosphoryl compounds added to RBC
suspensions (e.g., Figs 2A and 3).

This observation argues against the phenomena being simply due to differences in
magnetic susceptibility across the cell membrane. The effect is particularly well exemplified
in the spectra from a molecule with two different NMR-receptive nuclides in its structure,
difluorophosphate (DFP, F,-(P=0)-(0"),).
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Chemical Shift (ppm)

Fig. 5. *H-decoupled *°F (376 MHz) NMR spectrum of 3-fluoro-3-deoxy-D-glucose added to a suspension of
RBCs. Annotation: o and p denote the resonances from the respective anomeric species, while e and i denote
the extracellular and intracellular resonances, respectively. The chemical shift of the extracellular resonance of

the a-anomer was set to 0.000 ppm. Adapted, with permission of Portland Press, from [33].
4.3. Difluorophosphate — the “clinching” evidence

Fig. 6A shows a *'P NMR spectrum of DFP in a RBC suspension, with its widely-
dispersed - triplet showing a °F-'*P scalar coupling of 'Js = 975 Hz. In addition, each
component of the triplet is split into intracellular and extracellular peaks. The signals arising
from the intracellular population are to lower frequency. Fig. 6B shows the *F NMR
spectrum of DFP, with a doublet of the same splitting (975 Hz), as would be expected from
the *Jp value seen in the *P NMR spectrum. The important difference between the spectra
of Figs 6A and 6B is that the intracellular shift in the opposite direction.

The simplest explanation (invoking Occam’s razor) for these spectral outcomes is that the
split peak effect arises from there being different extents of hydrogen-bonding of the solute
of interest to water, inside and outside the cells. As alluded to above, this is most likely due to
the high content of proteins (mostly haemoglobin) inside the RBCs and hence effectively

reduced extent of interactions between the solute of interest and water. Both the phosphoryl



15

oxygen and the fluorine atom participate in hydrogen bonding with water. For the *°F atom,
the hydrogen bond is directly to the NMR reporter nucleus, whereas for the *'P spectrum, the
chemical-shift perturbation takes place inductively via the intervening oxygen atom in the

phosphoryl group [34]. As a result, the intracellular shifts, observed for the two nuclei, are.in
opposite directions.
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Fig. 6. NMR spectra of difluorophosphate (DFP) in a suspension of RBCs. A, *P (162 MHz) NMR spectrum;
B, F (376 MHz) NMR spectrum. The extracellular and intracellular resonances are denoted with e and i,
respectively. Adapted, with permission of Wiley, from [34].

The notion of different extents of hydrogen bonding in the intra- and extracellular
compartments raises the question of whether water itself might undergo different extents of
hydrogen bonding inside and outside RBCs. The answer to this question was provided by
using *H NMR spectroscopy, but with a twist, as is described next.



16

5. Differential hydrogen bonding of water inside and outside RBCs
5.1. Variable angle spinning and magic angle spinning

Water exchange across the RBC membrane, mediated by aquaporin 1, is fast on the NMR
time scale. Thus, only one resonance at a weighted-average chemical shift of ~4.8 ppm is
typically observed in *"H NMR spectra of RBCs [35]. However, by using a variable-angle
spinning (VAS) NMR probe with a cylindrical rotor, effectively serving as.a mini-centrifuge,
it is possible to resolve the intra- and extracellular resonances. The RBCs are denser than
water and are therefore pelleted to the walls of the cylinder, away from the extracellular
solution. Under these conditions, the '"H NMR spectrum shows Separate resonances from
intra- and extracellular water (Fig. 7) [36].
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Fig. 7. 'H (400 MHz) NMR spectra of water in an RBC suspension of Ht = 81% at 37°C in a VAS rotor spun at
250 Hz. A, The spinning axis of the rotor 6 was the magic angle 54.7°; B, 0% and C, 90°. Separations between
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the maxima of the intracellular (i) and supernatant peaks (s) are indicated by arrows. Original high chemical
shift sections of the spectra were taken from Fig. 1 of [36]. With permission from Wiley.

The two resonances are (partially) resolved because exchange between the intra- and
extracellular water populations is largely eliminated by the physical separation of the two
populations. Effectively, transmembrane water exchange only takes place between the
supernatant solution in the centre of the rotor and the relatively few cells at the interface with
this solution; the majority of the RBCs only exchange water amongst themselves via the
small fraction of water in the interstitial space. Because there was no change in the chemical
shift of the resonance of the intracellular water with a change in angular velocity from 250
Hz to 7 kHz we concluded that the insterstitial water space (which might be expected to be
decreased at the higher angular velocity) was insignificant.

Thus, the split peak effect that might be predicted to occur on the basis of hydrogen-
bonding considerations can be observed directly from the *"H NMR spectra of water acquired
under the conditions of the VAS experiment [36]. Under the special condition of a spinning
VAS rotor orientated at the magic angle (54.7°), bulk magnetic susceptibility effects are
negated [37, 38]. So, what is evident in the spectrum of Fig. 7A is a true isotropic chemical
shift difference between the intra- and extracellular populations of water without a
contribution from the bulk magnetic susceptibility difference of the two compartments. Thus,
the resonance splitting is identified as being due to two physico-chemically different water
environments [36, 39].

When the rotor was aligned with its long axis in the direction of By, the peak from
intracellular water 'was to low frequency of that from the supernatant (Fig. 7B). This
identified the interior of the RBCs as more diamagnetic (more negative magnetic
susceptibility) than outside in the supernatant. This is the well-defined property of oxy- and
carbonmonoxyhaemoglobin, discussed above [19]. When the rotor was spun with its long
axis at 90° to By, the peak from the intracellular water moved to higher frequency of that
from the supernatant. While this outcome is perhaps surprising, it is exactly as predicted [22,
40] for a coaxial cylindrical sample in which the magnetic susceptibility of the extracellular
solution is higher than that of the cell interior. We also recall that the diamagnetic character
of oxyhaemoglobin affected the value of the chemical shift of the *'P NMR resonance of

TEP, and other phosphoryl compounds, in haemolysates [41].

5.2. Magnetic susceptibility measurement
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Quantitative information about the magnitude of the magnetic-susceptibility-induced
difference between the RBCs and the supernatant can be extracted from the spectra obtained
by spinning the rotor at 54.7° (Fig. 7A), 0° (Fig. 7B), and 90° (Fig. 7C), relative to Bo. The
requisite theory to analyze the data corrected previous conclusions [42], in which the ‘sphere
of Lorentz correction’ had not been applied, and therefore the peak splitting at the magic
angle was wrongly ascribed to an “isotropic bulk magnetic susceptibility shift” [42]. To
confuse the matter further, earlier work had attributed the splitting of the water resonance to
removal of dipolar broadening of intracellular and interstitial water by spinning at the magic
angle, and did not ascribe it to the effect of centrifugation of the RBCs away from a
supernatant in the spinning rotor [43]. The conclusion that water resonance splitting in RBCs,
spun at the magic angle, is due to an altered water environment inside was subsequently

settled upon, and also extended to selected cultured cells [39].

5.3. Peak splitting - a combined effect

The analysis of the physical phenomena behind the split peak effect of the water resonance in
RBC suspensions led to the conclusions that the separation of the intra- and extracellular
peaks is due to a combination of an isotropic effect or chemical interaction (that is uniform
throughout the sample and has no variation with sample orientation), and magnetic
susceptibility differences between the intra- and extracellular compartments [36]. Therefore,
the hypothesized hydrogen-bond-induced split peak effect was observable directly in the *H
NMR spectrum of water in RBCs, under the special conditions of a VAS, or magic angle
spinning (MAS), rotor [36]. It is a remarkable observation (different chemical activity of
water in cells) that would be difficult to make by any method other than VAS and/or MAS
NMR.

6. Selected applications of the NMR split peak effect

6.1. General

Any method for measuring the exchange of molecules or inorganic ions across cell

membranes requires either a physical or chemical means of distinguishing the intra- and
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extracellular compartments from one another. In its simplest form, a membrane transport
assay for a solute can entail physically separating the cells from the extracellular solution by
centrifugal sedimentation, or filtration. In such assays, the amount of solute inside the cell is
typically measured after rupturing the cells and extracting the contents. The amount of solute
in the extracellular solution may also be measured. This approach often involves
incorporating a radioactive label into the solute of interest, or the use of specific detectors
such as ion-selective electrodes, high-performance liquid chromatography, or mass
spectrometry. Methods that entail the preparation of cell extracts are, by definition, invasive.
There are obvious benefits associated with the use of non-invasive methods; e.g., the
possibility of simultaneous monitoring of other cellular attributes, such as pH, metabolic
activity, redox status, and even cell volume and shape. NMR spectroscopy provides such
capability by exploiting differences in various NMR characteristics that arise naturally (or
can be imposed) between the inside and outside of cells [44-46]. Such properties include
differences in: (1) longitudinal and transverse relaxation times: T, [47], T, [48, 49], and T,*
[50]; (2) scalar, J, coupling constants [51]; (3) chemical shifts of atomic nuclei in molecules
that rapidly bind and exchange H* or metal ions [52, 53]; (4) extents of restricted diffusion
[54-56]; (5) rates of chemical exchange between species in each compartment [57, 58]; and
(6) as considered in this review, the extent of hydrogen bonding undergone by solutes that

have an NMR-receptive reporter nucleus.

6.2. 3P NMR

As discussed above, the first molecule for which the split peak effect was demonstrated
was DMMP. The phenomenon was used to monitor changes in the MCV [2], and in the first
application of an NMR magnetization-transfer technique to estimate the rapid (sub-second)
exchange rate of a solute across a cell membrane [10].

The *'P NMR split peak of hypophosphite (HP) was used for probing the membrane
potential [12] and the transport properties of the Band 3 anion-exchange protein of the RBC
[59]. The intra- and extracellular *P NMR peaks of HP are sufficiently well resolved to
allow the estimation of the relative quantities of the anion inside and outside the cells simply
by peak integration; and this enables calculation of the corresponding concentrations and
hence estimation of the membrane potential via the Nernst equation. The transmembrane
transport rates of compounds such as DMMP and HP can measured by NMR diffusion-

measuring [59] and magnetization-transfer experiments, as has been recently reviewed [60].
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6.3. °C NMR

The split peak effect was observed in *C NMR spectra of [1-*C]- and [2-**C]ascorbic
acid, and was used to monitor the transport and redox cycling of the compounds across the
RBC membrane [61]. The *3C-urea resonances from inside and outside RBCs are partially
resolved from one another [62] and this can be used for estimating the values of the kinetic
parameters that characterize urea exchange across the RBC membrane under equilibrium
exchange conditions [62] and non-equlibrium (zero-trans) conditions (i.e., when the solute is
absent from the opposite ’trans’ side of the membrane) [63]. In the context of using NMR
spectroscopy to study membrane transport under zero-trans conditions, recent experiments
exploited the new rapid-dissolution dynamic nuclear polarization technology (RD-DNP) to
achieve this [64].

13C-Formate shows the split peak effect with RBCs, but as for urea, the two peaks are not
fully resolved in a magnetic field of 9.4 T. Nevertheless, saturation-transfer spectra acquired
in the presence and absence of 4 ,4’-dinitrostilbene-2,2’-disulfonic acid (DNDS), an inhibitor
of the Band 3 anion exchange protein, were suitable for producing initial estimates of the
exchange rate constants on the sub-second time scale [65]. Because of the peak overlap,
alternative methods (that do not rely on full separation between the two peaks for the
analysis) were used to obtain more accurate estimates of these rate constants. Specifically, we
performed Kinetic® analyses based on differences in T, value between the intra- and
extracellular compartments, after addition of Mn®* to the medium. We also used NMR
diffusion measurements in this system, since the apparent diffusion coefficients of **C-
formate differ significantly between the inside and outside of RBCs. The latter property
enabled the application of Kérger’s two-site exchange analysis [56, 66, 67] that confirmed the

rapidity of formate exchange via the Band 3 protein [68].
6.4. '**Cs NMR

Caesium cation, a congener of the potassium cation, has several distinctive NMR
properties, combining a high natural abundance (100% for *3Cs), a high NMR receptivity
(some 10-fold higher than that of **K) and a large chemical shift range with relatively narrow
linewidths (due to a small quadrupole moment). Cs* enters cells via endogenous K* transport

pathways, especially the Na',K*-ATPase, and shows a split peak effect. The Cs* ion is
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hydrated, and it is this molecular ion that interacts with bulk water. Although it has not been
investigated in detail, it is plausible that the split peak seen for Cs” is based on the different
extents of hydrogen bonding of the molecular ion to bulk water inside and outside cells.
These beneficial NMR properties allowed the use of ***Cs NMR to study the distribution of
133Cs* in various rat tissues [69] and even between different intracellular compartments.in rat
hepatocytes [70].

In RBCs, ***Cs NMR spectroscopy has been used to probe the intracellular environment
relative to a suspension medium containing a high concentration of gelatin gel; the
concentration of the latter can be comparable to that of haemoglobin inside the RBCs.
Stretching or compressing the sample partially aligns the molecules of denatured collagen, of
which gelatin is composed. For *¥Cs" in the (extracellular) stretched or compressed gel, its
resonance is split into a septet as a result of the partial molecular alignment causing residual
quadrupolar coupling with the ***Cs* nucleus (spin quantum number of **3Cs" is 7/2) [71]. By
contrast, the intracellular ***Cs* resonance remains a singlet. Thus, it was concluded that,
despite the cells undergoing visible distortion under the stretched/compressed conditions
[72], the intracellular environment (dominated by haemoglobin and the sub-membranous
cytoskeleton) is not ordered in the same way or to the same extent as the aligned gel outside
[71].

6.5. °F NMR

The first report of a split peak effect in *°F NMR spectra of cells was for trifluoroacetate
and trifluoroacetamide added to a RBC suspension [31]. These compounds were used to
measure the membrane potential and the MCV of RBCs [31]. As noted above, the authors
ascribed the peak splitting to a magnetic susceptibility difference between the inside and
outside the cells, combined with binding to macromolecules. The reduced values of T; and T,
relaxation times of the intracellular species were presented as evidence of putative
intracellular binding/exchange reactions.

Our first application of the **F-NMR split peak effect for measuring membrane transport
was with 3-fluoro-3-deoxy-D-glucose (FDG-3), used as a probe-substrate for the erythrocyte
glucose transporter, GLUT1. In initial experiments, the saturation-transfer method was used
to estimate transmembrane exchange rate constants [32], and this was followed more

comprehensively with overdetermined 1D-EXSY methodology [33].
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London et al. used 1D- and 2D-EXSY methods to study differences in the rate of
transmembrane transport of the a- and B-anomers of several monofluorinated analogues of
glucose, labelled with an F-atom at various positions; viz., 2-fluoro-2-deoxy-D-glucose
(FDG-2), FDG-3, 4-fluoro-4-deoxy-D-glucose (FDG-4) and 6-fluoro-6-deoxy-D-glucose
(FDG-6) [73], as well as glucosyl fluoride (1-fluoro-1-deoxy-D-glucose, FDG-1) [74]. These
studies led to a proposal for a molecular mechanism of the operation of the active site of
GLUT1 transporter [74].

Recently, Dickinson et al. measured the transport of FDG-3 in RBCs to investigate
changes in membrane permeability of RBCs from pregnant women with preeclampsia [75].
They concluded that there were no significant differences between the RBCs from the
patients and those from a control group; the changes in glucose transport that are reported to
occur in vascular endothelia are evidently not expressed in RBCs.

2D-EXSY methodology has also been applied in membrane-transport studies of
polyfluorinated sugars: 2,2,3,3,4,4-hexafluoro-2,3,4-trideoxy-D-glucose (FDG-223344) [76]
and 2,3,4-trifluoro-2,3,4-trideoxy-D-glucose (FDG-234) [77]. The *F-NMR spectra of FDG-
234 clearly show the split-peak effect, and the 2D-EXSY transmembrane-exchange peaks are
presented in Fig. 8. Both studies demonstrated that these compounds are transported rapidly
across the RBC membrane. The transport of polyfluorinated sugar presumably occurs via
GLUTL, but this has not been investigated in detail.

F23/F3a

p -]

F3
b F2a

R (-
Al Ll

*ag@. F-201
L)
E3

t 3

& E 3

™ 5

[
95

T

b E 200

199

< -
» ™

E-198
E-197

L 196

!
.JMLA._...J\JLMJ IJ*UL "
Chemlcal Shitt (ppm)

E 195

T T T
-196 -198 -200

Chemical Shift (ppm)



23

Fig. 8. 'H-decoupled '°F (470.4 MHz) NMR spectra of 2,3,4-trifluoro-2,3,4-trideoxy-D-glucose (FDG-234) at
37°C. A, 1D spectrum of FDG-234 in 123 mM NaCl, 15 mM Tris/HEPES, 5 mM ascorbate (without RBCs),
indicating the spectral assignments of individual F-atoms; B, 2D EXSY (t,, = 0.5 s) of FDG-234 in the same
buffer as A and in the presence of RBCs (Ht ~50%). All six resonances, visible in A, are split into two
components: a broader peak, to higher chemical shift, which corresponds to the intracellular resonance (denoted
by i); and a sharper peak, corresponding to the extracellular resonance (denoted by e). The cross-peaks, visible
in the 2D EXSY spectrum (denoted by *), indicate the exchange between the intra- and extracellular pools.

Adapted, with permission of Elsevier, from Ref [77].

Fluoroethylamine is water-soluble and it gives rise to split peaks in *F NMR spectra of
RBC suspensions. By using two-site 1D EXSY analysis, the transmembrane exchange of
fluoroethylamine was shown to occur on the sub-second time scale. Inhibition studies
allowed us to establish that this compound is transported via the rhesus-associated
glycoprotein, as is ammonia [78]. The fluoroethylamine **F-NMR split peak effect was also
used as a means of monitoring cell volume changes in “septicaemia in a test-tube”
experiments [79]. The spectra indicated swelling of RBCs followed by lysis, manifested as an
initial decrease in peak-separation, followed by collapse of the two peaks into a singlet as the
bacteria lysed the RBCs with their enzymic armoury [79].

The general anaesthetic gas halothane gives split peaks in *°F NMR spectra of the brains
of halothane-anesthetized rats, although the authors of the studies that showed this did not
focus on this feature [80-82]. This peak splitting raises the question as to whether this
compound undergoes differential hydrogen bonding inside and outside brain cells, and if
spectral changes might be seen in various clinical states. This and many other aspects of the

split peak effect remain to be investigated in more detail in the future studies.

7. Conclusions

It has been over 30 years since the separation of intra- and extracellular P NMR
resonances for a range of (non-titratable) phosphoryl compounds added to RBC suspensions
was first observed [2]. This split peak effect can be accounted for by the hypothesis that the
high concentration of protein within the RBCs disrupts the extent of hydrogen bonding
between the probe compounds and water. Following on from its initial observation in 3P
NMR spectra, the effect has subsequently been observed in *H, *C, °F, and **Cs NMR

spectra.
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Manifestation of this effect requires a combination of factors: naturally sharp peaks for
both intra- and extracellular resonances; sufficiently slow physical exchange between the
intra- and extracellular populations of the solute of interest (i.e., slow on the NMR chemical
shift time scale); solute-water hydrogen-bond formation; sensitivity of the NMR chemical
shift to the extent of hydrogen bonding; and its disruption in the presence of proteins.inside
relative to outside the cells.

Other nuclides that might have been predicted to display the split peak effect have been
studied. Halogens (in analogy to fluorine) might have been expected to show the effect, but at
least in **CI/*’CI NMR, it is not seen since chlorine NMR signals are naturally very broad. In
this respect, most quadrupolar nuclei are problematic. However, amongst the alkali metal
cations, Cs* performs well, showing distinct intra- and extracellular resonances [71]. In this
case, it is the hydrated ion that putatively interacts with bulk water, and its structure is
different in the intra- and extracellular compartments. This suggests an area of study that is
beginning to be exploited in measurements of the transport of cations by mechanosensitive
ion channels [83].

Past and future applications of the hydrogen-bond-mediated split peak effect abound:
these include the measurement of membrane-transport processes (including transmembrane
exchange reactions that occur on the sub-second time scale) and monitoring changes in cell
volume and/or membrane potential in cells more complicated than RBCs (e.g., [84-86]). With
the increasing take-up of RD-DNP [63, 64, 87], hyperpolarized probe molecules that have
differential extents of hydrogen bonding in various cell compartments might be used as low-
concentration (but high sensitivity) probes of a cell’s ionic and metabolic responses to
physical and chemical interventions. The study of phenomena such as these in normal and
diseased cells (and tissues) will help identify the metabolic features that underlie or are

correlated with pathological processes.
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Glossary

2,3BPG: 2,3-bisphosphoglycerate
DEMP: diethyl methylphosphonate



DFP: difluorophosphate

DMMP: dimethyl methylphosphonate

DNDS: 4 ,4'-dinitrostilbene-2,2'-disulfonic acid
DPP: diphenylphosphinate

FDG-1: 1-fluoro-1-deoxy-D-glucose

FDG-2: 2-fluoro-2-deoxy-D-glucose
FDG-223344: 2,3,4-hexafluoro-2,3,4-trideoxy-D-glucose
FDG-234: 2,3,4-trifluoro-2,3,4-trideoxy-D-glucose
FDG-3: 3-fluoro-3-deoxy-D-glucose

FDG-4: 4-fluoro-4-deoxy-D-glucose

FDG-6: 6-fluoro-6-deoxy-D-glucose

HP: hypophosphite;

Ht: haematocrit

MAS: magic angle spinning

MCV: mean cell volume

NMR: nuclear magnetic resonance

PP: phenylphosphinate

ppm: parts per million

RBC: red blood cell

RD-DNP: rapid dissolution dynamic nuclear polarization
TEP: triethyl phosphate

TMP: trimethyl phosphate

TMPO: trimethylphosphine oxide

VAS: variable angle spinning
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Highlights:

Dimethyl methylphosphonate shows two peaks in *'P NMR spectra of red blood cells
Other phosphonates show the same split peak effect

Mechanism is different average extent of hydrogen bonding inside and outside cells
Enabled first magnetization transfer studies of solute exchange-kinetics in cells

Peak splitting with charged solutes used to measure membrane potential

3¢, 19, 133¢s”, also have split peaks enabling multiple studies of cell properties



