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Supporting Theory 

The glycoNOE magnetization transfer model 

The glycoNOE magnetization transfer from an aliphatic proton to water is described by the 

following simplified two-step model: 
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where 𝐻" , 𝐻%	and 𝐻(  represent a glycogen aliphatic proton pool, a neighboring exchangeable 

(hydroxyl) proton pool and the free water proton pool, respectively. 𝜎"% and 𝜎%" are the “effective” 

NOE longitudinal cross-relaxation rates, and 𝑘%(  and 𝑘(%  are the exchange rates of the 

neighboring hydroxyl and the water protons, respectively. 

 

Numerical simulation 

According to the above three-pool model (M1), the x, y, z-magnetization evolutions of 𝐻", 𝐻%	and 

𝐻( under the irradiation of a continuous radio frequency (RF) pulse can be described numerically 

by the following full set of modified Bloch equations (1) (ignoring J-coupling effects),  

)
)*
𝑴 = 𝑹 ∙ 𝑴	                [S1] 

where M represents the magnetization column vector [𝑈/2 𝐴3 𝐴4 𝐴5 𝐸3 𝐸4 𝐸5  𝑊3 𝑊4 𝑊5], and  
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with,  

Θ" = 𝜌"𝐴5,H + 𝜎%"𝐸5,H	             [S3] 



Θ% = 𝜌%𝐸5,H + 𝜎"%𝐴5,H              [S4] 

Θ( = 𝜌(𝑊5,H                [S5] 

where 𝜌" , 𝜌%  and 𝜌(  are the longitudinal relaxation rates (without chemical exchange 

contributions) for glycogen aliphatic protons (𝐻" ), exchangeable protons (𝐻% ) and free water 

protons (𝐻( ); 𝜆" , 𝜆%  and 𝜆(  are the transverse relaxation rates (without chemical exchange 

contributions) for the three pools.	Ω" , Ω% , Ω(  are the chemical shift offsets of the three pools 

referenced to water; 𝜔A is the radial frequency of the saturation field B1 (𝜔A = 	𝛾𝐵A). 𝜇 is the 

transverse cross-relaxation rate, 𝜎"% and 𝜎%" are the longitudinal cross-relaxation rates. The time-

dependent evolution of magnetization can be calculated numerically by solving Eq. S1 

M = expm(-Rt)                [S6] 

In the simulation program, the values (or ranges) of parameters (2) were set as shown in Table 1 

in the main text. The Z-spectra were constructed by calculating the z-magnetization of water as a 

function of saturation offset.  

 

Analytical calculation 

It is cumbersome to derive the exact analytical solutions of Eqs. S1-S5 due to their complexity. To 

gain some intuitive insight into the glycoNOE signal dependence, we derived the analytical 

solutions of z-magnetization in the steady-state scenario. From Eqs. S1 and S2, the z-magnetization 

evolutions of three pools under a continuous-wave (cw) field (𝜔A) applied on 𝐻", are described by,  
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= 	−𝜌"	P𝐴5 − 𝐴5,HQ −	𝜎%"P𝐸5 −	𝐸5,HQ − 𝜔A𝐴4                              [S7] 
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= 	−𝜌(	P𝑊5 −𝑊5,HQ + 𝑘%(	𝐸5 	− 𝑘(%	𝑊5           [S9] 



From the proton chemical exchange equilibrium 𝑘(%	[𝐻(] = 𝑘%(	[𝐻%] (where [𝐻(] and [𝐻%] are 

the populations of the two pools), it can be seen that −𝑘%(	𝐸5,H + 𝑘(%	𝑊5,H = 0, and Eqs. S8, S9 

can also be written as,  

LRN
LO
= 	−𝜌%	P𝐸5 −	𝐸5,HQ −	𝜎"%P𝐴5 − 𝐴5,HQ − 𝑘%(P𝐸5 − 𝐸5,HQ + 𝑘(%	P𝑊5 −𝑊5,HQ					[S10] 
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= 	−𝜌(	P𝑊5 −𝑊5,HQ + 𝑘%(	(𝐸5 − 𝐸5,H) 	− 𝑘(%	(𝑊5 −𝑊5,H)       [S11] 

When only the glycogen proton Ha is saturated and a steady state is reached in the system, LRN
LO
=

0, and  LSN
LO

= 0:  

−𝜌%	P𝐸5 −	𝐸5,HQ −	𝜎"%P𝐴5 − 𝐴5,HQ − 𝑘%((𝐸5 − 𝐸5,H) + 𝑘(%	(𝑊5 −𝑊5,H) 	= 0	       [S12] 

−𝜌(	P𝑊5 −𝑊5,HQ + 𝑘%(	P𝐸5 − 𝐸5,HQ − 𝑘(%	P𝑊5 −𝑊5,HQ = 0       [S13] 

From Eq. S13,  
 

𝐸5 − 𝐸5,H =
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Apply Eq. S14 into Eq. S12, 
 

]𝑘(% − (𝜌% + 𝑘%()
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From Eq. S15,  
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The term 𝛼 = MN,gh	MN	
MN,g

	is the saturation efficiency at steady-state, with a value in the range of 0 to 

1 depending on the B1 field strength applied on 𝐻" , and the longitudinal relaxation rate. The 

enhancement factor “e” is,  

𝑒 = 	 hij\
(X\Z[\Y)

kYlmY\
m\Y
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             [S17]  



𝑓 = 	 MN,g
SN,g

. For a solvent with 100% H2O, 𝑓 = 	 MN,g
SN,g

= [rj]
[rY]

= [r\]
[rY]

= [Y\
[\Y

. 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 𝐻" protons are continuously saturated but only the proton hydroxyl (OH) residues 

will efficiently couple to the 𝐻" protons and transfer the saturation to water and contributed to the 

detected proton signal (𝐻(). Looking at 1 Ha/He pair, we have: [𝐻"]effective = [𝐻%] = P*[hydroxyl] 

and [𝐻(] = P*2*[water]; So the ratio [𝐻%]/ [𝐻(] does not change with the enrichment. And 𝑓 =

	MN,g
SN,g

= [rj]\ss\tuvuw\
[rY]

= [r\]
[rY]

= x∗[yz){|}z~]
x∗�∗[��*�{]

. So 𝑓 also does not change with the proton enrichment. 

 

Notice that any proton leaving the solvent will most likely replace a deuterium in glycogen. But it 

is indifferent whether this proton replaces a proton or deuterium, because it will end up next to an 

𝐻" and then get saturated and go back to the solvent. Assuming approximately equal exchange 

rates for D and H, the same exchange rates can thus be used to describe the process, but [𝐻"] has 

to be replaced by [𝐻"]effective. Assuming negligible transfer from D to H, the overall saturation 

effect on the proton signal detected would be the same. In agreement with this, we show that the 

glycoNOE signal intensity in D2O is about 3 fold of that in H2O (see Fig. 6 in the main text), with 

the glycoNOE difference being all due to water T1 relaxation time difference in two solvent. After 

correcting water T1 relaxation time, the glycoNOE intensity will be about the same in the two 

solvent.  

 

Therefore, at steady-state, 

 𝑔𝑙𝑦𝑐𝑜𝑁𝑂𝐸 = 	𝛼 ∗ 	𝑒 ∗ 𝑓           [S18] 

Notice the similarity with the analytical solution for the CEST effect at steady state (3-5). 



Obtaining the analytical solution for 𝛼 without approximation would require solving the full sets 

of Eqs. S1-S6 analytically. For simplification, the evolution of 𝐻" is assumed to be that of a single-

spin system under 𝜔A. That is, 

  𝛼 = MN,gh	MN	
MN,g

	≈ ��j��j���

AZ��j��j���Z(��j�j)�
            [S19] 

where 𝑇A" and 𝑇�" are the “effective” relaxation rates of 𝐻" in a single-spin system, different from 

the terms 𝜌" and 𝜆" in the three-pool model, Eq. S19 was deduced from the solution of steady-

state Bloch equations under continuous wave on-resonance irradiation (6). Based on the fact that 

both the numerical simulation and experimental data analysis (see Figs. 3 and 4d in main text) 

using Eq. S19 describe the 𝛼 dependence well, this approximation appears to be valid for this spin 

system in glycogen. 

 

For glycogen in H2O, the chemical exchange rate is always much faster than the NOE relaxation 

rate (see Table S1), that is, assuming the slow tumbling limit, 𝜌% ≈ −𝜎"%, to apply. Then 

𝑘%( ≫ −𝜎"% ≈ 𝜌%	             [S20] 

and 

1 + 𝜌% 𝑘%(⁄ 	≈ 1             [S21] 

And (with 𝑓 also equal to [Y\
[\Y

 ), 

𝑔𝑙𝑦𝑐𝑜𝑁𝑂𝐸 = 	𝛼 ∗ hij\∗�
XY(AZX\ [\Y⁄ )ZX\∗�

≈ 𝛼 ∗ hij\∗�
XYZX\∗�

	           [S22] 

Let 𝑘"( = −𝜎"% ≈ 	𝜌%,  

Eq. S22 can be rewritten as, 

𝑔𝑙𝑦𝑐𝑜𝑁𝑂𝐸 ≈ 𝛼 ∗ [jY∗�
XYZ[jY∗�

                       [S23] 



Eq. S23 is the analytical solution for a two-pool (𝐻"	
𝑘"(
⇄
𝑘("

		𝐻() CEST signal (7). Therefore, the 

two-step model can be simplified to one step model. And Eq. S23 can be further simplified when 

𝜌( ≫ 𝑘"( ∗ 𝑓 (for instance, for 0.1M oyster glycogen in H2O, 𝜌( ≈ 0.36 s-1, 𝑘"( ∗ 𝑓 ≈ 33 s-1∗

H.A�
AAH�

 ≈0.03 s-1),  

𝑔𝑙𝑦𝑐𝑜𝑁𝑂𝐸 ≈ 𝛼 ∗ [jY∗�
XY

= 	−𝛼 ∗ 𝜎"% ∗ 𝑇A( ∗ 𝑓         [S24] 

 

  



 

 

Supporting Information Figure S1. The visibility of glycogen hydroxyl protons in the proton 
NMR spectrum at different pH (100 mM in PBS buffer prepared with 95% D2O/5% H2O, 17.6T, 
20˚C).  
 

 

 

 



 

Supporting Information Figure S2. The 17.6T Z-spectra for oyster glycogen (100 mM in PBS 
buffer prepared with 95% D2O/5% H2O, 20 ˚C) at different pH, using a continuous RF B1 field, 
B1 = 0.35 µT and tsat = 4s.  

 
 
 
 
 
 
 



 

Supporting Information Figure S3. Particle size distribution of bovine liver glycogen, oyster 
glycogen and rabbit liver glycogen samples. Sizes of the commercial samples (Sigma) in PBS 
were measured using dynamic light scattering (DLS) based zetasizer (Zetasizer Nano ZS90, 
Malvern Instruments).  
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Supporting Information Figure S4. UTE-CEST scan (8) on dextran (~ 2000 kD) solution (200 
mM glucose unit, pH 7.4, 20 ℃) at 11.7 T. 
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Supporting Information Table S1. Estimated oyster glycogen (100 mM, 20 ℃) hydroxyl 

exchange rates in D2O (95%) and H2O (95%) based on NMR linewidth analysisa and selective 

inversion recoveryb analysis of the composite OH2+OH3 peak (+1.2 ppm).  

pH 𝒌𝒆𝒙 (𝒔h𝟏) in D2O 𝒌𝒆𝒙 (𝒔h𝟏) in H2O 

 Linewidth 

analysisa 

Inversion 

recoveryb 

Linewidth 

analysisa 

Inversion 

recoveryb 

4.5 NA NA 675-857 NA 

4.9 650-750 NA 402-583 290 

5.7 60-170 70 245-426 350 

5.9 70-170 110 214-395 300 

6.2 0-110 50 352-533 470 

6.4 50-160 90 349-530 500 

6.7 40-150 90 760-942 550 

7.3 190~300 330 NA 1500 

7.7 700~810 NA NA NA 

 

aThe half-height linewidth (𝜈A �⁄ ) depends on apparent T2:  𝜈A �⁄ = 	 A
���

= 	 (��
∗	Z[\�)
�

. 𝑅�∗ is the 
apparent transverse relaxation rate from non-chemical-exchange contributions. 𝑅�∗ is largely 
uncertain, but the lower boundaries can be estimated from H1-4 peak linewidth (at pH 9.6), and 
the upper boundary can be estimated from OH2,3 peak width at pH 6.2 in D2O (267 Hz, 
assuming zero exchange rate). Therefore, 𝑅�∗ is estimated to be in the range of 119~267 𝑠hA in 
D2O and 86~267 𝑠hA in H2O. The hydroxyl exchange rates at different pH can be therefore 
estimated. 
bThe apparent longitudinal relaxation rate (𝑅A) in selective inversion recovery experiments of 
OH2+OH3 is :  𝑅A = 	𝜌	 + 𝑘%3. 𝜌 is the longitudinal relaxation rate from non-chemical-exchange 
contributions. 𝜌 values of hydroxyl protons were assumed to be similar to that of aliphatic proton 
H1-4, which were measured to be 33 𝑠hA in H2O and 45 𝑠hA in D2O (see main text Table. 2).  
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