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Measuring Diffusion  

 

Figure S1.  Representative data from the diffusion coefficient measurement.  Top: NMR spectra of the denature BSA standard 
acquired with the bppste pulse sequence.  Inset: expansion of the peak for the I/L/V resonances.  Bottom Left: the pure NMR 
spectra for the different diffusing species as determined by the DECRA algorithm.  Bottom Right: Stejkal-Tanner plots and 
diffusion coefficients from the DECRA algorithm.    
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Measuring T1 and T2 with the Agilent Dbppste Pulse Sequence 

The molar concentration of the protein in the NMR tube, 𝑐𝑃
𝑁𝑀𝑅, can be calculated from the known 

molar concentration of the external reference standard, 𝑐𝑅𝑆, using PULCON 

𝑐𝑃
𝑁𝑀𝑅 = 𝑐𝑅𝑆

𝐴𝑃 𝑇𝑃 𝑝𝑤𝑃 𝑆𝑅𝑆  𝐻𝑅𝑆

𝐴𝑅𝑆 𝑇𝑅𝑆 𝑝𝑤𝑅𝑆 𝑆𝑃 𝐻𝑃
𝑓𝑏𝑝𝑝𝑠𝑡𝑒   (eq. S1) 

where AP and ARS are the peak area of the protein and reference standard peaks, T is the temperature 

at which the NMR spectra were acquired, pw is the 90 º pulse width and S is the number of scans used 

during the acquisition of the respective spectra, and H is the number of protons that constitutes the 

respective peaks.  The correction factor fbppste compensates for peak attenuation in the bppste pulse 

sequence (Figure S2) due to diffusion, T1 relaxation, and T2 relaxation.  It is given by 

𝑓𝑏𝑝𝑝𝑠𝑡𝑒 = 2 𝑒
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  (eq. S2) 

where 1 is the time between the second and third 90º pulses in the bppste pulse sequence, T1 is the 

longitudinal relaxation time, 2 is the time between the first and second 90º pulses (and between the 

third 90º pulse and acquisition), T2 is the spin-spin relaxation time, D is the translation diffusion 

coefficient,  is the magnetogyric ratio, g is the pulse-field gradient strength,  is the pulse-field gradient 

length,  is the diffusion delay, and 3 is the total time between the pulse-field gradient pulses of the 

bipolar-pulse pairs in the sequence.  In effect, the first exponential term in the equation describes signal 

attenuation due to T1 relaxation, the second due to T2 relaxation, and the third due to diffusion.  Of all 

the terms in the equation, these three quantities (T1, T2, and D) are the only unknowns; all others are 

pulse sequence/instrument parameters or a physical constant (in the case of ).  Therefore, by 

measuring these three values for a given sample, the concentration of the protein can be calculated 

using eq S1.  The values of T1, T2, and D can be experimentally determined with the bppste pulse 

sequence by acquiring spectra with the spectra with different combinations of pulse sequence 

parameters as described below.   

Figure S2.  The bppste pulse sequence for Agilent (a.k.a., Dbppste) spectrometers along with the definition of the various 
delays discussed in the text. 
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First, rewriting the eq S2 with the Agilent Dbppste pulse sequence acquisition parameters yields 

𝑓𝐵𝑃𝑃𝑆𝑇𝐸 = 2 𝑒
(𝑑𝑒𝑙−𝑔𝑡1−2∙𝑔𝑠𝑡𝑎𝑏−4∙𝑝𝑤90−3∙𝑟𝑜𝑓1)

𝑇1  𝑒
2∙(𝑔𝑡1+2∙𝑔𝑠𝑡𝑎𝑏+2∙𝑝𝑤90+2∙𝑟𝑜𝑓1)

𝑇2     

𝑒
𝐷2𝑔𝑧𝑙𝑣𝑙12𝑔𝑐𝑎𝑙2

2[𝑑𝑒𝑙−
gt1

3
−

(𝑔𝑠𝑡𝑎𝑏+2∙𝑝𝑤90+𝑟𝑜𝑓1)

2
]
 (eq. S3) 

where del is the diffusion delay (), gt1 is the gradient length (), gzlvl1 is the gradient strength, gcal is 

the multiplier to convert the gzlvl1 to Gauss, gstab is the gradient recovery delay, pw90 is the 90º-pulse 

length (PW), and rof1 is the short delay prior to an RF pulse (Figure S2).   

For the T1 experiment, five spectra were acquired with the Dbppste pulse sequence using 

combinations of del and gzlvl1, such that  

𝑔𝑧𝑙𝑣𝑙1𝑛 = 𝑔𝑧𝑙𝑣𝑙11 × √
∆′1

∆′𝑛
   (eq. S4) 

where ’is the correct diffusion delay given by  

∆′ = 𝑑𝑒𝑙 −
gt1

3
−

(𝑔𝑠𝑡𝑎𝑏+2∙𝑝𝑤90+𝑟𝑜𝑓1)

2
  (eq. S5) 

This keeps the T2 and D portions of the equation constant, making signal attenuation governed solely by 

T1 nuclear relaxation.  The effective T1 for the leucine, isoleucine, and valine methyls can be calculated 

from a mono-exponential fit of APLIV vs. 1 (1 = del – gt1 – 2 gstab –4 pw90 – 3 rof1).  An example of 

the spectra and the corresponding plot are shown Figure S3.   

For the T2 experiment, six spectra were acquired with combinations of gstab, del, and gzlvl1, such 

that 

𝑑𝑒𝑙𝑛 = 𝑑𝑒𝑙1 + 2 ∙ (𝑔𝑠𝑡𝑎𝑏𝑛 − 𝑔𝑠𝑡𝑎𝑏1)  (Eq S6) 

and gzlvln is determined as shown above.  This keeps the T1 and D portions of the equation constant, 

making signal attenuation governed solely by T2.  The effective T2 for the leucine, isoleucine, and valine 

methyls can be calculated from a mono-exponential fit of APLIV vs. 2 (2 can be reduced to 4 gstab).  An 

example of the spectra and the corresponding plot are shown Figure S3.   
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Figure S3.  Representative data from the T1 and T2 measurements using the bppste pulse sequence.  Top Left: NMR spectra 
from and parameters for the bppste pulse sequence setup to measuring T1.  Top Right: NMR spectra from and parameters for 
the bppste pulse sequence setup to measuring T2.  Bottom Left: Plot for T1 calculation.  Bottom Right:  Plot for T2 calculation. 
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Integration of Protein Peak 

 The area of the peaks for the isoleucine, leucine, and valine methyl groups was obtained by 

deconvolution of the spectra.  In MNova, the best results were acheived using a generalized Lorentzian 

shape with a Lorentzian/Gaussian ratio of 1.5, and allowing the software to optimize the chemical shift, 

height, and linewidth (see Figure S4).  The areas of the resulting peaks were summed in order to obtain 

the overall area used to calculate the concentration.  

 

Figure S4.  Representative data showing the DF-qNMR spectrum with line fitting of the leucine, isoleucine, and valine signals for 
integration.   
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Linearity of DF-qNMR Results 

 

Figure S5.  Plot of the DF-qNMR concentrations versus the gravimetric concentrations for NIST BSA 927e 

SRM.  The solid line is the result of linear regression.  

 

 

Figure S6.  Plot of the DF-qNMR concentrations versus the gravimetric concentrations for the bispecific 

antibody.  The solid line is the result of linear regression. 
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