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ABSTRACT 

The diversity of ubiquitin modifications calls for methods to better characterize 

ubiquitin chain linkage, length, and morphology. Here, we use multiple linear 

regression analysis coupled with ion mobility mass spectrometry (IM-MS) to quantify 

the relative abundance of different ubiquitin dimer isomers. We demonstrate the 

utility and robustness of this approach by quantifying the relative abundance of 

different ubiquitin dimers in complex mixtures and comparing the results to the 

standard, bottom-up ubiquitin AQUA method. Our results provide a foundation for 

using multiple linear regression analysis and IM-MS to characterize more complex 

ubiquitin chain architectures.  

 

INTRODUCTION  
Protein ubiquitylation plays a pivotal role in most cellular pathways.1–5 The small 

protein ubiquitin (Ub) is covalently attached to other proteins through a series of 

enzymatic steps.6,7 Once a single Ub is anchored to target protein, subsequent 

rounds of conjugation can result in the formation of Ub chains. During chain 

extension, there are seven ε-amino groups (K6, K11, K27, K29, K33, K48, K63) 

along with an N-terminus (M1) that can be conjugated to the C-terminus of another 

Ub molecule.8 The diversity of Ub chains that manifests is astounding.9 The linkage, 

length, and degree of chain branching (i.e., how many Ub subunits are modified at 

more than one site with other Ub molecules) are all variables and each one can 

control the cellular destiny of the modified protein.10–12 Characterizing the types of 

chains attached to a protein-of-interest (POI) is thus critical to understanding how Ub 

regulates function, stability, and cellular localization.13 
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Mass spectrometry (MS) is the gold standard for characterizing Ub conjugates. 

Bottom-up approaches are the most common, as proteolytic digestion breaks down 

Ub conjugates into peptide fragments, which are then analyzed by MS.14–16 

Ubiquitylation sites are identified by a Ub remnant—a diGly motif—attached to the ε-

amino group of a lysine or the α-amino group of an N-terminal residue.17–19 When 

combined with isotopically labeled peptide standards (i.e., AQUA peptides), this 

bottom-up approach enables quantitation of the absolute abundance of various Ub 

chain linkages.20–22 What bottom-up fails to provide is information on chain length 

and the extent of branching.23 These shortcomings have been addressed using top-

down and middle-down MS approaches; however, quantitative information on 

linkage types is lost.16,24–27  

 

By separating ions based on size and shape, ion mobility coupled with mass 

spectrometry (IM-MS) has the potential to inform on all aspects of Ub chains. IM is a 

measure of the time it takes an ion to drift through a buffer gas, with compact ions of 

similar charge traveling faster than those that are more elongated due to fewer 

interactions with the gas.28,29 Since Ub chains adopt different conformations 

depending on linkage, length, and degree of branching, IM-MS can, in principle, be 

used to separate and detect Ub chains of many different topologies present as 

heterogeneous mixtures.30–32 In line with this supposition, it was shown that several 

di-Ub isomers can be distinguished using drift tube IMS (DTIMS),33 and four di-Ub 

isomers can be distinguished using T-wave IM-MS by exploiting differences in the 

degree of unfolding as a function of linkage type.34 To further advance the use of IM-

MS in Ub chain analysis, it is necessary to develop methods that enable relative 

quantitation of chain linkages in heterogeneous samples.  

 

Here, we describe a mathematical approach to quantifying mixtures of Ub dimers 

using IM-MS. Calculating the molar fraction of individual chain linkage types in 

complex mixtures is challenging because the response to changes in fractional 

composition is non-linear. Using a multiple linear regression analysis approach, we 

are able to overcome these issues, and mixtures comprising at least four different 

isomers can be quantified. To assess the utility of our approach we measured the 

relative abundance of linkages produced during in vitro Ub chain assembly reactions 

and compared the results to those obtained by bottom-up AQUA analysis. We found 
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that the molar fraction measured by IM-MS is consistent with AQUA data. Our study 

thus establishes a foundation for quantifying the relative abundance of different Ub 

chain linkage types using IM-MS and multiple linear regression analysis.   

 
EXPERIMENTAL METHODS 
Generation of ubiquitin chains. K48-linked ubiquitin dimer: 1 mM Ub, 0.3 uM E1, 

and 2uM Cdc34 were mixed in reaction buffer A (20mM ATP, 10mM MgCl2, 40mM 

Tris-HCl pH 7.5, 50 mM NaCl, and 1.5 mM DTT) and incubated overnight at 37°C. 

K63-linked ubiquitin dimer: 0.5 mM Ub, 1.5 uM E1, and 0.75 uM Ubc13-Mms2 were 

mixed in reaction buffer A and incubated at 37 for 9 h. K6-linked ubiquitin dimer: 2 

mM Ub, 1.5 uM E1, 10 uM UbcH7, and 1uM NleL were mixed in reaction buffer A. 5 

uM OTUB1 and 3 uM AMSH were added after 3 h of incubation and the mixture was 

left overnight at 37°C. All synthesized ubiquitin dimers were further purified from the 

reaction mixture using size exclusion chromatography (Superdex 75) using buffer B 

(50 mM Tris-HCl pH 7.5, 300 mM NaCl). The M1-linked ubiquitin dimer construct 

was expressed in Rosetta 2(DE3)pLysS E.coli cells and further purified using strong 

cation exchange chromatography (buffer C: 50 mM NH4OAc 1mM EDTA, buffer D: 

50 mM NH4OAc, 1 mM EDTA, 1 M NaCl). The generated ubiquitin dimers were 

buffer exchanged into MiliQ water. K11-, K29- and K33-linked ubiquitin dimers were 

purchased from R&D systems Inc. (Minneapolis, MN). Concentrations of all ubiquitin 

dimers were measured by BCA assay.  

 

ESI-IM-MS analysis. All experiments were performed on Waters Synapt G2 HDMS 

mass spectrometer in denaturing conditions using NanoLockSpray ion source for 

offline nanoESI. Each ubiquitin dimer was diluted to a final concentration of 10 uM in 

49/50/1% (v/v %) water/methanol/formic acid. Applied instrument conditions: 

capillary voltage – 1.0 kV, source temperature – 20°C, sampling cone – 30 V, 

extraction cone – 1.8 V, trap gas flow – 3 mL/min, helium cell gas flow – 180 mL/min, 

IMS gas flow – 80 mL/min. TWIMS parameters were adjusted to receive the most 

efficient separation between ubiquitin dimers at highest available wave height – 40 

V. CCS calibration was performed by adding  5 uM apo-myoglobin (Sigma-Aldrich, 

CAS Number 9008-45-1) as an internal standard.  

The complex mixtures, containing two to four di-Ub isomers, were obtained by 

mixing defined amounts of single isomers at the specified molar ratios.  
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Data analysis. The initial processing of IM data was performed using MassLynx MS 

Software (Waters Corporation, USA). Extraction of IM spectra was achieved using 

TWIM extract, and CCS calibration was performed using homemade-written Python 

scripts.35 Further data analyses, including construction of calibration curves and 

deconvolution of complex spectra, were performed using the Software package 

OriginPro 2021b (OriginLab Corporation, USA).  

 
AQUA quantitation. The enzymatic reaction with 2 mM Ub, 1.5 uM E1, 10 uM 

UbcH7, and 1 uM NleL was analyzed using AQUA. In-gel digestion of the di-Ub band 

was performed using TrypsinGold according to the standard AQUA protocol.21 

Orbitrap Fusion and Easy-nLC 1000 (Thermo Inc., San Jose, CA) operating in FT full 

scan MS mode in the 300-1500 Th range was used for LC-MS analysis. Linear 

response curves were constructed for K-ε-GG tryptic AQUA peptides (cell signaling 

technologies). Self-packed UHPLC RP column was run with water:acetonitrile 

mixtures in the presence of 0.1% formic acid using the following gradient: : 0-10% B 

5 min, 10-30% B 40 min, 30-50% B 15 min, 50-95% 3 min, 95% hold 7 min. XIC 

chromatograms were extracted using QualBrowser (Thermo Inc., San Jose, CA) and 

then exported to OriginPro for calculation of peak areas.   

 

RESULTS AND DISCUSSION 
IM spectra of seven ubiquitin dimers. Previous studies have shown that even 

under denaturing conditions, the isomers of di-Ub can still be distinguished by IM-

MS.33 We employed similar conditions to resolve the different isomers. As shown in 

Figure 1, all seven di-Ub isomers display distinct IM spectra at different charge 

states. For instance, the K48-, K63-, and K6-linked dimers have significantly different 

IM spectra at the +18 charge state, and K11-, M1-, and K48-linked di-Ub are 

distinguishable at the +21 charge state.  
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Figure 1. Ion mobility spectra of seven di-Ub isomers under denaturing conditions (49% 

water, 50% methanol, 1% formic acid) at different charge states: from z = +17 to z = +22.  

 

Use of apo-myoglobin as an internal standard. Quantitative IM-MS is challenging 

due to the dependence of IM distribution on external conditions and the ESI MS 

experimental setup. Deviations in gas temperature in the mobility cell as well as 
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small variations in the position and shape of the nanoESI emitter may lead to 

random drift in the distributions of di-Ub ions.36 To compensate for these deviations, 

we introduced an internal calibrant to calibrate collision cross sections (CCS) across 

di-Ub isomers. We chose apo-myoglobin because its molecular weight and charge 

distribution are similar to di-Ub and its signal does not overlap with that of di-Ub in 

the mobility spectra (Figure S1). Moreover, the CCS values of apo-myoglobin added 

as an internal or external standard only deviate by 0.6% from the reference values 

(Table S1).37 

 

The inclusion of a single internal calibrant may cause significant systematic error in 

CCS values,38 however, we found that the systematic error is only 1.2% and the 

random error is lower with apo-myoglobin as an internal versus external calibrants 

(Figure S2). The systematic error could be further reduced using multiple internal 

calibrants instead, but precise CCS values are not necessary for accurate 

quantitation. Moreover, multiple internal standards could complicate the quantitation. 

Thus, we decided to use a single internal calibrant.      

 

Quantitative analysis of di-Ub isomers. With the addition of apo-myoglobin, we 

sought to apply a linear deconvolution method to measure the amount of each di-Ub 

in a binary mixture. A few of the di-Ub isomers, e.g., K29 and K48, exhibit bimodal 

IM distributions, making it difficult to use gaussian fits with different intensities for 

quantitation.39 Thus, we chose to use multiple linear regression analysis, which 

entailed fitting unknown mixtures to a linear combination of spectra corresponding to 

individual di-Ub isomers using Euclidean metrics.40 Weights of each component in a 

binary mixture (𝑤𝑤𝑖𝑖 ,𝑤𝑤𝑗𝑗) were obtained, allowing us to calculate relative weights 

𝑞𝑞𝑖𝑖 = 𝑤𝑤𝑖𝑖/(𝑤𝑤𝑖𝑖 + 𝑤𝑤𝑗𝑗) or 𝑞𝑞𝑗𝑗 = 𝑤𝑤𝑗𝑗/(𝑤𝑤𝑖𝑖 + 𝑤𝑤𝑗𝑗) (Scheme 1).  
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Scheme 1. Spectral deconvolution approach using multiple linear regression analysis. The 

IM spectrum of a binary mixture (black spectrum) is deconvolved via the IM spectra of single 

isomers (blue and purple spectra), furnishing the normalized weights of single components 

that are then be used to create a calibration curve for the calculation of molar fraction of 

each isomer (χi, χj; shown on the right) in a mixture. The parameter pji in the calibration curve 

relates to ratios of response factors for different isomers (see Eq. 1).  

 

When the IM-MS spectra of individual isomers were used to deconvolute a binary 

mixture, we observed a non-linear correlation between relative weight and molar 

fraction (Figure 2, Figures S3). Such non-linearity cannot be explained by the 

deconvolution procedure as the convexity of the calibration curve varies for different 

pairs of isomers and in some cases is even linear (Figure S4, S10). We also found 

that the non-linear behavior depends on the type of binary mixture analyzed, not the 

total di-Ub concentration (Figure S5). Similar behavior has been previously 

observed for β-amyloid peptides bearing isomerized aspartic acid residues.41,42 In 

this case, the basic version of multiple linear regression analysis was used to 

determine the relative weights of each isomer in the spectrum. The weights were 

then adjusted to obtain the actual molar fractions. We thought we could apply similar 

logic to obtain the molar fractions of individual di-Ub isomers.  
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Figure 2. Calibration curves corresponding to different binary mixtures of di-Ub isomers. Fits 

to Eq. 1 are shown. 

 

Using the ‘response factor’ 𝑘𝑘𝑖𝑖, the absolute intensity of a single di-Ub isomer can be 

related to the total concentration (C) and molar fraction (𝜒𝜒𝑖𝑖) of that isomer. In 

principle,  𝑘𝑘𝑖𝑖 depends on the (i) overall ion yield in ESI and (ii) the probability that a 

particular isomer is protonated during ionization. Although the absolute value of 𝑘𝑘 

fluctuates with the total ion current of ESI, we can assume that the ratio of 𝑘𝑘 values 

for different isomers (𝑝𝑝𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑖𝑖/𝑘𝑘𝑗𝑗  for 𝑖𝑖 and 𝑗𝑗 isomers) remains constant. Based on this 

assumption, the relative weights (𝑞𝑞𝑖𝑖 = 𝑤𝑤𝑖𝑖/(𝑤𝑤𝑖𝑖 + 𝑤𝑤𝑗𝑗)  and 𝑞𝑞𝑗𝑗 = 𝑤𝑤𝑗𝑗/(𝑤𝑤𝑖𝑖 + 𝑤𝑤𝑗𝑗) ) of di-Ub 

isomers “𝑖𝑖” and “𝑗𝑗” after deconvolution in the IM spectrum should depend on the 

molar fractions according to (Equation 1): 

𝑞𝑞𝑗𝑗 =
𝑤𝑤𝑗𝑗

𝑤𝑤𝑗𝑗 + 𝑤𝑤𝑖𝑖
=

𝑘𝑘𝑗𝑗𝜒𝜒𝑗𝑗𝐶𝐶
𝑘𝑘𝑖𝑖𝜒𝜒𝑖𝑖𝐶𝐶 + 𝑘𝑘𝑗𝑗𝜒𝜒𝑗𝑗𝐶𝐶

=

𝑘𝑘𝑗𝑗
𝑘𝑘𝑖𝑖
𝜒𝜒𝑗𝑗

𝑘𝑘𝑖𝑖
𝑘𝑘𝑖𝑖
𝜒𝜒𝑖𝑖 +

𝑘𝑘𝑗𝑗
𝑘𝑘𝑖𝑖
𝜒𝜒𝑗𝑗

=
𝑝𝑝𝑗𝑗𝑗𝑗𝜒𝜒𝑗𝑗

𝜒𝜒𝑖𝑖 + 𝑝𝑝𝑗𝑗𝑗𝑗𝜒𝜒𝑗𝑗
=   

𝑝𝑝𝑗𝑗𝑗𝑗𝜒𝜒𝑗𝑗
�1 − 𝜒𝜒𝑗𝑗� + 𝑝𝑝𝑗𝑗𝑗𝑗𝜒𝜒𝑗𝑗

     (1) 
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Fitting the deconvoluted spectral data to Eq. 1 led to a good approximation of molar 

fractions for a variety of binary mixtures (Figure 2).  

 

Quantitative approach to multicomponent di-Ub mixtures. Based on the success 

of deconvoluting di-Ub pairs, we wanted to extend our mathematical model to more 

complex mixtures. Whether it is a ternary or higher order mixture, the relative weight 

of a specific isomer ( 𝑞𝑞𝑖𝑖) should depend on the response factor (𝑘𝑘) of all isomers 

(Equation 2):  

𝑞𝑞𝑖𝑖 =  
𝑤𝑤𝑖𝑖

∑ 𝑤𝑤𝑗𝑗𝑛𝑛
𝑗𝑗=1

=
𝑘𝑘𝑖𝑖𝜒𝜒𝑖𝑖𝐶𝐶

∑ 𝑘𝑘𝑗𝑗𝑛𝑛
𝑗𝑗=1 𝜒𝜒𝑗𝑗𝐶𝐶

=

𝑘𝑘𝑖𝑖
𝑘𝑘0
∙ 𝜒𝜒𝑖𝑖

∑
𝑘𝑘𝑗𝑗
𝑘𝑘0

𝑛𝑛
𝑗𝑗=1 𝜒𝜒𝑗𝑗

=  
𝑝𝑝𝑖𝑖0 𝜒𝜒𝑖𝑖

∑ 𝑝𝑝𝑗𝑗0𝑛𝑛
𝑗𝑗=1 𝜒𝜒𝑗𝑗

   (2) 

Similar to the binary mixtures, it is possible to relate the response factor of one 

isomer 𝑘𝑘𝑖𝑖 to a ‘reference’ isomer 𝑘𝑘0: pi0 = ki/k0. The reference isomer can be any 

one of the isomers in the mixture. To obtain the relative response factor values we 

need to construct the calibration curves for binary mixtures, containing one of the 

presented isomers “i” and the selected reference isomer “0”. The IM spectra for the 

binary mixtures and the multicomponent mixture should be measured in a single set 

of experiments. Thus, for multicomponent mixtures the relative response factors 𝑝𝑝𝑖𝑖0 

cannot be derived from the curves shown in Figure 2 unless the binary calibration 

curve is generated at the same time with the same external conditions. Once the 

relative response factor 𝑝𝑝𝑖𝑖0 is obtained, the molar fraction can be calculated. This 

can be achieved by rewriting Eq. 2 as Eq. 3 since ∑ 𝜒𝜒𝑖𝑖 = 1𝑛𝑛
𝑖𝑖=1   (derivation of Eq. 3 is 

shown in Supporting Information, S17).  

 

χ𝑖𝑖 =  
𝑞𝑞𝑖𝑖 𝑝𝑝𝑖𝑖0�

∑
𝑞𝑞𝑗𝑗
𝑝𝑝𝑗𝑗0

𝑛𝑛
𝑗𝑗=1

  (3) 

 

Application of quantitative IM-MS to multicomponent di-Ub mixtures.  
To deconvolute more complex spectra, we initially applied a full spectral library 

containing all seven di-Ub isomers. The deconvolution results demonstrate the high 

specificity of the proposed multiple linear regression analysis. Even in the case of 

weakly resolved isomers, such as K6- and K11-, the deconvolution procedure 

successfully identifies the isomers present in the mixture on a qualitative level 
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(Figure S6-S7). These results suggest that for multicomponent mixtures, 

deconvolution using an entire spectral library is possible; however, for the purposes 

of quantitation, using the full spectral library can be challenging due to the necessity 

of calibration curves. As shown in Figure 2, at least five points are necessary to 

generate a calibration curve, with two points corresponding to pure di-Ub isomers 

and three representing binary mixtures with different ratios of single components. 

Hence, the number of samples needed to generate calibration curves for a full 

spectral library is (3 ∙ (𝑛𝑛 − 1) + 𝑛𝑛) ∙ 𝑚𝑚, where 𝑛𝑛 is a number of isomers in the library, 

and 𝑚𝑚 is a number of biological replicates. Since calibration curves and unknown 

samples must be measured at the same time for accurate quantitation, the concern 

is that long experimental times may cause significant fluctuations in relative 

response factors.  

 

To compensate for these issues, we decided to apply a ‘reduced’ spectral library to 

quantify molar fractions. Although the reduced library contains only the di-Ub 

isomers present in a mixture, significantly less experimental time is needed relative 

to the full library, resulting in little variation in relative response factors. We illustrate 

the use of a reduced library in the analysis of ternary and quaternary mixtures.  

 

For a ternary mixture containing K6, K29, and K63 isomers, the spectra of pure K6, 

K29, and K63 di-Ub were used for deconvolution to obtain weights wK6, wK29, and 

wK63 (Figure 3C). Using these values, we then calculated relative weights (qi): 

qK6=wK6/(wK6+wK29+wK63), qK29= wK29/(wK6+wK29+wK63), qK63= wK63/(wK6+wK29+wK63). In 

parallel, data was collected to generate calibration curves corresponding to K6/K63 

and K29/K63 binary mixtures (Figure 3A-3B). With K63 as the reference isomer, we 

obtained the relative response factors 𝑝𝑝𝐾𝐾6/𝐾𝐾63 and 𝑝𝑝𝐾𝐾29/𝐾𝐾63. Combining the pi and qi 

values, we are able to arrive at the molar fraction of each component (Figure 3E, 
Equation 3).  

  

Quaternary mixtures can also be deconvoluted. In this case, the spectral library 

containing the four isomers K6, K29, K48, and K63, was used to calculate relative 

weights (qi) (Figure 3D). One additional binary mixture, K48/K63, was measured to 

obtain all of the necessary relative response factors, including the value for 𝑝𝑝𝐾𝐾48/𝐾𝐾63 
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(Figure 3F, Figure S8). IM-MS data for approximately thirty ternary and quaternary 

mixtures were collected to measure the error relative to the actual molar fraction 

(Table S2). A measured error of ≤ 5.2% and a single residue error of 4.8% (SRE 

corresponds to the difference between the actual and experimental molar fractions 

for a single type of the isomer) strongly suggests that multiple linear regression 

analysis can be used to quantify linkage types in mixture of di-Ub isomers (Figure 
3G, Supporting Information S17).   
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Figure 3. Relative quantitation of di-Ub isomers in ternary and quaternary mixtures. 

Quantitation of each isomer was performed using calibration curves corresponding to 

binary mixtures. A-B. The calibration curves for the ternary mixture are shown. A.  
Calibration curve corresponding to the K6- and K63-linked di-Ub pair. B. Calibration 

curve corresponding to the K29- and K63-linked di-Ub pair. K63 di-Ub was chosen 

as the reference isomer. C. Decomposition of the ternary mixture into spectra 
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corresponding to pure di-Ub isomers. D. Decomposition of the quaternary mixture 

into spectra corresponding to pure di-Ub isomers. The solid black line corresponds to 

the actual spectra of the ternary mixture and the dash gray line is a linear fit of the 

spectrum of a mixture with spectra of single isomers. E-F. Relative weights (qi) and 

relative response factors (pi0) for each component were used to calculate the molar 

fraction in ternary and quaternary mixtures. G. Statistics of quantitation accuracy for 

the presented method. 

 

Validation of the IM-based quantitation approach by AQUA analysis. Lastly, we 

characterized the di-Ub isomers produced by an E3 ligase using our quantitative IM-

MS approach. In the presence of the E2 conjugating enzyme UbcH7, the bacterial 

effector protein NleL, which is an E3 ligase, generates Ub chains primarily composed 

of K6 and K48 linkages. After purifying the di-Ub fraction of the enzymatic reaction, 

bottom-up proteomics with isotopically labeled, Ub-derived peptides—a method 

referred to as AQUA analysis—confirmed the formation and abundance of K6- and 

K48-linked di-Ub. We then collected the IM-MS spectrum of the di-Ub fraction in the 

presence of the apo-myoglobin standard and applied multiple linear regression 

analysis to different charge states. On average, we found that K6-linked di-Ub 

comprises 75% while K48-linked di-Ub is only 25% of the di-Ub fraction. These data 

agree with the AQUA analysis (Figure 4), demonstrating the robustness of our 

quantitative IM-MS-based approach.   

 

 
 
Figure 4. Comparison between AQUA and IM-MS analysis of the enzymatic reaction 

using the E3 ligase NleL.   
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CONCLUSIONS 

In this work, we develop a mathematical framework for quantifying the relative 

abundance of di-Ub isomers in complex mixtures using IM-MS. We found that 

despite the structural similarity, different di-Ub isomers could have significantly 

different response factors that do not allow linear approximation to convert IM 

intensities into molar fractions of a particular isomer. Using an internal standard and 

applying multiple linear regression analysis to the spectral data enables robust 

quantitation of di-Ub molar fractions in complex mixtures containing up to four 

different isomers. Our mathematical model can also be used to characterize the 

types of di-Ub isomers produced by enzymatic reactions. Future efforts will focus on 

using these methods to characterize mixtures of higher molecular weight Ub 

conjugates with greater morphological complexity.   
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