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Abstract

High-throughput quantitative analysis of protein conformational changes has a profound impact 

on our understanding of the pathological mechanisms of Alzheimer’s disease (AD). To establish 

an effective workflow enabling quantitative analysis of changes in protein conformation within 

multiple samples simultaneously, here we report the combination of N,N-dimethyl leucine 

(DiLeu) isobaric tag labeling with limited-proteolysis mass spectrometry (DiLeu-LiP-MS) for 

high-throughput structural protein quantitation in serum samples collected from AD patients and 

control donors. 23 proteins were discovered to undergo structural changes, mapping to 35 unique 
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conformotypic peptides with significant changes between the AD group and the control group. 7 

out of 23 proteins, including CO3, CO9, C4BPA, APOA1, APOA4, C1R and APOA, exhibited 

potential correlation with AD. Moreover, we found that complement proteins (e.g., CO3, CO9 and 

C4BPA) related to AD exhibited elevated levels in the AD group compared to those in the control 

group. These results provide evidence that the established DiLeu-LiP-MS method can be used 

for high-throughput structural protein quantitation, which also showed great potential in achieving 

large-scale and in-depth quantitative analysis of protein conformational changes in other biological 

systems.
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INTRODUCTION

Changes in protein conformation induced by external disturbances or internal cues 

can negatively affect protein activity, leading to various human diseases, such as 

Alzheimer’s, Parkinson’s, and Huntington’s diseases.1–3 Particularly, in amyloidosis and 

other neurodegenerative diseases, protein conformation change increases propensity to form 

insoluble plaques and amyloid fibrils.4 As a typical protein aggregation disease, Alzheimer’s 

disease (AD) is featured by neuropathological hallmarks, including neurofibrillary tangles 

(NFTs) and senile plaques.5–8 NFTs are intraneuronal aggregates of hyperphosphorylated 

tau, while senile plaques mainly composed of amyloid β-peptide (Aβ) deposits in 

extracellular space.9 Despite extensive studies focused on tau phosphorylation10, 11 and 

Aβ aggregation,12, 13 the system-wide analysis of protein conformational changes in 

AD has received much less attention. This is partly due to the lack of methods to 

systematically probe protein structural changes in complex biological samples. Therefore, 

the development of a method for capturing protein structural transitions both in complex AD 
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biological samples (e.g., serum) and on a large scale would have a profound impact on our 

understanding of the pathological mechanisms of AD.

Available approaches for protein structural studies include X-ray crystallography, nuclear 

magnetic resonance (NMR),14 Förster resonance energy transfer (FRET)15 and in-cell 

NMR.16 Despite tremendous advances in these technologies, these methods are not suitable 

for studying large scale protein conformation changes in complex biological samples. 

Limited proteolysis-coupled mass spectrometry (LiP-MS) is a useful technique for probing 

protein structural changes in complex biological samples on a large scale and has found 

successful applications in multiple systems, such as protein thermal unfolding,17 and drug-

protein interactions.2, 18 LiP-MS is not inherently high-throughput, as it is limited to only 

one sample in a single liquid chromatography-mass spectrometry (LC-MS) run. To enable 

high-throughput analysis in a single LC-MS run, mass spectrometry (MS)-based isobaric 

labeling techniques such as amino acid-coded mass tags (AACT),19 tandem mass tags 

(TMTs),20 isobaric tags for relative and absolute quantitation (iTRAQ),21 and N,N-dimethyl 

leucine (DiLeu)22, 23 isobaric tagging have been widely used in quantitative proteomics 

studies, with the advantages of increased analytical throughput, improved quantitation 

accuracy, and reduced run-to-run variability within biological or technical replicates. Here, 

we hypothesize that the combination of DiLeu isobaric labeling with LiP-MS will enable 

high-throughput structural protein quantitation and provide a better understanding of the 

protein structure-function relationships.

In this study, we developed a workflow combining DiLeu isobaric tag labeling with 

LiP-MS (DiLeu-LiP-MS) to perform high-throughput structural protein quantitation in 

AD serum samples. The feasibility of DiLeu-LiP-MS was initially validated through the 

holomyoglobin and apomyoglobin model systems. Upon demonstration of proof-of-concept 

results, the DiLeu-LiP-MS method was employed for AD serum sample analysis. This 

method resulted in the identification of 7 proteins, including CO3, CO9, C4BPA, APOA1, 

APOA4, C1R and APOA, which were determined to undergo specific regional structural 

changes and exhibited a potential relationship with AD. Moreover, our results suggested that 

several complement proteins, including CO3, CO9 and C4BPA, related to documented AD 

pathways, and exhibited higher levels in the AD group compared with that in the control 

group. These results provide evidence that our DiLeu-LiP-MS method has great potential 

to achieve large-scale and in-depth quantitative analysis of structural changes of proteins in 

other biological systems.

EXPERIMENTAL SECTION

Serum Protein Extraction and Limited Proteolysis

Details for human serum samples and chemical reagents involved in this study are included 

in the Supporting Information. Protein concentration in each serum sample was adjusted 

by native lysis buffer (20 mM HEPES buffer, 150 mM KCl, 10 mM CaCl2) containing 

Roche Mini cOmplete Protease Inhibitor Cocktail (EDTA-free) at pH of 7.5. After protein 

concentration assay using a bicinchoninic acid (BCA) kit, 400 μg serum protein from AD 

patients or controls were evenly divided into 2 aliquots for LiP samples and trypsin samples, 

respectively. The broad-specificity proteinase K (PK) was added to the LiP samples at an 
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enzyme/substrate (E:S) ratio of 1:100 (w/w) and incubated for 5 min at room temperature 

(RT), while the same volume of water was added to the trypsin samples. The digestion was 

quenched by transferring the reaction mixture to a tube containing guanidine hydrochloride 

to a final concentration of 7.4 M and then boiled for 3 min. It should be noted that 

the water bath must be >95 °C to irreversibly inactivate the PK enzyme.3 The protein 

mixtures were then subjected to complete tryptic digestion after cooled at RT for 5 min, 

and desalted peptides were used for DiLeu labeling. To improve proteome coverage and 

strengthen detection of low-abundance proteins, off-line high pH (HpH) fractionation was 

conducted prior to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. 

For details about tryptic digestion, DiLeu labeling, as well as HpH fractionation and LC-

MS/MS refer to Supporting Information. The detailed workflow of DiLeu-LiP-MS is shown 

in Figure 1.

Data Analysis

The details of database search refer to Supporting Information. Reporter ion intensities 

among three sets and across channels in each set were normalized through sum of total 

intensity of shared sample. After normalization by shared sample, only LiP peptides data 

corresponding to unique proteins were selected to perform normalization analysis, which 

was normalized by using protein abundance changes in trypsin samples as a normalization 

factor to correct for changes in protein abundance and possible intracellular proteolytic 

activity. Different protein isoforms can introduce ambiguity when protein quantification 

is conducted at the peptide level. Thus, it is meaningful to perform normalization of 

LiP-MS peptide data by matching PK/trypsin-digested peptides with trypsin-digested 

peptides, accounting for overlapped sequences. Missing intensities were replaced using the 

function of “replace missing values from normal distribution” in Perseus (Version1.6.15.0) 

prior to further analysis. Two-sample Student’s t-test with a two-tailed distribution was 

conducted using Perseus for screening of significantly changed proteins and peptides 

between AD and control serum samples. The p-value is subjected to permutation-based 

FDR for multiple testing correction. Peptide and protein intensity profiling as well as 

box plots were obtained through Origin 2020. Relative quantitation of peptide abundances 

in label-free LiP-MS experiment was performed using Skyline. Visualization of protein 

structure was downloaded from the Protein Data Bank (PDB) (https://www.rcsb.org/) and 

loaded into PyMOL (2.5.2). Functional classification analysis and pathway enrichments 

analysis were conducted through Panther (http://www.pantherdb.org/) and DAVID (https://

david.ncifcrf.gov/home.jsp), respectively. The mass spectrometry proteomics data have been 

deposited in ProteomeXchange, which can be obtained via Mass Spectrometry Interactive 

Virtual Environment (MassIVE) accession MSV000091408 and PRoteomics IDEntifications 

database (PRIDE) accession PXD040585.

Results and Discussion

Evaluating the performance of DiLeu-LiP-MS for quantitative analysis of protein structural 
changes

Holomyoglobin and apomyoglobin model systems were utilized as initial tests for label-free 

LiP-MS experiment to validate the feasibility of DiLeu-LiP-MS in quantitative analysis of 
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protein structural changes. Details of apomyoglobin preparation from holomyoglobin by 

2-butanone extraction refers to Supporting Information. As shown in Figure 2, we found 

that the intensity of fully tryptic peptide (GHHEAELKPLAQSHATK) in holomyoglobin 

(Figure 2A) was significantly higher (~141-fold change) than that of apomyoglobin 

(Figure 2E) for LiP-MS group and showed comparable level in holomyoglobin (Figure 

2B) and apomyoglobin (Figure 2F) for trypsin group, while two half-tryptic peptides 

(GHHEAELKPL and GHHEAELKPLAQ) detected in holomyoglobin (Figures 2C and 2D) 

were significantly lower than that of apomyoglobin (Figures 2G and 2H) in LiP-MS group. 

We propose that the fully tryptic peptide (GHHEAELKPLAQSHATK) in apomyoglobin was 

selectively cleaved, whereas in holomyoglobin it was consistently protected from proteolytic 

cleavage, resulting in two half-tryptic peptides (GHHEAELKPL and GHHEAELKPLAQ) 

displayed inverse abundance changes between apomyoglobin and holomyoglobin. These 

results were supported by previous structural studies of myoglobin via LiP-MS2 and 

other methods. For example, top-down hydrogen/deuterium exchange (HDX) indicated 

that extensive deuteration takes place at the intervening loops and in the F-region,24 and 

fast photochemical oxidation of proteins (FPOP) strategy revealed that helix F has the 

higher accessibility among all apomyoglobin peptides.25 In addition, fast fluoroalkylation of 

proteins (FFAP) strategy revealed that the increased modification of aromatic amino acids 

situated at helix F was observed in apomyoglobin.26 Overall, this leads us to conclude 

that the region helix F encompassing fully tryptic peptides, GHHEAELKPLAQSHATK, is 

readily accessible for PK and is more flexible in apomyoglobin. Typically, chromatographic 

retention time should be a constant for a given analyte at specific mobile phase 

composition, stationary phase, temperature, and pH,27 but non-linear retention time shifts 

in chromatograms across multiple sample runs are often observed.28 Herein, retention time 

shifts for the peptides including GHHEAELKPL and GHHEAELKPLAQ in holomyoglobin 

and apomyoglobin were observed. In our method, the flow rate and composition of mobile 

phase as well as integration are exactly the same, so the primary causative factor of 

retention time shifts is column temperature during the run, as small variations in the column 

temperature can have a significant effect on the retention time.29

To assess the reproducibility of data, we calculated the coefficient of variation (CV) 

among different measurements and showed in the tables for confidently identified 

peptides of holomyoglobin and apomyoglobin in the LiP-MS group (Table S2) and 

the trypsin group (Table S3). It is observed from Table S3 that the intensity of 

peptide (MGLSDGEWQQVLNVWGK) (1–17) is displayed as 0 compared to peptide 

(GLSDGEWQQVLNVWGK) (2–17) in apomyoglobin. This result might be related to the 

low signal intensity of peptide (MGLSDGEWQQVLNVWGK) (1–17) in apomyoglobin, as 

the principle of the LFQ algorithm in MaxQuant is MS1-based, calculating the integration 

of each peptide signal from the LC-MS chromatography.30, 31 If the peptide signal 

intensity used for protein quantification is too low in sample, it leads to a situation 

where the peak area integral quantification has no value, and thus the intensity in that 

sample is reported as 0. Also, our results showed that half-tryptic peptides, including 

GLSDGEWQ (2–9) and GLSDGEWQQVLN (2–13), have significantly higher intensities 

in apomyoglobin than that of holomyoglobin for LiP-MS group (Table S2). Furthermore, 

their fully tryptic peptide GLSDGEWQQVLNVWGK (2–17) has comparable intensity 
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levels in holomyoglobin and apomyoglobin in the trypsin group (Table S3). Since fully 

tryptic peptide GLSDGEWQQVLNVWGK (2–17) is in helix A, together these findings 

indicate that helix A has solvent accessibility, in line with the phenomenon that has been 

documented by HDX, FPOP and FFAP. For example, HDX revealed that the helix A is 

only marginally developed with deuteration levels around 0.8,24 and FPOP data showed 

that protein segment (GLSDGEWQQVLNVWGK) (2–17) located on helix A gains different 

levels of protection with respect to folding time,25 and modification on helix A was also 

observed by FFAP.26 Overall, each method can provide insight of unique features of 

surface accessibility and flexibility.32 Since experimental conditions (e.g., pH, temperature, 

solvent additives) affect the results obtained across different methods, the differences in 

modification sites observed between LiP-MS and HDX/FPOP/FFAP further highlight the 

necessity of exact experimental conditions to enable comparison analysis of conformational 

changes implicated in specific protein regions across different techniques.

Based on the above satisfactory results of label-free LiP-MS quantitation, the 

quantitative accuracy and dynamic range of 8-plex DiLeu-LiP-MS for high-throughput 

quantitation of protein structural changes were further evaluated. As shown in 

Figure 3, we observed that the median DiLeu ratios obtained by all quantified 

peptides were 0.98:1.02:0.96:1.03:0.95:0.96 in the 1:1:1:1:1:1:1:1 ratio sample, and 

2.11:5.69:10.08:10.91:4.98:2.03 in the 1:2:5:10:10:5:2:1 ratio sample, which were consistent 

with theoretical ratios across all channels. These results demonstrated that 8-plex DiLeu-

LiP-MS could be used for high-throughput quantitation of protein structural changes across 

a usable dynamic range. It should be noted that because DiLeu tag labeling was performed at 

the peptide level, formation of a new peptide bond was achieved through an amine reactive 

group (triazine ester) targeting the N-terminus and ε-amino group of the lysine side chain of 

the peptide.33 As such, modification of heme by DiLeu tag labeling could not occur.

Relative quantitation of conformotypic peptides in AD and control serum samples

We sought to assess whether the established DiLeu-LiP-MS method would be amenable 

to unbiased identification of proteins that underwent structural changes between AD and 

control serum samples. A total of resulting 30 samples (21 serum samples including 11 AD 

and 10 control serum samples, three sets of 8-plex DiLeu tags were used to label 21 serum 

samples, each set obtained 5 combined fractions after HpH fractionation, each combined 

fractionation included PK treatment and trypsin-only treatment samples) were analyzed by 

LC-MS/MS on a high-resolution Orbitrap Fusion Lumos mass spectrometer. A total of 2023 

peptides and 161 proteins were identified in the LiP samples, and 2104 peptides and 240 

proteins were identified in trypsin digested samples (protein false discovery rate (FDR) 

~1%) (Figure S1). The numbers of identified peptides in LiP samples was 4% fewer than in 

trypsin samples, a finding that was consistent with previous report, where it is expected that 

the total number of peptides identified in LiP samples should be approximately 25% fewer 

than that of the trypsin sample.3 Among the 2023 peptides identified in LiP samples, 1277 

unique peptides were selected for further analysis. To identify LiP cleavage sites, unique 

peptides with an abundance difference (p-value <0.05), were focused after corrections for 

changes in protein abundance and possible intracellular proteolytic activity. This filtering 

criteria led to the identification of 35 unique peptides corresponding to 23 proteins. By 
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comparing PK-treated to trypsin treated samples, these 35 peptides were used to identify 

their corresponding protein region undergoing structural changes.

As noted in Figures 4A and 4B, some fully tryptic peptides have more than one LiP cleavage 

site. Relative quantitation results indicated that half-tryptic peptides derived from cleavage 

within fully tryptic peptides with more than one cleavage site showed significant changes 

between the AD group and the control group, and they also showed increased levels in 

AD group compared to that in the control group (Figure S2). Theoretically, fully tryptic 

peptides and half-tryptic peptides in LiP samples should display inverse abundance change 

trends, and the abundance of fully tryptic peptides embedding LiP sites in trypsin samples is 

expected to be higher than that of the LiP samples.2, 3 We found abundance change trends 

of fully tryptic peptides and their half-tryptic peptides detected in our experiment agree well 

with these principles. For example, 11 fully tryptic peptides were only detected in the trypsin 

samples, while their half-tryptic peptides were only detected in the LiP samples (Figures 

4C, 4D, and Figure S3). The readout of a LiP-MS experiment is affected by the digestion 

efficiency of PK, as well as a range of molecular events, including diverse interactions 

with other proteins or bioactive molecules, such as DNA, RNA, ligands, and metabolites, 

as well as post-translational modifications (PTMs).34 These properties, equipped to alter 

the structure of the protein, can also influence digestion efficiency of PK. In principle, 

flexible and accessible regions (such as loops or unstructured domains) of a protein are 

much more susceptible to the time-limited digestion by PK, in comparison to folded 

or aggregated regions.35 Therefore, the alteration of PK digestion efficiency can provide 

context of structural flexibility and accessibility.

LiP samples are not suitable for the estimation of protein abundance changes across 

different conditions because the result of a large portion of tryptic peptides will embed 

structure-specific cleavages.3 Thus, samples subjected to trypsin-only treatment were used 

for the relative quantitation of protein abundance changes. Here, 23 proteins underwent 

structural changes in trypsin group were subjected to relative quantitation (Figure S4). It 

could be found from Figure S4 that only two proteins (including FA12 and CBPN) showed 

significant changes between the AD group and the control group. Additionally, 4 proteins 

(including IGKC, IGHG3, APOA2, and APOA) showed decreased levels in the AD group 

compared to the control group, and 6 proteins (including IGHG4, AMBP, APOB, APOA4, 

PROS, and CFAH) showed similar levels between the AD group and the control group, 

whereas all conformotypic peptides in the LiP group showed significant changes between 

the AD and the control serum samples and were upregulated in the AD group (Figures 

4C, 4D, S2, and S3). These results indicated that unlike traditional proteomics analyses, 

measured peptide intensities in LiP samples cannot be used to infer protein abundances, 

and each peptide should be treated as an independent measurement.3 More interestingly, 

it is noted that 5 proteins, including PLMN, CO3, APOA1, HEMO and KV230, exhibited 

increased levels in the AD group compared to those in the control group within trypsin 

group and remained consistent with the change of their conformotypic peptides in the 

LiP group. Although further validation of the biological relevance between 5 proteins and 

their conformotypic peptides is needed, these observations potentially indicate that these 

specific proteins and their conformotypic peptides respectively act as potential candidate 

conformational biomarkers for AD condition at the protein and peptide level, which is 
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helpful to provide deeper understanding of their alterations in biological activities during 

AD progression.

Age and gender are regarded as primary risk factors for AD, though the specific pathogenic 

mechanisms of how age and gender affect AD-susceptibility are still unclear.36, 37 Due to 

small sample size and close range of age in our participants, we did not find age related 

protein conformational changes between the AD and the control group in our current 

cohort. When correlating our results with the gender of the patients, we observed that 4 

proteins including FA12 (Figure S5A), VWF (Figure S5B), APOA (Figure S5C) and HGFA 

(Figure S5D) showed significant changes in female samples between the AD and the control 

samples, while CBPN (Figure S5E) showed significant change in male samples between 

the AD and the control samples. In addition, elevated levels of VWF were observed in 

female serum samples of the AD patients compared to the control samples, these findings 

are consistent with a previous study, where elevated levels of VWF were observed in the sera 

of mild AD patients compared to controls.38 Overall, these findings provide new insights 

into potential signaling pathways that may lead to higher incidence of AD in female than in 

male.

Gene ontology analysis of proteins changing proteolytic patterns in AD and control serum 
samples

For 23 proteins undergoing structural changes, the most common Gene Ontology terms were 

cellular anatomical entity, binding, catalytic activity, metabolic process, cellular process, and 

biological regulation (Figure S6). A KEGG pathway analysis revealed that the top-scoring 

pathway was complement and coagulation cascades (FDR-adjusted q-value, 3.04 × 10−12), 

with 9 proteins (PLMN, FA12, C1R, CO3, CO9, C4BPA, VWF, PROS and CFAH) included 

in this pathway (Figure S7). Given the fact that complement proteins are associated with 

plaques and tangles in AD39, 40 and three complement proteins (CO3, CO9 and C4BPA) 

are found to participate in this top-scoring pathway, we predict that this enriched pathway 

may provide key insight into the role of detected complement proteins in AD. Moreover, the 

disease terms enrichment analysis revealed that four proteins, including APOA1, APOA4, 

C1R and APOA, were related to AD progression. Taken together, these results demonstrate 

that the detected proteins undergoing structural changes are potentially involved in the 

pathogenesis and progression of AD.

Coverage comparative analysis of dysregulated proteins in the LiP group and trypsin 
group

To discover valuable molecular targets for AD at the protein level, we cross-validated the 

coverage of dysregulated proteins with significant changes (p-value < 0.05) in AD and 

control serum samples between LiP group and trypsin group. As shown in Venn diagram 

(Figure 5A), a total of 11 and 18 dysregulated proteins were discovered in LiP group 

and trypsin group, respectively. 4 proteins (including FBLN3 (Figure 5B), C1QA (Figure 

5C), HPTR (Figure 5D) and FA12 (Figure 5E)) were shared between the LiP group and 

the trypsin group, presenting upregulated levels in the AD serum samples compared to 

that in the control serum samples. For these 4 shared proteins, FBLN3 is codified by 

the gene EFEMP1, which is an extracellular glycoprotein broadly distributed throughout 

Lu et al. Page 8

Anal Chem. Author manuscript; available in PMC 2023 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the body.41 Previous study reported that FBLN3 was an amyloidogenic protein, causing 

systemic venous amyloidosis frequently found in the elderly population.42 C1QA is one 

of the subunits of C1Q, which is the main protein of classical complement cascade.43 

Also, as one of the complement system members, C1QA belongs to the AD pathway 

and is related to amyloid-beta binding.44 HPTR, as a primate-specific plasma protein, is 

associated with apolipoprotein L-I (apoL-I)-containing high-density lipoprotein (HDL).45 

Different studies from human, animal models, and bioengineered arteries confirmed that 

HDL protects against cerebrovascular dysfunction in AD.46–48 FA12 is a serum glycoprotein 

that participates in misfolded protein binding, but no direct evidence as of a specific role for 

FA12 in AD has been reported.

Conclusively, our data further corroborated that several proteins (CO3, CO9, C4BPA, and 

C1QA) related to the complement system have been enriched either in KEGG pathway 

analyses or in comparative analysis of dysregulated proteins between LiP group and 

trypsin group, these proteins displayed elevated levels in AD patients compared to the 

controls. These findings are in good agreement with previous studies, which revealed that 

complement system dysregulation contributed to the pathogenesis of AD49 and complement 

protein showed elevated expression levels in the AD brain samples.40, 50 Although the 

underlying molecular mechanism of these complement proteins in AD remains to be 

explored in larger cohort and more diverse studies, these results have indicated the high 

versatility of detected complement proteins for targeted molecular diagnosis of AD. Taken 

together, these findings will aid in the elucidation of the mechanisms of AD pathogenesis, 

especially in respect to complement proteins with structural alterations, such as CO3, CO9, 

and C4BPA. We are currently conducting a study with a larger cohort to further verify 

the potential role of complement proteins and new aggregation-prone proteins undergoing 

structural changes in AD using CSF and matched serum samples.

Conclusions

This study presents an effective analytical method that enabled high-throughput quantitation 

of protein structural changes in serum samples collected from AD patients and control 

donors. Through the application of this method for serum protein analysis, 23 proteins 

were found to undergo structural changes. Amongst these proteins, 7 proteins including 

CO3, CO9, C4BPA, APOA1, APOA4, C1R and APOA, exhibited a close relationship with 

AD. Furthermore, we found that several complement proteins undergoing conformational 

changes (such as CO3, CO9 and C4BPA) associated with AD pathogenesis exhibited 

elevated levels in AD group compared to the control group. Nonetheless, larger and 

more diverse cohorts are required in future studies to explore the underlying molecular 

mechanisms of these complement proteins and structural changes of other proteins in AD. 

Current results suggest that the established DiLeu-LiP-MS method provides a powerful tool 

for high-throughput quantitative analysis of protein structural alterations, which also shows 

great potential for in-depth quantitative analysis of protein structural changes in complex 

biological systems.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The workflow of DiLeu-LiP-MS for high-throughput quantitation analysis of proteins 

undergoing structural changes.
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Figure 2. 
Conformotypic peptides of holomyoglobin and apomyoglobin obtained from label-free 

LiP-MS quantitation. Fully tryptic peptide (GHHEAELKPLAQSHATK) intensity changes 

of holomyoglobin (A) and apomyoglobin (E) in LiP-MS group. Fully tryptic peptide 

(GHHEAELKPLAQSHATK) intensity changes of holomyoglobin (B) and apomyoglobin 

(F) in trypsin group. Half-tryptic peptide (GHHEAELKPL) intensity changes of 

holomyoglobin (C) and apomyoglobin (G) in LiP-MS group. Half-tryptic peptide 

(GHHEAELKPLAQ) intensity changes of holomyoglobin (D) and apomyoglobin (H) in 

LiP-MS group.
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Figure 3. 
Evaluation of quantitative accuracy and dynamic range of 8-plex DiLeu-LiP-MS in protein 

structural changes. The results of 8-plex DiLeu-labeled holomyoglobin and apomyoglobin 

peptides in 1:1:1:1:1:1:1:1 ratios (A) and in 1:2:5:10:10:5:2:1 ratios (B) are shown in the box 

plots.
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Figure 4. 
Fully tryptic peptides of (A) IGHG3 and (B) HEMO with more than one LiP cleavage 

site (green color indicated the fully tryptic peptides, red color indicated the LiP cleavage 

site). Relative quantitation of conformotypic peptides mapping to their proteins undergoing 

a structural change, including (C) CO3 and (D) IGHG3. P_AD and P_Con respectively 

indicated AD and control samples in the LiP group, T_AD and T_Con respectively indicated 

AD and control samples in trypsin group, graphed as mean ± standard deviation (n = 11 

in AD per group, n = 10 in control group). Significant difference was determined by a 

two-tailed t test (*p < 0.05, and ***p < 0.001).
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Figure 5. 
(A) Venn diagram indicated coverage of significantly changed proteins in AD and control 

serum samples between LiP group (purple circle) and trypsin group (red circle). Box 

plots showed expression levels of 4 shared significantly changed proteins (B) FBNL3, (C) 

C1QA, (D) HPTR and (E) FA12 in AD and control serum samples between LiP group and 

trypsin group. P indicated LiP group, T indicated trypsin group. Significant difference was 

determined by a two-tailed t test (*p < 0.05, and **p < 0.01).
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