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Abstract

Purpose: Chemical exchange saturation transfer (CEST) MRI experiments of mobile 

macromolecules, e.g. proteins, carbohydrates and phospholipids, often show signals due to 

saturation transfer from aliphatic protons to water. Currently, the mechanism of this nuclear 

Overhauser effect (NOE) based transfer pathway is not completely understood and could be due 

either to NOEs directly to bound water or NOEs relayed intramolecularly via exchangeable 

protons. We used glycogen as a model system to investigate this saturation transfer pathway in 

sugar polymer solution.

Theory and Methods: To determine whether proton exchange affected saturation transfer, 

saturation spectra (Z-spectra) were measured for glycogen solutions of different pH, D2O/H2O 

ratio, and glycogen particle size. A theoretical model was derived to analytically describe the 

NOE-based signals in these spectra. Numerical simulations were performed to verify this theory, 

which was further tested by fitting experimental data for different exchange regimes.

Results: Signal intensities of aliphatic NOEs in Z-spectra of glycogen (glycoNOEs) in D2O 

solution were influenced by hydroxyl proton exchange rates, while those in H2O were not. This 

indicates that the primary transfer pathway is an exchange-relayed NOE (rNOE) from these 

aliphatic protons to neighboring hydroxyl protons, followed by the exchange to water protons. 

Experimental data for glycogen solutions in D2O and H2O could be analyzed successfully using 

an analytical theory derived for such rNOE transfer, which was further validated using numerical 

simulations with the Bloch equations.

Conclusions: The predominant mechanism underlying aliphatic signals in Z-spectra of mobile 

carbohydrate polymers is intramolecular relayed NOE (rNOE) transfer followed by proton 

exchange.
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Introduction

In the CEST MRI method, a radiofrequency (RF) pulse is applied to saturate the protons of 

targeted molecules, and the change in water signal due to saturation transfer is quantified as 

a function of saturation frequency in the Z-spectrum (1-5). Magnetization transfer (MT) 

between protons may occur via several mechanisms: (I) through-space cross-relaxation (or 

nuclear Overhauser effect, NOE); (II) exchange processes, including conformational 

exchange (6,7), ligand binding (8,9), protein hydration (10) and labile (hydroxyl, amide or 

amine) proton exchange with water (2). Due to the abundance of proton magnetization 

transfer processes in vivo, multiple signals appear in the output Z-spectrum. Typically, 

chemical exchange peaks from labile protons appear on the positive side of the Z-spectrum 

(referenced to water at 0 ppm), NOEs from macromolecular aliphatic protons primarily but 

not exclusively appear on the negative side (2), while NOEs from solid-like materials appear 

over a broad range on both sides of the Z-spectrum (conventional magnetization transfer 

contrast, MTC).

Previous CEST MRI studies (11-14) on carbohydrate polymers such as glycogen and 

glycosaminoglycans (GAGs) reported “strong magnetic connections” between the aliphatic 

protons in these macromolecules and water protons. For CEST experiments on 

macromolecular carbohydrates (12,14), the MT from an aliphatic proton to water can be 

achieved via two mechanisms (2,3,14,15): (a) relayed NOE (rNOE), in which the NOE 

between an aliphatic proton and a neighboring labile (hydroxyl or amino) proton is relayed 

to water via chemical exchange; (b) direct NOE between aliphatic protons and long-lived 

(>1 ns) bound water, which has been shown to exist in DNA (16), RNA (17) and protein 

interior space (18). For both solid-like proteins (19) and large mobile proteins (2,20,21), 

previous evidence in vitro and in vivo shows that the magnetization transfer to water under 

physiological conditions is dominated by the rNOE mechanism. However, for carbohydrate 

polymers, the transfer pathway is not yet fully understood.

We recently developed an MRI method for the water-based detection of glycogen utilizing 

nuclear Overhauser effects (glycoNOE) from its aliphatic protons to water (14). Here we use 

glycogen (Fig. 1) as a model system to investigate the MT mechanism in carbohydrates and 

report direct evidence that the glycoNOEs occur primarily via the rNOE exchange 

mechanism (a). The rNOE signal in glycogen is shown to depend on pH, water solvent 

D2O/H2O ratio (and thus hydroxyl proton exchange) and particle size (and thus molecular 

motion that affects intramolecular cross-relaxation). We also show that the rNOE process 

can be described analytically by a simplified two-step magnetization transfer model, which 

agrees with the experimental evidence and numerical simulations based on the Bloch 

equations. This study provides insight into the origin of Z-spectra of carbohydrate polymers 

as well as a theoretical basis for CEST MRI effects related to carbohydrate polymers.
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Methods

Theory

Based on experimental evidence to be presented in the Results section and using the glucose 

unit structure (22), a relayed NOE network that describes the magnetization transfer 

pathways between glycogen aliphatic protons and water (Fig. 2) is proposed, and simplified 

to a 3-pool model as:

Ha σea

σae
He kwe

kew
Hw

where Ha, He and Hw represent a glycogen aliphatic proton pool, a neighboring 

exchangeable (hydroxyl) proton pool and the free water proton pool, respectively; σae and 

σea are the “effective” NOE cross-relaxation rates, which would be equal between two pools 

of equal size (e.g. in the simplified 3-pool approach); kew and kwe are the exchange rates of 

the neighboring hydroxyl and the water protons, respectively. As kew and kwe are highly 

sensitive to solvent pH, the glycoNOE signal is also expected to be pH-dependent in some 

exchange regimes.

In the 3-pool model, the z-magnetization evolutions under a continuous RF saturation pulse 

(ω1 = γB1, assumed to be selective for Ha) are described by a set of modified Bloch 

equations,

dAz
dt = − ρa(Az − Az, 0) − σea(Ez − Ez, 0) − ω1Ay [1]

dEz
dt = − ρe(Ez − Ez, 0) − σae(Az − Az, 0) − kew Ez + kwe W z [2]

dW z
dt = − ρw(W z − W z, 0) + kew Ez − kwe W z [3]

where ρa, ρe and ρw are the longitudinal relaxation rates (without chemical exchange 

contributions) for the glycogen aliphatic (Ha) and hydroxyl protons (He), and free water 

protons (Hw), respectively. The analytical solution for steady-state saturation transfer 

experiments can be derived to be (see details in Supporting Information):

glycoNOE ≡ (W Z, 0 − W Z)
W Z, 0

= −σae

(ρe + kew)ρw + kwe
kew

− kwe
∗ AZ, 0 − AZ

AZ, 0
∗

AZ, 0
W Z, 0

= e ∗ α ∗ f
[4]
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Here “e” is the “enhancement factor”, e =
−σae

(ρe + kew)
ρw + kwe

kew
− kwe

. α =
AZ, 0 − AZ

AZ, 0
, is the 

“saturation efficiency”. f =
AZ, 0
W Z, 0

. For a solvent with 100% H2O, 

f =
AZ, 0
W Z, 0

=
[Ha]
[Hw] =

[He]
[Hw] =

kwe
kew

. Let’s define the water proton fraction as P (P = 1 for H2O 

and 0.05 for 95% D2O). In the case of 95% D2O, 95% of the glycogen hydroxyl positions 

are taken by deuterons (OD) and only 5% are OH. During an experiment, the Ha protons are 

continuously saturated but only the proton hydroxyl (OH) residues will efficiently couple to 

the Ha protons and transfer the saturation to water and contributed to the detected proton 

signal (Hw). Looking at 1 Ha/He pair, we have: [Ha]effective = [He] = P*[hydroxyl] and [Hw] 

= P*2*[water]; So the ratio [He]/ [Hw] does not change with the enrichment. And 

f =
AZ, 0
W Z, 0

=
[Ha]effecitive

[Hw] =
[He]
[Hw] = P ∗ [hydroxyl]

P ∗ 2 ∗ [water] . So f also does not change with the proton 

enrichment.

Obtaining an analytical solution for α would require solving the full set of 3-pool Bloch 

equations (Supporting Information Eqs. S1-S5). For simplification, we here assume the 

evolution of the Ha magnetization (in the 3-pool model) can be described as that of a 1-pool 

system during the continuous application of ω1 irradiation (23) to Ha. That is, 

α =
AZ, 0 − AZ

AZ, 0
≈

T1aT2aω1
2

1 + T1aT2aω1
2 + (T2aΩa)2

 (T1a and T2a are the “effective” relaxation rates of 

Ha in the single-spin system, different from the terms λa and ρa in the 3-pool model, Ωa is 

the chemical shift offset relative to the water frequency) (23).

In the case of glycogen in H2O, where the hydroxyl proton exchange rate is much faster than 

the NOE rate, the expression for the enhancement factor in Eq. 4 can be simplified. 

Assuming the slow tumbling limit,

kew ≫ ∣ σae ∣ ≈ ρe [5]

then,

1 + ρe ∕ kew ≈ 1 [6]

and (with f equal to 
kwe
kew

),

glycoNOE = α ∗ −σae ∗ f
ρw(1 + ρe ∕ kew) + ρe ∗ f ≈ α ∗ −σae ∗ f

ρw + ρe ∗ f [7]

Eq. 7 resembles the analytical solution for the proton transfer enhancement factor in the 2-

pool CEST model (24), but now with the NOE transfer as the determining rate instead of 

kew. Eqs. 4-7 indicate that the relative values of the NOE rate and the hydroxyl proton 

exchange rate are important in determining the glycoNOE signals at different pH values. 

When kew >> ∣σae∣, the rNOE signal in the Z-spectrum is expected to be pH independent, 
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which will be expected for glycogen under physiological conditions. Such a situation is thus 

not by definition incompatible with the rNOE mechanism, just a special situation. The 

presence of the rNOE mechanism then needs to be proven by going to a slower exchange 

regime, such as in some D2O solutions.

In the case where NOE transfer is the rate determining step, the two-step model is equivalent 

to a single-step model (see Supporting Information) and Eq. 7 can be further simplified for 

macromolecules at low concentration:

ρw ≫ − σae ∗ f [8]

then,

glycoNOE ≈ α ∗ −σae ∗ f
ρw

= − α ∗ σae ∗ T1w ∗ f [9]

where T1w = 1/ρw, is the water solvent T1 (without chemical exchange, i.e. solvent only).

Saturation Transfer Experiments at 17.6T

Three types of glycogen, from bovine liver, rabbit liver, and oyster (Sigma, St. Louis, USA), 

were dissolved in phosphate-buffered saline (PBS) prepared with either 95% H2O/5% D2O 

or 95% D2O/5% H2O (increased D2O content to slow down hydroxyl exchange (19)) and 

pH-adjusted (25) using concentrated (>1 M) NaOH or HCl solutions. pD = pH-meter 

reading + 0.4. Based on using minute amounts of highly concentrated NaOH and HCl, we 

assumed that the D2O/H2O ratio of solvent was not affected by the pH titration procedures. 

NMR experiments were conducted using a 17.6T Bruker Avance III (Bruker, Ettlingen, 

Germany) scanner at 20 °C. In each scan repetition, the pre-scan delay was set to be 10s (in 

95% H2O/5% D2O) or 50 s (95% D2O/5% H2O), and magnetic labeling of protons was 

achieved with a continuous pre-saturation period of 0.5-8s (95% H2O/5% D2O) or 2-40s 

(95% D2O/5% H2O), with B1 values ranging from 0.12 to 1 μT. T1 values of water in the 

two PBS solutions (95% D2O/5% H2O and 95% H2O/5% D2O) were measured using 

inversion recovery pulse sequences. For 95% D2O/5% H2O solution, the pre-scan delay was 

50s and variable delay list was 0.01-60s. For 95% H2O/5% D2O solution, the pre-scan delay 

was 15s and variable delay list was 0.01-12s. In both cases a small gradient was applied 

during the inversion delay to remove effects of radiation damping.

Glycogen Particle Size Measurements and glycoNOE MRI

Rabbit liver glycogen (100 mM glucose units) and oyster glycogen (100 mM) were 

dissolved into PBS (100% H2O) separately and the pH was adjusted to 3.0. To obtain 

glycogen samples of varied particle size, the glycogen solutions were heated to 80 °C for 

hydrolysis for between 0 and 25 days. The average particle sizes were determined by taking 

the weighted average of the size distribution curves measured using dynamic light scattering 

(DLS, Zetasizer Nano ZS90, Malvern Instruments). In addition to 17.6T studies, Z-spectra 

for these samples with varied particle size were also acquired at 11.7 T (Bruker Biospec, 

Ettlingen, Germany) using an ultra-short echo time saturation transfer (UTE-ST) MRI 

sequence described previously (14) with a B1 of 1.0 μT.
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Data Analysis

The Z-spectra for glycogen were fit to 4 Lorentzian line shapes (26) centered at +1.2, +0.6, 

0.0 and −1.0 ppm) (14,24) to estimate the peak intensities of NOEs (at −1.0 ppm and +0.6 

ppm), OH-CEST (at +1.2 ppm) and water. To quantify the cross-relaxation rates, the H1-4 

NOE peak (+0.6 ppm) intensities from Z-spectra of glycogen at pH of 9.6 were fit as a 

function of B1 (see supporting theory). To quantify the signal intensities in the 1D NMR 

spectra of glycogen, each spectrum was divided into three regions: OH2 + OH3 region (>0.8 

ppm), H1-4 + OH6 region (0.4 to 0.8 ppm), and the “other peaks” region (<0.4 ppm). Each 

region was fit to multiple Lorentzian line shapes to separate out the background from the 

peaks of interest. The hydroxyl exchange rates of glycogen at different pH were estimated 

using either line-width analysis or selective inversion recovery experiments on OH2 + OH3 

(+1.2 ppm) NMR signals (see details in Supporting Information).

Results

Numerical Simulations

To validate the steady-state analytical solution of Eq. 4, numerically simulated Z-spectra 

data were created and analyzed for different exchange regimes ranging from kew ≈ ∣σae∣ to 

kew >> ∣σae∣. This was done both for solutions in D2O (Figs. 3a-c, with water T1 = 12s) and 

H2O (Figs. 3d-f, water T1 = 2.8s). Figures 3a and 3d show the Z-spectra for different 

hydroxyl exchange rates from numerical simulations (parameters in Table 1) in H2O and 

D2O, respectively. At the intermediate exchange regime, kew ≈ ∣σae∣, the rNOE signal (Ha 

peak at −1 ppm, Figs. 3a, d) increases with the exchange rate kew, while when kew >> ∣σae∣, 
the rNOE signal is mostly independent of exchange rates kew. Simulations of glycoNOE 

intensities as a function of B1 for kew = 4000 s−1 confirm that the saturation factor α can be 

described analytically by Supporting Information Eq. S19 (Figs. 3b, e). Finally, signal 

enhancement factors (e) for the simulated glycoNOE peaks show exact correspondence with 

analytical calculations for a range of NOE rates at kew = 4000 s−1 (Figs. 3c, f).

Phantom Experiments

The hydroxyl proton exchange rate with water is known to be affected by solvent pH (15), 

buffer concentration, and the H2O/D2O ratio (19). First, the effect of different glycogen 

hydroxyl exchange rates on the glycoNOE signal was evaluated by varying pH and solvent 

composition. Figure 4a and Supporting Information Figure S1 show 1D NMR spectra for 

oyster glycogen dissolved in 95% D2O/5% H2O as a function of pH. Linewidth and 

exchange rate analysis for the combined glycogen hydroxyl proton (OH2 + OH3) signal at 

an offset of +1.2 ppm from water (Fig. 4a) show that the hydroxyl exchange rate is relatively 

slow (~102 s−1) in the pH range from 6 to 7 in D2O and increases by an order of magnitude 

(>103 s−1) at lower and higher pH (Supporting Information Table S1). In the Z-spectra (Fig. 

4b and Supporting Information Figure S2) for glycogen in 95% D2O/5% H2O, a pH 

dependence (Fig. 4c) is observed for the intensity of peaks at +1.2 ppm (hydroxyl protons 

OH2 + OH3 CEST) (24), +0.6 ppm (H1-4 NOE + OH6 CEST) (11,24,27), and −1 ppm 

(glycoNOE) (14). Importantly, the glycoNOE (−1 ppm) signal intensity is lowest in the pH 

range 5.7 to ~7 and increases at lower and higher pH (Fig. 4c), the same pattern as observed 

in the dependence of hydroxyl exchange rates on pH (Supporting Information Table S1). 
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Fig. 4d shows the B1 dependence of the glycoNOE effects fitted using Eq. 4 of our 

analytical equations, indicating excellent agreement between theory and experiment.

We next performed saturation transfer experiments in which 1D NMR spectra were acquired 

as a function of saturation frequency (Fig. 5a). At each saturation frequency, Lorentzian 

fitting was applied to determine the spectral intensities for each proton pool in the 1D NMR 

spectrum (Fig. 5a). These fitted peak intensities were then plotted as a function of saturation 

frequency (Fig. 5b), giving Z-spectra for each proton pool. These were subsequently 

analyzed to learn about the NOE networks between the glycogen protons. The data show 

that saturation of one proton pool causes a signal reduction in the others (Fig. 5b), 

demonstrating that each proton pool is connected with the rest via NOE or/and rNOE 

(water). For instance, when saturating around the −1.1 ppm aliphatic resonances, the signals 

of H2O, H1-4 + OH6 and OH2 + OH3 are affected, indicating coupling of these pools. 

Importantly, when the OH2 + OH3 frequency is saturated, effects are clearly visible for 

aliphatic pools H2 + H4-1, H5 and H3. Notice also that the Lorentzian shape of the direct 

saturation of OH2 + OH3 is not well defined, because the exchange is still faster than the 

saturation.

When the hydroxyl exchange rate is in the fast exchange regime (kew >> ∣σae∣), i.e., at high 

or low pH, the OH2 + OH3 (+1.2 ppm) and OH6 (+0.6 ppm) CEST signals become 

negligible in the Z-spectra at low B1 (Fig. 6) and the H1-4 NOE rate (σ1) can be quantified 

from the +0.6 ppm peak in the Z-spectra (using Eq. 7). Table 2 shows the σ1 values for 

different glycogen samples (pH of 9.6) in D2O and H2O. The NOE rates are found to be 

slightly faster in D2O than those in H2O, in agreement with the expectation that molecular 

motion is slower in D2O due to its higher solvent viscosity. In contrast to the small increases 

in NOE rates when replacing H2O with D2O, the glycoNOE signals (and CEST signal) 

increased up to ~3 fold (Fig. 6), due to an increase in water T1 (2.8s in 95% H2O and 10.2s 

in 95% D2O). (Eq. 7 and Fig. 3)

It is known that molecules with larger molecular weights tend to have slower molecular 

motions and hence larger NOE rates. Interestingly, among the three types of glycogen 

samples measured, oyster glycogen was found to have the largest NOE rates, which cannot 

be fully explained by particle size, as rabbit liver glycogen is the largest in average particle 

size (Table 2 and Supporting Information Figure S3). The signal dependence on glycogen 

particle size was further evaluated in detail for oyster glycogen and rabbit liver glycogen in 

H2O (Fig. 7). For glycogen particles smaller than ~30 nm, glycoNOE signal increased with 

particle size, while glycoNOE signal was independent of measured particle size for rabbit 

liver glycogen over ~30 nm. Oyster glycogen has a stronger signal than rabbit liver glycogen 

of similar size, indicating particle size is not the only factor determining the NOE rate (or 

molecular motions) in glycogen (Fig. 7 and Table. 2).

Discussion

We recently reported that glycoNOE signals can be used to image glycogen using the water 

signal in MRI (14). However, the detailed mechanism of saturation transfer, a direct or 

relayed NOE (rNOE) process to water, remained unclear. The results in the current study 
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provide strong experimental evidence that the glycoNOE signal occurs via a relayed 

exchange pathway. Direct NOE transfer from glycogen aliphatic protons to water protons 

would occur to bound water and the rate of water-binding is not expected to depend on pH. 

On the other hand, rNOE transfer should in principle depend on the hydroxyl proton 

exchange rate and factors that affect this rate, such as pH, temperature, salt concentration 

and H2O/D2O ratio. The reported lack of a pH dependence for the in vitro experiments in 

H2O (14) appears to be evidence that the mechanism is based on direct NOEs. However, this 

is counterintuitive based on the knowledge that direct NOEs are generally small to negligible 

in mobile macromolecules (18,21). We therefore performed an in-depth investigation of the 

pH dependence of the glycoNOE effect in D2O solution, where the hydroxyl exchange rates 

slow down.

The data in Fig. 4 and Supporting Information Figures S2 and S3 show that the glycoNOE 

signal in the Z-spectra are pH independent in H2O (14), but become pH dependent in D2O. 

This interesting phenomenon can be explained in terms of the relative magnitude of the 

hydroxyl exchange rates and NOE transfer rates at different pH and in different solvents, i.e., 
in terms of different exchange regimes. In H2O, the hydroxyl exchange rates are always 

much faster than the NOE rates (Table 2 and Supporting Information Table S1) regardless of 

pH (fast exchange regime), and the glycoNOEs appear to be pH-independent. This is the 

case under physiological conditions, and, as a consequence, factors affecting hydroxyl 

exchange rates (e.g. pH, temperature) therefore have a negligible influence on glycoNOE 

signal in vivo. At lower pH in D2O, on the other hand, the hydroxyl exchange rates decrease 

to a level that is comparable to NOE rates (intermediate exchange regime, see Supporting 

Information Table S1 at pH 6.4), and the glycoNOEs become pH-dependent (Eq. 4).

In principle, both rNOE and direct NOE mechanisms may contribute. In order to investigate 

the mechanism further, we derived an analytical solution of the glycogen rNOE signal in Z-

spectra and validated this simple model by numerical simulations with the full Bloch 

equations. We then tested whether this rNOE model could describe the experimental 

glycoNOE signal dependence on solvent pH, H2O/D2O ratio and glycogen particle sizes. 

The data in Fig. 4d show that for the pH range of 6.2-6.7 in D2O, the glycoNOE intensities 

are about 50% of the maximum signal (measured at pH of 9.6), which is in agreement with 

the predicted intensity of about 60% of the maximum signal using the measured hydroxyl 

exchange rates for this range (kew ≈ ∣σ1∣). This suggests that rNOE mechanism alone is 

sufficient to explain the predominance of the data, and that the contribution from direct NOE 

mechanism may be minimal.

Effect of Molecular Motions

The NOE rates in glycogen (and thus the glycoNOE signal intensity) are known to be 

determined more by glycogen intramolecular motions than the overall molecular tumbling of 

the glycogen particle (11,28-30). The pattern of glycoNOE dependence on glycogen particle 

size (Fig. 7) falls in line with this. Glycogen is known to consist of linear chains of 10 to 18 

glucosyl units. Each glucose chain has about two branching points, where new chains are 

added and organized into a multiple tiered tree-like structure, the β particle (Figs. 1b, c) 

(31). This well-accepted “tiered” model of glycogen structure (31,32) indicates that the 
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number of glucose chains in a tier is 2n and that 50% of glucose chains are always at the 

outermost tier of the β particle (Fig. 1b). The diameter of β particles varies from several 

nanometers (nm) to about 30 nm (33). As the glycogen β particle increases in size, the 

outermost tier becomes increasingly dense and the internal motion of glucose chains on 

average becomes increasingly restricted, causing average glycogen NOE rates to increase. 

The β particle size reaches a maximum around 20-30 nm. Multiple β particles can adhere to 

form large molecular complexes known as α particles, whose diameter can reach up to 200 

nm (Fig. 1). During this process, the internal motion of glucose chain within a β particle is 

unlikely to be altered. As a result, the glycoNOE signal stays relatively constant above a size 

of 25 nm, i.e., during the formation of α particles. Importantly, this observation suggests that 

for a large proportion of glycogen in vivo, glycoNOE is independent of particle size. 

Considering that the average liver glycogen particle size fluctuates over a small range (15 to 

30 nm) in vivo (34), it is not surprising to explain the recent finding of measured glycoNOEs 

being linearly dependent on glycogen concentration in vivo, allowing the glycoNOE signal 

to be used to map liver glycogen levels in vivo (14). It is also interesting to see that the 

glycoNOE is larger in oyster glycogen than in rabbit liver glycogen, even when the particle 

sizes of these two types are similar (Fig. 7). We attribute this difference to a larger NOE rate 

due to slower internal motions in oyster glycogen, as the hydroxyl exchange rate is not a 

factor affecting glycoNOE signal under physiological conditions in H2O. Such slower 

internal motions of oyster glycogen chains compared with those of rabbit liver glycogen 

might be due to an increase in branching (35) that might restrict chain motions.

Implications for Carbohydrate Polymer Studies

Carbohydrate polymers play vital roles in the function and structure of organisms (36) and 

are also applied for biomedical use (37,38). For instance, glycogen is the primary form of 

glucose (or short-term energy) storage in mammals (39). Glycosaminoglycans (GAGs) are 

essential for the musculoskeletal function, cell regulation, and spinal function (12). 

Quantifying the concentrations of sugar polymers in vivo is desirable for evaluating cellular 

metabolism and functions (12,40-43). These sugar polymers have been previously detected 

in vivo with signal enhancement using CEST MRI method (11,12,14,24), opening up 

opportunities to study carbohydrate polymer metabolism at high spatial and temporal 

resolutions in vivo. Another carbohydrate polymer, dextran, has been assessed with CEST 

MRI to study tumor based blood brain barrier permeability (44,45) and even tumor receptor 

binding (46). The presence of strong magnetic coupling between aliphatic protons in 

macromolecular carbohydrates and water suggests that rNOE MRI can be a good alternative 

strategy to detect carbohydrate polymers in vivo. (12,14) The chemical structure of the 

glucose unit (Fig. 2) and other sugars (such as fructose, ribose) shows that most of the 

aliphatic protons have multiple hydroxyl protons in close vicinity (2 ~ 4 Å), an important 

prerequisite for efficient NOE cross-relaxation. Besides, the hydroxyl proton exchange rate 

is fast in H2O and thus any NOEs to hydroxyl protons can be efficiently relayed to water 

protons, making hydroxyl protons ideal relaying sites for magnetization transfer. (15) Such 

water-detected relayed NOEs have been observed in glycosaminoglycans (GAGs) (12) and 

glycogen (14), they are expected to exist in many other sugar polymer systems as long as the 

motion of sugar units (in polymeric forms) are on slow (>1 ns) time scales. For instance, we 
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were already able to detect an NOE signal in 2000 kD dextran (Supporting Information 

Figure S4).

Sugar polymers often have excellent bio-safety and bio-degradable properties, and have 

already been suggested as a new category of CEST MRI contrast agents. The ability for 

detection using the water-based rNOE method in addition to CEST, extends the applicability 

of these agents as well as the ability to detect such polymers in situ in tissue. While both 

chemical exchange and rNOE in saturation transfer experiments are effective signal 

enhancement mechanisms (2) for low-concentration molecules, they have different 

characteristics. First, the CEST signal is highly dependent on kew and thus on pH and 

temperature. While rNOEs are also pH dependent, the rNOE signal appears pH-independent 

due to kew of hydroxyl protons in H2O solution being fast compared to the NOE rate (fast 

exchange regime, Eq. 7), leading to the NOE transfer rate being rate-determining for the 

rNOE transfer. The rNOE in tissue is also temperature independent (14). Second, because 

the NOE rate σ is the rate-limiting step, the measured rNOE often increases with reduced 

molecular motion. For proteins, this results in stronger NOEs with increased molecular 

weight. For carbohydrate polymers on the other hand, due to a high degree of internal 

motion that is not necessarily dependent on particle size, the rNOE signals are more 

dependent on internal chain motions than molecular weight (Fig. 7). Compared to CEST 

detection of carbohydrate polymers, rNOE may have the advantage that low B1 can be used 

to reach a high level of saturation in the aliphatic proton pool, providing a constant source of 

saturation to be transferred to newly-arrived OH protons. This is somewhat analogous to the 

IMMOBILISE mechanism (9) where the ligand proton pool remains fully saturated and 

saturation is transferred rapidly upon binding to a macromolecule. Also, the effect will not 

be influenced by pH in H2O as kew > 400 s−1 at all pH values, which simplifies the 

interpretation of any signal changes.

In summary, the rNOE model provides a good explanation for the dependence of water NOE 

signals in glycogen on solvent pH, temperature, H2O/D2O ratio and particle sizes. The 

rNOE mechanism should exist in sugar polymers that have slow molecular motions.

Conclusion

The current study demonstrates that the magnetization transfer from aliphatic protons in 

glycogen to water protons can be explained by the relayed NOE (rNOE) transfer 

mechanism, despite its apparent independence on pH in vivo. The proposed theoretical 

model and the experimental validation of the presence of rNOEs in glycogen is expected to 

be useful in understanding the aliphatic components of Z-spectra of sugar polymers as well 

as of other macromolecules such as proteins and lipids.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Spatial and chemical glycogen structures. (a) Rosette-like α particles (30~300 nm) consist 

of aggregates of smaller spherical β particles. (b) Tiered model (31) for glucose chain 

arrangement in β particles. (c) Spatial structure of a glucose chain fragment (d) Chemical 

structure of three glucose units in the boxed in chain branch of (c), showing α(1-4) linkage 

and α(1-6) branching points.
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Figure 2. 
Schematic of the magnetization transfer pathways for the glycoNOE effect. (a) 3D structure 

for a glucose unit in glycogen (Protein data bank ID: 1c58 (20)). Dashed lines with a 

corresponding number indicate the distance in Å between proton pairs. (b) Magnetization 

transfer network involving multiple NOEs and hydroxyl proton chemical exchange. (c) A 

simplified 3-pool representation of the magnetization transfer pathway from a glycogen 

aliphatic proton to water (Ha = H1-4, H2, H3, H4-1(H4), or H5) that applies when 

selectively saturating a proton pool.
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Figure 3. 
Numerical simulations (Supporting Information Eqs. S1-S5) for the three-pool model agree 

with the steady state analytical results (Eq. 4). (a, d) Numerically simulated Z-spectra for 

different hydroxyl exchange rates. For exchange rates (kew) that are much faster than the 

NOE transfer rate (σ = σae = σea = −40 s−1), changes in kew cause negligible changes in the 

Ha (glycoNOE, −1 ppm) peak intensity in the Z-spectrum. (b, d) The dependence of the 

numerically simulated glycoNOE (black circles) intensities on B1 field strength is in 

agreement with that using the analytical solution (red line, using Eq. 4 and Supporting 

Information Eq. S19). (c, f) Values for the enhancement factor (e) for numerically and 

analytically simulated data are the same. The exchange rate (kew) was set to 4000 s−1, and 

the NOE rate varied (−10 to −200 s−1). To avoid direct water saturation, the chemical shift of 

Ha peak was set to be −20 ppm in the simulations. The water proton longitudinal relaxation 

time (T1w) was set to be 12s for D2O (a, b, c) and 2.8s for H2O (d, e, f).
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Figure 4. 
The pH dependence of NMR and Z-spectral intensities for oyster glycogen (100 mM 

glucose units) in PBS buffer prepared using 95% D2O/5% H2O at 17.6T and 20°C. (a) 1D 

NMR spectra at different pH (see Supporting Information Figure S1 for full range). The 

aliphatic and hydroxyl proton peak assignments are based on previous studies (24,27). (b) Z-

spectra at three pH values (4s continuous RF irradiation, B1 = 0.4 μT). (c) Lorentzian fitted 

peak intensities (S/S0) at +1.2, +0.6 and −1.0 ppm as a function of pH. The solid red line is 

[0.57*S(−1.0 ppm)+0.48*S(+1.2 ppm)]/S0, using the signal for OH3 + OH2 as an estimate 

for OH6 to confirm that both CEST (OH6) and NOE (H1-4) contribute to the +0.6 ppm peak 

in the Z-spectra. (d) GlycoNOE (−1 ppm) intensity as a function of B1 (16s continuous RF) 

at two pH values. The curve was fitted using Eq. 4 with α from Eq. S19. At pH 6.4 

(intermediate exchange regime), glycoNOE intensities become about 50% of the maximum 

intensity at pH 9.6, when kew >> ∣σae∣ (fast exchange regime).
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Figure 5. 
Coupling of different proton groups in oyster glycogen (100 mM) in 95% D2O/5% H2O at 

pH 6.4. (a) A representative proton NMR spectrum with Lorentzian line-shape fitting to 

quantify the peak intensities of the six pools. (b) Z-spectra for the six proton pools assigned 

in (a), i.e. a plot of intensities relative to the full signal of the particular proton group plotted 

as a function of saturation frequency. In the absence of coupling between pools, only the 

direct saturation peak for a particular pool would be visible.
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Figure 6. 
Oyster glycogen (pH 9.6) in H2O and D2O. (a) The Z-spectra (B1 = 0.4 μT) of glycogen 

(100 mM, pH 9.6) in H2O (95% H2O/5% D2O) and D2O (95% D2O/5% H2O). The bottom 

panel shows the magnetization transfer difference signal of these Z-spectra after removing 

the direct water saturation background. (b) The H1-4 NOE peak (+0.6 ppm) intensity as a 

function of B1 saturation power. The H1-4 NOE rates (σ1) were fitted according to Eqs. 4 

and 7 and assuming the slow tumbling limit (
σae
ρe

≈ ‐1).
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Figure 7. 
The dependence of measured glycoNOE signal (at a magnetic field of 11.7T, 20 °C) 

intensities (at −1 ppm) on average particle size for three types of glycogen particles (100 

mM). Based on the measured particle sizes, glycogen belongs to either α particle or β 
particle.

Zhou et al. Page 20

Magn Reson Med. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhou et al. Page 21

Table 1.

Values of the parameters as set in numerical simulations.

Parameters Values Parameters Values

1/ρa (ms) 1/σae [Ha] (M)
3 0.2

1/ρe (ms) 1/σae [He] (M) 0.2

1/ρw (ms) 12000, 2800 [Hw] (M) 110

1/λa (ms)
1 10

μ (s−1)
4 40

1/λe (ms) 10 σae, σea (s−1) −10 to −200

1/λw (ms) 750 kew (s−1) 40 to 4000

Ωa (ppm)
2 −1, −20 ω1 (rad/s)

5 30 to 1260

Ωe (ppm) +1.2 t (s) 100

Ωw (ppm) 0 B0 (T) 17.6

1
Transverse relaxation rate (without chemical exchange contributions) of Ha;

2
chemical shift offset of Ha relative to water protons;

3
concentration of Ha;

4
transverse cross-relaxation rate between Ha and He;

5
B1 field strength. For more details on numerical simulations, see Supporting Information.

Magn Reson Med. Author manuscript; available in PMC 2022 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhou et al. Page 22

Table 2.

Glycogen particle size and the H1-4 NOE rates (σ1, at 750 MHz, 20 °C, pH 9.6)

Glycogen type bovine liver rabbit liver oyster

particle size (nm) 7 52 30

σ1 (s−1) in D2O −5(±0.4
a
)

−36(±4) −45(±3)

σ1 (s−1) in H2O −2.4(±4) −28(±7) −33(±4)

a
SD values were calculated from fitting with 95% confidence bounds.
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