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Abstract

Neurodegenerative disorders, including Alzheimer’s disease (AD), are prevalent among the 

elderly. Small GTPases of the Ras superfamily are essential regulators of intracellular trafficking 

and signal transduction. In this study, we develop a targeted quantification method for small 

GTPase proteins, where the method involves scheduled multiple-reaction monitoring analysis and 

the use of synthetic stable isotope-labeled peptides as internal standards or surrogate standards. We 

further applied this method to examine the altered expression of small GTPase proteins in post-

mortem frontal cortex tissues from AD patients with different degrees of disease severity. We were 

able to achieve sensitive and reproducible quantifications of 80 small GTPases in brain tissue 

samples from 15 patients. Our results revealed substantial up-regulations of several synaptic 

GTPases, i.e., RAB3A/C, RAB4A/B, and RAB27B, in tissues from patients with higher degrees of 

AD pathology, suggesting that aberrant synaptic trafficking may modulate the progression of AD. 

The method should be generally applicable for high-throughput targeted quantification of small 

GTPase proteins in other tissue and cellular samples.

Graphical Abstract

*Corresponding Author: yinsheng@ucr.edu. 

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.anal-chem.9b02485.
Detailed experimental procedures and figures showing analytical performance of the LC–MRM method (PDF)
Processed quantification data (XLSX)

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2020 October 01.

Published in final edited form as:
Anal Chem. 2019 October 01; 91(19): 12307–12314. doi:10.1021/acs.analchem.9b02485.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.9b02485
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b02485/suppl_file/ac9b02485_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b02485/suppl_file/ac9b02485_si_002.xlsx


Alzheimer’s disease (AD) is among the most common neurodegenerative disorders and is a 

leading cause of dementia in the elderly.1 In the United States, AD affects approximately 

10% of people with ages over 65 and constitutes the fifth leading cause of death in this 

population.2 The hallmarks of AD pathology in the brain include synapse loss, the 

accumulation of extracellular β-amyloid (Aβ) plaques, and twisted strands of the hyper-

phosphorylated tau protein (neurofibrillary tangles) inside neurons, which promote neuronal 

death and ultimately dementia.3 As region-specific neurodegenerative disorders, AD can 

lead to neuronal loss that is predominantly found in the cerebral cortex and hippocampus, 

where the cerebral cortex can be further divided into the frontal, parietal, temporal, and 

occipital lobes.4

Recent advances in quantitative proteomics have enabled high-throughput assessment of 

proteomic alterations accompanied by early development and progression of AD in various 

sample types or brain regions, including temporal neocortex,5 cerebral cortex,6 cerebrospinal 

fluids,7,8 hippocampus,9,10 frontal cortex,11–13 and anterior cingulate gyrus.14 Very recently, 

McKetney et al.15 reported a proteomic resource encompassing nine anatomically distinct 

sections from post-mortem brain tissues of AD patients. Moreover, targeted proteomic 

methods have been employed for the validation of biomarkers for AD.8,16

Small GTPases of the Ras superfamily are essential regulators of intracellular trafficking and 

signal transduction; therefore, they may serve as potential therapeutic targets.17 A growing 

body of literature revealed the importance of Rab small GTPases as crucial synaptic 

signaling modules in the brain.18–20 RAB7A and RAB35 regulate secretion and 

endolysosomal degradation of tau protein, respectively.21,22 Moreover, RAB6A is among the 

protein targets of 16 hub genes associated with metastable subproteome of AD,23 and RAB6 

showed elevated expression in the temporal cortex, but not hippocampi of AD brains 

compared to nondemented controls.24 In addition, the mRNA levels of RAB4, RAB5, and 

RAB7 genes were up-regulated in the hippocampal tissues from individuals with AD.25 

Augmented mRNA expressions of RAB4, RAB5, RAB7, and RAB27 genes were also 

observed in the basal forebrain of AD patients.26 Apart from Rab GTPases, Arf and Rho 

GTPases also assume important roles in the regulation of membrane dynamics and 

trafficking in neuronal cells.27 Given the importance of synaptic trafficking in 

neurodegenerative diseases, we reason that a comprehensive investigation about the 
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association of small GTPase protein expression with AD progression may improve our 

understanding of disease etiology and lead to the identification of potential molecular targets 

for the therapeutic intervention of AD.

We recently developed a scheduled multiple-reaction monitoring (MRM)-based quantitative 

proteomic method, combined with metabolic labeling using SILAC (stable isotope labeling 

by amino acids in cell culture), for high-throughput quantification of the small GTPase 

proteome in cultured human cells.28–30 In the current study, we set out to adapt the method 

to enable the quantification of these proteins in human tissue samples that are not amenable 

to metabolic labeling. In particular, we present a multiplexed and high-throughput targeted 

quantitative proteomic approach, involving the use of MRM and crude stable isotope-labeled 

(SIL) peptides, for the assessment of the small GTPase proteome in human tissues. We also 

apply the method to examine the altered expression of small GTPases in the frontal cortex 

region of post-mortem brain tissue samples from individuals with different stages of AD 

pathology.

EXPERIMENTAL SECTION

MRM Library Construction.

We recently established a Skyline spectral library for the Ras superfamily of small GTPases 

based on in-house shotgun proteomic data.28 On the basis of that library and an online 

targeted proteomic experiment design tool Picky (https://picky.mdc-berlin.de),31 we 

developed a new version of MRM spectral library that includes 389 tryptic peptides derived 

from 148 small GTPase proteins, representing 138 unique gene IDs and containing a total of 

1635 MRM transitions. In this vein, up to three unique tryptic peptides with a maximum of 

25 amino acids in length and without miscleavage (except for lysine and arginine residues 

preceding a proline) were selected for each small GTPase protein. Methionine-containing 

peptides were not preferred but were chosen when there was no better alternative. Cysteine 

carbamidomethylation (+57.0 Da) was set as a fixed modification, and uniformly [15N,13C]-

labeled lysine (+8.0 Da) and arginine (+10.0 Da) were incorporated as heavy-isotope labels 

for 144 successfully synthesized heavy peptides, giving rise to a total of 538 peptide 

precursors. Details of all the small GTPase peptides monitored in this study and their 

corresponding MRM transitions are listed in Table S1A of the Supporting Information (SI).

Brain Tissue Homogenization and Protein Extraction.

Snap-frozen post-mortem human brain tissues from medial frontal cortex of 15 individuals 

were collected by the Department of Pathology, University of Washington, and the AD cases 

were neuropathologically diagnosed as Braak stages 3–6. Among them, 5 each were from 

age-matched individuals with high (Braak stages 5–6, “high AD” group), medium (Braak 

stages 3–4, “intermediate AD” group), and no or low AD pathology (Braak stage 1 or none, 

“no AD” group). Each tissue piece (approximately 100 mg in wet weight) was homogenized 

in a 300-μL RIPA lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 

1% NP-40), which was supplemented with a protease inhibitor cocktail (1:100, v/v), using a 

Bullet Blender (Next Advance) and 100 mg of 0.5 mm zirconium oxide beads (Next 

Advance). After centrifugation at 15 000 rpm for 30 min at 4°C, the supernatant was 
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collected, and the total protein concentration in the supernatant was determined using the 

Quick Start Bradford Protein Assay (Bio-Rad).

MS Sample Preparation.

Approximately 10 μg of tissue lysate was resolved on a 10% SDS-PAGE gel, followed by 

excision of gel bands in the molecular weight range of 15–37 kDa. The excised gel bands 

were cut into small pieces (1 mm3 volume), reduced with dithiothreitol, alkylated with 

iodoacetamide, and digested in-gel with trypsin (enzyme/substrate 1:50) at 37°C overnight.

The peptide samples were desalted, reconstituted in 40 μL of buffer A (0.08% formic acid in 

water), and spiked with crude SIL peptide stock solution (to a final concentration of 20 fmol/

μL) prior to scheduled LC-MRM analysis. Approximately 4 μL (20 ng equiv) of sample was 

loaded onto a 4 cm long 150 μm inner diameter (ID) trapping column packed in house with 

5 μm Reprosil-Pur C18-AQ resin (Dr. Maisch) and separated on a 25 cm long 75 μm ID 

fused silica column packed in-house with 3 μm Reprosil-Pur C18-AQ resin (Dr. Maisch). 

The LC–MS platform consisted of a Dionex UltiMate 3000 RSLCnano UPLC system 

coupled to a TSQ Altis triple-quadrupole mass spectrometer with a Flex nanoelectrospray 

ion source (Thermo Fisher). Sample elution was performed using a gradient, composed of 

12–33% Buffer B (0.08% formic acid in 80% acetonitrile) in 70 min and 33–100% B in 5 

min. The column was subsequently washed with 100% B for 3 min and equilibrated with 1% 

B for 10 min. The flow rate was maintained at 300 nL/min. The mass spectrometer was 

operated with an ion spray voltage of 2200 V, a capillary offset voltage of 35 V, a skimmer 

offset voltage of −5 V, and a capillary inlet temperature of 325°C. Both Q1 and Q3 were set 

at a resolution of 0.7 fwhm, and Q2 gas pressure used for peptide fragmentation was set at 

1.5 mTorr. Collision energies specific to peptide precursors were calculated in Skyline 

(version 4.2.0). A modified iRT calculator was employed for retention time prediction and 

generation of the MRM method in Skyline, as described previously.28 Details of MRM 

quantification results are listed in Table S1B and C.

MRM Data Processing and Statistical Analysis.

The raw data were directly imported into Skyline for visualization of chromatograms of 

target peptides to manually determine the detectability of target peptides and to ensure the 

absence of matrix interference. Two parameters were considered for peak detection, i.e., 

scheduled retention time and dot-product (dotp) values.32 The latter indicates the similarity 

in distributions of relative intensities for three abundant transitions (fragment ions) for each 

tryptic peptide in the sample and the corresponding MS/MS in the spectral library. For those 

peptides where SIL peptides are available, we also calculated the ratio dot product (rdotp), 

which represents the similarities in distributions of relative intensities for three abundant 

transitions between the peptide of interest and the corresponding SIL peptide.33 All data 

were manually inspected to ensure that the intensity distributions of selected transitions 

match with the theoretical distributions of the corresponding transitions in the spectral 

library, with the dotp and rdotp values being greater than 0.8. The areas of peaks found in 

the extracted-ion chromatograms (XICs) obtained from three MRM transitions for 

endogenous peptides were normalized against those of SIL peptides as internal standard (IS) 

or surrogate standard (SS). The Skyline library and the raw files acquired from LC–MRM 
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analyses were deposited into PeptideAtlas with the identifier number of PASS01380 (http://

www.peptideatlas.org/PASS/PASS01380).

Statistical analysis was conducted using GraphPad Prism 7. Differentially expressed proteins 

were assessed by performing Tukey’s multiple comparison test to calculate the p values 

among the three patient groups analyzed, i.e., no, intermediate, and high AD. The calculated 

p values are listed in Table S1C.

RESULTS

Targeted Proteomics Assay Development.

In the past decade, LC–MS/MS in the multiple-reaction monitoring (MRM) mode has 

become widely employed for sensitive, reproducible, and reliable protein quantitation in 

different biological matrices through multiplexed and targeted quantification of peptides.34 

In MRM-based quantification, specific precursor-to-product ion transitions are monitored 

using a triple-quadrupole mass spectrometer, generating signals for quantification. 

Therefore, analytical robustness of the method is highly dependent upon the selection of 

optimal proteotypic peptides and transitions that represent the peptides, and hence the 

proteins of interest.35 Recently, we established a scheduled MRM in combination with 

SILAC-based metabolic labeling for high-throughput quantitative profiling of small 

GTPases in cultured human cancer cells.28 This library was constructed on the basis of 

shotgun proteomic data acquired in-house, and the library contained 432 tryptic peptides 

originated from 131 small GTPases, which represent 113 unique gene IDs and cover 

approximately 75% of the human small GTPase proteome. With retention time scheduling, 

all targeted transitions for peptides from these small GTPases could be monitored in two 

LC–MRM runs with the use of a 6 min retention time window.

To further expand the proteome coverage of the MRM library, we employed an online 

targeted proteomic experiment design tool Picky (https://picky.mdc-berlin.de) to map 

comprehensively the candidate peptides for small GTPases of human and mouse origins.31 

The peptides were chosen on the basis of their intensities as well as sequence uniqueness. 

With the use of this tool, we were able to modify the library to include 389 tryptic peptides 

from 148 proteins representing 138 unique gene IDs, which cover ~90% of the human small 

GTPase proteome. To the best of our knowledge, this is to date the most comprehensive 

MRM library for small GTPases. Because a relatively large number of transitions were 

monitored in a single LC run, we employed retention time scheduling using iRT.36 All 

targeted transitions for small GTPases can be monitored in a single LC-MS/MS run in 

scheduled MRM mode, with a retention time window of 4 min to yield the maximum 

number of concurrent transitions of ~50 (Figure 1A).

Analytical Performance of LC–MRM Analysis with the Use of Crude SIL Peptides.

There have been a limited number of studies in the use of crude synthetic SIL peptides in 

targeted quantitation, which is perhaps attributed to the relatively large variations in purities 

of the crude synthetic peptides.37–41 Nevertheless, owing to simplified purification, the use 
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of crude SIL peptides allows for a larger set of candidate peptides to be incorporated into 

MRM assays at substantially reduced costs.

We obtained 144 synthetic peptides carrying a uniformly [13C,15N]-labeled arginine or 

lysine at the carboxy termini from New England Peptide, Inc., with an average purity of 

~75%. These crude SIL peptides may contain impurities such as residual salts, deblocking 

and scavenger reagents, and truncated and partially deblocked peptides.42 Thus, we first 

evaluated, by employing MRM analysis, the analytical performance of the method with the 

use of crude SIL peptides. In particular, we confirmed the absence of isotopic interference in 

MRM transitions monitored for any of the SIL peptides (Figure S1). In addition, we detected 

114 out of 144 crude SIL peptides in a single LC–MRM run (Figure S2A), with the signal 

intensities for these peptides spanning 3 orders of magnitude (Figure S2B). The failure in 

detecting the remaining SIL peptides may be attributed to ion suppression resulting from 

matrix effects and/or low abundance of these peptides in the crude peptide pool.

Evaluation of Relative Quantitation by Crude SIL Peptides.

Next, we sought to investigate the use of crude SIL peptides in performing relative 

quantitation. In spite of their lower purities, crude SIL peptides can be added at an 

equivalent concentration to all samples, which allows for normalization across runs and 

facilitates correction for variations in instrument and other experimental conditions. Figure 

1B displays the linear correlations for representative small GTPase peptides obtained from 

LC–MRM analyses with the addition of different concentrations of SIL peptides, where 

most peptides exhibit high linear correlation coefficients (R2 > 0.995). The results again 

supported the feasibility in using crude SIL peptides for relative quantitation. We further 

optimized the concentration of crude peptides that were spiked into the samples as internal 

standards. Among the three spike-in concentrations (0.5, 2, 5 fmol/μL, by assuming 100% 

purity), we found that the addition of 2 fmol/μL of SIL peptides could result in appropriate 

light/heavy ratios and dynamic range (Figures 1C and S2C, and S3). Hence, we chose 2 

fmol/μL as the spike-in concentration for the crude SIL peptides in the subsequent 

quantification experiments.

For other library peptides without their heavy counterparts as IS, we adapted slightly from 

the previously reported labeled reference peptide (LRP) method and adopted the concept of 

RT-defined surrogate standards (SS).43 Unlike IS peptides, which exhibit nearly the same 

chemical and chromatographic properties as the target peptides, heavy SS peptides were 

chosen based upon their high signal intensities and similar chromatographic behaviors as the 

target peptides. Therefore, we selected 12 SS peptides that display strong MRM signals and 

elute in different retention time windows across the entire gradient (Figure S4). As depicted 

in Figure S5, we found that the SS peptides eluting at similar retention times exhibited more 

similar distribution in MRM signal intensity and peak area than those eluting at different 

retention times. Relative to existing normalization methods used in MRM-based 

quantitation, such as label-free and LRP method using a single peptide derived from house-

keeping proteins, the use of crude SIL peptides offers a cost-effective and reliable alternative 

in MRM-based quantification.
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Targeted Proteomic Analysis of Small GTPases in AD Brain Tissue Samples.

To explore the potential roles of small GTPases in AD progression, we applied the 

established MRM assay to assess the differential expression of small GTPases in the frontal 

cortex region of post-mortem brain tissue samples with different stages of AD pathology 

(Figure 2). In total, we were able to quantify reproducibly more than 80 small GTPases in 15 

brain tissue samples (Figure 3A, Table S1B and C). As the availability of such clinical 

materials for analysis is often limited, we also demonstrated that a relatively small amount 

of protein input (~10 μg/sample) is sufficient to achieve a good coverage of target small 

GTPase proteins by using the LC–MRM method. Figure 3B shows a heat map illustrating 

detailed quantification results obtained for each small GTPase across the 15 brain tissues 

separated into three patient groups with different disease stages (no AD, intermediate AD, 

and high AD). For each quantified small GTPase, the results were normalized to the mean 

values of the control group (no AD).

Altered Expression of Small GTPases Involved with Synaptic Functions.

Vesical trafficking, which involves continuous cycles of exocytosis and endocytosis, is 

required for the maintenance of proper synaptic functions.44,45 By performing network 

analysis, Kokotos et al.46 revealed that Rab small GTPases constitute a key functional hub 

within the activity-dependent bulk endocytosis proteome in cerebellar granule neurons. 

Table S2 shows the results from network analysis of the synaptic Rab small GTPases 

reported in the literature.

A loss of synaptic contacts in both the neocortex and hippocampus represents one of the 

major neuropathological hallmarks of AD.47 Several Rab GTPases were previously 

determined as part of the exocytotic (RAB3A, RAB3B, RAB3C, and RAB27B) or endocytic 

(RAB4B, RAB5A/B,RAB10, RAB11B, and RAB14) machineries of synaptic vesicles.48 

Interestingly, the LC–MRM data revealed altered expression of several synaptic small 

GTPases that are accompanied with the disease progression of AD, including RAB3A/C, 

RAB4A/B, and RAB27B (Figure 3B). Among the several highly homologous RAB3 

isoforms (RAB3A, RAB3B, RAB3C, and RAB3D), RAB3A is the most abundant in the 

brain, where it resides on synaptic vesicles and participates in Ca2+-triggered 

neurotransmitter release.49 In general, these RAB3 isoforms play largely overlapping 

secretory functions in neurons and are crucial for synaptic integrity.50 RAB3B was not 

detectable by the LC–MRM method, which is likely due to its low protein abundance 

(Figure S6). On the basis of the LC–MRM results, we observed increased protein expression 

of RAB3A, RAB3C, and RAB3D in later stages of AD (Figure 3B), suggesting important, 

yet previously unrecognized functions of small GTPase-regulated synaptic trafficking and 

signaling in promoting AD progression.

Two other synaptic small GTPases, RAB4A and RAB4B, were significantly up-regulated in 

the “high AD” group of patients relative to the “intermediate AD” group, though there were 

no significant differences between the “no AD” group and the “high AD” group (Figure 4A–

D). It is of note that RAB4 was found to be up-regulated at mRNA levels in the basal 

forebrain and the hippocampal regions of AD brains in two independent studies.25,26 In 

contrast to the microarray-based studies, our MRM-based approach indicated that both 
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isoforms of RAB4 (RAB4A and RAB4B), which are involved with synaptic functions, could 

bear important functions in AD progression. For other synaptic GTPases such as RAB10, 

there were no obvious differences in expression among the three patient groups (Figure 4E–

F).

Validation of Proteomic Data by Western Blot Analysis.

In addition to RAB3, RAB27B also plays a distinct yet overlapping role in synaptic vesicle 

trafficking and modulates Ca2+-dependent exocytosis.48 Interestingly, we observed that 

RAB27B was substantially up-regulated in higher AD stages, although the difference did not 

reach statistical significance (Figure 5A). By evaluating the three MRM transitions 

monitored for each peptide precursor, we observed that the endogenous and stable isotope-

labeled peptide of LLALGDSGVGK showed dotp values of 0.93–0.97 and rdotp values of 

0.99–1.00, and the endogenous peptide FITTVGIDFR displayed dotp values of 0.89–0.93 

(Figure S7A–C). Furthermore, the quantification results for this protein in the 15 brain tissue 

samples normalized by both IS and SS peptides exhibited a reasonably good linear 

correlation (R2 = 0.961) (Figure S7D–E). Thus, the MRM quantitation results obtained from 

the two normalization methods, i.e., IS-based and SS-based, were highly similar and 

dysregulated synaptic trafficking could play potential roles in the progression of AD.

To validate the proteomic results, we also performed Western blot analysis for RAB27B and 

found that there was a moderate correlation between the quantification data obtained from 

the two methods, with an R2 value 0.5889 (Figure 5B–D). These results also indicate the 

different dynamic ranges of the two quantification methods, where LC–MRM is superior 

over Western blot in revealing large fold changes in protein expression. In this vein, the 

dynamic ranges for targeted proteomics and Western blot were estimated to be 4–5 and 2 

orders of magnitude, respectively.38 Meanwhile, the other isoform of RAB27, i.e., RAB27A 

did not display obvious correlation in protein abundance with AD stage. When compared to 

Western blot analysis, which requires the availability of antibodies that are specific for the 

isoforms of the protein of interest, LC–MRM provides a powerful analytical approach to 

differentiate protein isoforms with high sequence homology.

DISCUSSION

Potential roles of small GTPases in synaptic trafficking and modulation of 

neurodegeneration have been increasingly discussed recently.20 In this study, we observed a 

substantial up-regulation of RAB27B protein in patient brain tissue samples with higher 

disease stage of AD, which is in accordance with the dysregulated RAB27B in AD reported 

in previous proteomic and transcriptomic studies.14,15,26 Furthermore, several other synaptic 

GTPases, such as RAB3A/C/D and RAB4A/B, were found to be up-regulated in brain 

tissues with higher degree of AD pathology (Figures 3 and 4). In this vein, it is worth noting 

that the proteomic profiles within different brain regions are likely to alter qualitatively 

and/or quantitatively during aging and/or in different disease states. Thus, identification of 

proteins unique to each brain region that are associated with neurodegenerative processes 

may offer opportunities for the development of new protective and restorative therapies for 

neurodegenerative diseases.
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The absolute quantification (AQUA), which involves the spiking of samples with high-purity 

(>98%) stable isotope-labeled (13C and/or 15N) peptides as internal standards (SIS), enables 

highly reliable and specific targeted quantification of proteins and their post-translational 

modifications.51 The AQUA method usually requires the generation of calibration curves by 

stable isotope dilution using high-purity SIS peptides and is therefore more expensive and 

labor-intensive. Other studies employed the LRP approach, which essentially uses MRM 

signals for one or more peptides derived from house-keeping proteins (e.g., GAPDH or 

actin) to normalize MRM signals for the targeted peptides.43,52,53 In general, the LRP-based 

method represents a cost-effective normalization strategy for a large number of target 

proteins, in which a single isotope-labeled standard peptide is used as the reference for all 

target peptides in an analysis.43 In the current study, we have limited the scope of the 

analysis to relative quantitation and data normalization based on crude SIL peptide cocktail, 

by avoiding the corresponding high cost for high-purity SIS peptide standards. In this regard, 

it is important to assess, by MRM analysis, the potential interferences from the crude SIL 

peptides in analyte measurements and the detectability of the SIL peptides before they are 

used as IS or SS for targeted quantification.

We were able to assess quantitatively the differential expression of small GTPases in the 

frontal cortex regions of post-mortem brain tissue samples acquired from patients with 

different stages of AD. Although the current method is not amenable for absolute 

quantitation, it can be modified to enable absolute quantification by utilizing high-purity SIS 

peptides.

In conclusion, we developed an MRM-based targeted quantitative proteomic assay for 

monitoring 389 tryptic peptides (>1600 transitions) with a 70 min linear LC gradient. We 

also described the use of crude SIL peptides as internal standards or surrogate standards for 

targeted measurements of small GTPases. The method obviates the needs of metabolic 

labeling and is directly applicable to high-throughput quantification of small GTPase 

proteome in tissue samples. It can be envisaged that the method can be generally applicable 

to the quantitative analysis of small GTPase proteins in other tissue and cellular samples. 

Our results also led to the discovery of the altered expressions of several synaptic GTPase 

proteins, including RAB3A/C, RAB4A/B, and RAB27B in higher AD stages. As a proof-of 

concept case study, the results from the established targeted quantitative proteomic workflow 

suggested potential roles of synaptic small GTPases in AD progression. Nevertheless, we 

recognized that a limited number of tissue samples were employed in the present study. This 

limitation, along with heterogeneity of AD patients, requires expansion of the study to a 

larger number of patients to further substantiate the findings made from the present work.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sensitivity, throughput, reproducibility, and accuracy of the MRM-based quantification at 

the peptide level. (A) The numbers of concurrent transitions scheduled in each cycle with a 2 

min, 5 min, and 10 min retention time window, respectively; (B) linear regression of the 

peak area ratios (heavy/light) for 6 representative peptides obtained from three LC–MRM 

experiments with different spike-in concentrations of crude SIL standards (i.e., at nominal 

concentrations of 0.5, 2, and 5 fmol/μL, respectively); (C) scatter plots depicting the 

distribution of the peak area ratios (heavy/light) for all quantified peptides obtained from 

three LC–MRM experiments with different spike-in concentrations.
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Figure 2. 
A schematic diagram illustrating the sample preparation workflow for LC-MRM analysis.
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Figure 3. 
Relative quantification of small GTPases in brain tissues obtained from Alzheimer’s disease 

(AD) patients. (A) A Venn diagram depicting the overlap between quantified small GTPases, 

quantified SIL standards, and total targeted small GTPases in the library; (B) a heat map 

showing the relative quantification of small GTPases in post-mortem brain tissues of AD 

patients. Each column represents relative quantification results (in log2 scale) obtained from 

one biological replicate, and each row represents one small GTPase quantified, where 

sample codes and disease stages are labeled. The results were normalized to the mean values 

of the control group (no AD), and the quantified small GTPases were ranked by highest to 

lowest fold changes in mean of R(high AD/no AD).
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Figure 4. Representative MRM quantification results for three synaptic GTPases, RAB4A, 
RAB4B, and RAB10.
(A) A bar graph illustrating the MRM-based quantification results obtained from three 

peptides derived from RAB4A; (B) a box and whisker plot summarizing the quantification 

results in panel (A); (C) a bar graph illustrating the MRM-based quantification results 

obtained from two peptides derived from RAB4B; (D) a box and whisker plot summarizing 

the quantification results in panel (C); (E) a bar graph illustrating the MRM-based 

quantification results obtained from three peptides derived from RAB10; (F) a box and 

whisker plot summarizing the quantification results in panel (E). In the box and whisker 

plots, the horizontal bar in the box, top/bottom edges of the box, and whiskers indicate the 

mean, quartiles, and the maximum range, respectively. Tukey’s multiple comparison test was 

performed to calculate the p values (#, p > 0.05; *, 0.01 ≤ p < 0.05).
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Figure 5. 
Substantial up-regulation of RAB27B in higher stages of AD. (A) A box and whisker plot 

summarizing the LC–MRM quantification results of the protein levels of RAB27B among 

the three patient groups; (B) Western blot analysis of RAB27B in the 15 human brain tissue 

samples; (C) a box and whisker plot summarizing the Western blot quantification results for 

the relative levels of RAB27B in the brain tissues of the three patient groups. In the box and 

whisker plots, the horizontal bar in the box, top/bottom edges of the box, and whiskers 

indicate the mean, quartiles, and the maximum range, respectively; (D) linear regression 

analysis for the quantification results obtained by Western blot (WB) and LC–MRM assay. 

Tukey’s multiple comparisons test was performed to calculate the p values.
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