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Abstract

Partitioning of specific proteins between soluble and insoluble forms because of aggregation,

membrane attachment, and (or) association with senile plaques and neurofibrillary tangles is a

major feature of several neurodegenerative disorders, including Alzheimer’s disease (AD).

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) is an example of a neuron-specific protein

which displays two different dimerization-dependent catalytic activities and can be farnesylated

for membrane attachment, oxidized, and truncated. Decreased levels of soluble UCH-L1 are

inversely proportional to the number of neurofibrillary tangles. Further assessment of a link

between UCH-L1 function and the pathogenesis of AD requires an analytical method to separately

quantify different UCH-L1 forms. In the present study, we have developed a multiple reaction

monitoring (MRM) assay to measure UCH-L1 in the high-speed supernatant and pellet of frontal

cortex homogenate. The well-characterized 15N-labeled quantification concatamer (QconCAT)

carrying prototypic tryptic peptides of UCH-L1 was used as an internal standard. The composed

protocol of frontal cortex processing includes solubilization and reduction/alkylation of proteins in

the presence of 1% sodium dodecyl sulfate (SDS) and following with desalting/delipidation of the

sample by chloroform/methanol precipitation with extra water washing of the protein pellet. The
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measurements were performed for frontal cortex samples from control and severe AD donors. The

proposed workflow can be recommended for quantification of partitioning of other proteins of

interest.

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) is an abundant neuronal protein in the

brain.1 In vitro, UCH-L1 possesses hydrolase and dimerization-dependent ligase catalytic

activities. Hydrolase activity of UCH-L1 causes hydrolysis of C-terminal ubiquityl esters

and amides1 and presumably facilitates ubiquitin recycling. Ligase activity results in

ubiquitin–ubiquitin ligation.2 Thus, UCH-L1 may play a role in recycling and substrate

conjugation of free ubiquitin. It was also reported that UCH-L1 has a monoubiquitin

stabilizing effect in vivo, which is independent from enzymatic activity.3 In addition to be

important in ubiquitin–proteasome system, recent in vivo studies on UCH-L1-deficient mice

indicated that UCH-L1 may be involved in other cellular processes.4 Overall, various roles

and regulations of UCH-L1 indicates that UCH-L1 is essential for neurons to survive and to

maintain their proper function.5 There are many different forms of UCH-L1 in

neurodegenerative diseases. UCH-L1 was reported to undergo oxidation6,7 and N-terminal

truncation.7 UCH-L1 can be associated with neurofibrillary tangles7 and farnesylated for

association with membrane.8 It appears that multiple UCH-L1 forms with potentially

different functions can exist simultaneously, and the relationship between these forms and

neurodegenerative disease needs to be clarified. We thought that development of a workflow

to separately quantify soluble and nonsoluble particulate forms of UCH-L1 will help further

elucidate the molecular details that may link UCH-L1 to neurodegenerative diseases.

Multiple reaction monitoring (MRM) mass spectrometry in combination with isotope-

labeled quantification concatamer (QconCAT) internal standard have been proven to be an

effective method for quantification of specific proteins in biological samples.9–11 In the

present study, we have expressed, purified, and characterized a QconCAT containing unique

tryptic peptides of UCH-L1. We further optimized a sample processing protocol to quantify

UCH-L1 in the supernatant and pellet fractions generated by high-speed centrifugation from

frontal cortex homogenate. Measurements were performed for control and severe

Alzheimer’s disease (AD) donors.

EXPERIMENTAL SECTION

Materials

The DC protein assay kit was from Bio-Rad Laboratories (Hercules, CA). Ammonium

chloride (15N, 99%) was purchased from Cambridge Isotope Laboratories (Andover, MA).

Nickel–nitrilotriacetic acid resin was from Qiagen (Valencia, CA). SpinTrap G-25 spin

columns were from GE Healthcare (Waukesha, WI). Sequencing grade modified trypsin was

obtained from Promega Corp. (Madison, WI). All other chemicals were purchased from

Sigma-Aldrich (St. Louis, MO).

Expression, Purification, and Characterization of 15N-Labeled QconCAT

A synthetic gene encoding 412 amino acids composed of the sequence

MEVWTQRLHGGSAPLPQDRGFLVNQIKVDLVDENFTELRGEIAGPPDTPYEGGRYQ
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LEIKIPETYPFNPPKVRFIGFDRNAVIVALSSKSWDVKRFKSHTDQLVLIFAGKILKDN

QDRALSNLESIPGGYNALRRMYTYYLKHQFYPTVVYLTKSSPSVMGKVFFGQLRA

AEMFSPRFVALFTLLLFLKCFHWFMERSPNISWLFHCRIVSLEELRALEGHERQHLE

VLSRLGVAGQWRFVDVEELKGQEVSPKVYFMNQDKLGFEDGSVLKQFLSETEKMS

PEGGARLGAGGGSPEKSPSAQELKEQGNAITRNPLVAVYYTNRALCYDCRRALELD

GQSVKAHFFKEQRLNFGDDIPSALRIAKKECQRNHEGDEDDSHVRAQQAYDRKDIE

EHLQRVGHFDPVTRSPLT was synthesized by Integrated DNA Technologies (Coralville,

IA). Four prototypic tryptic peptides of UCH-L1 (Q-peptides) are underlined. The design of

this QconCAT also includes prototypic Q-peptides from other ubiquitin-related proteins,

such as ubiquitin-conjugating enzyme E2 K, ubiquilin-1, E3 ubiquitin-protein ligase

synoviolin, and E3 ubiquitin-protein ligase CHIP. In addition, 4-amino acid long extensions

from their natural sequences on both sides of the Q-peptides were included. The synthetic

gene was cloned into the NdeI/HindIII restriction sites of pET21a expression vector in-

frame to the C-terminal His6-tag. For expression, the plasmid was transformed into One

Shot BL21(DE3) and cells were cultivated at 37 °C in M9 minimum medium containing 1

g/L 15NH4Cl as the sole nitrogen source. Initial inoculation started with 5 mL of LB media,

and the cells were grown for 6–8 h at 37 °C. Cells were collected by centrifugation at 20

000g for 20 min and washed once by 10 mL of 15NH4Cl-containing M9 medium. Cells were

then transferred to 50 mL of 15NH4Cl-containing M9 medium and grown for 12–14 h at 37

°C. Cells were collected by centrifugation at 20 000g for 20 min and washed twice by 100

mL of 15NH4Cl-containing M9 medium. Cells were then transferred to 500 mL of 15NH4Cl-

containing M9 medium. The expression was induced with 1 mmol/L isopropyl β-D-1-

thiogalactopyranoside at OD600 of 0.6–0.8 and incubation for an additional 3 h at 37 °C.

Cells were divided into 10 portions and harvested by centrifugation at 20 000g for 30 min.

One portion of cells was resuspended in 20 mL of lysis buffer (50 mmol/L Tris·HCl, pH

7.5). Cells were disrupted by sonication and centrifuged at 20 000g for 30 min. The

supernatant was discarded. The pellet was resuspended in 3 mL of urea buffer (7 M urea/0.1

M NaH2PO4/0.01 M Tris·HCl, pH 8.0), and 15N-labeled QconCAT was purified on nickel–

nitrilotriacetic acid resin in batch mode. Finally, the purified 15N-labeled QconCAT was

loaded onto a SpinTrap G-25 spin column to exchange buffer into 25 mmol/L NH4HCO3

with 1% sodium dodecyl sulfate (SDS). The protein concentration was measured in the

presence of 1% SDS using the DC protein assay kit and bovine serum albumin as a standard.

The final purified 15N-QconCAT was aliquoted and kept frozen at −80 °C.

To determine the molecular mass of QconCAT, liquid chromatography–mass spectrometry

(LC–MS) analyses were performed in positive ion mode with a Thermo LTQ Orbitrap

Discovery (San Jose, CA) coupled with an Agilent 1200 HPLC (Palo Alto, CA). The protein

was trapped on a C8 guard column (2.1 mm diameter × 1.25 cm length, Agilent) and eluted

with a 9.5 min gradient operated at 200 μL/min flow rate. The gradient settings were 5–35%

solvent B in 3 min, 35–70% solvent B in 5 min, 70–100% solvent B in 0.5 min, and isocratic

flow at 100% solvent B for 0.5 min, then returned to 5% solvent B in 0.5 min. Solvent A

was water containing 0.1% formic acid, and solvent B was 80% acetonitrile, 20% water

containing 0.1% formic acid.
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Human Tissues

Frozen samples of frontal cortex were received from the Washington University School of

Medicine Alzheimer’s Disease Research Center. All brain specimens were collected from

deidentified donors following informed consent of the respective families. Demographic

information on the donors is summarized in the Supporting Information (Table S1). The

Clinical Dementia Rating (CDR) listed in Supporting Information Table S1 is a numeric

scale used to quantify the severity of symptoms of dementia. The composite score of CDR

ranging from 0 through 3 with CDR equals 0 for no symptoms and CDR equals 3 for severe

symptoms (http://www.biostat.wustl.edu/~adrc/cdrpgm/index.html).

Processing of Samples

The minced brain tissue was placed in 25 mmol/L NH4HCO3/1% SDS and homogenized by

sonication at 30 W using five 10 s continuous cycles (Sonicator 3000, Misonix Inc.,

Farmingdale, NY). The homogenate was centrifuged at 2000g for 5 min to remove tissue

debris. The supernatant (whole tissue homogenate) was used to measure total protein

concentration in the presence of 1% SDS using the DC protein assay kit and bovine serum

albumin as a standard. The whole tissue homogenate was then aliquoted to 0.2 mg of total

tissue protein per tube. One set of tubes was frozen at −80 °C, whereas another set was

subjected to centrifugation at 106 000g for 60 min. The resulting high-speed supernatants

and pellets were individually frozen at −80 °C. Three types of fractions were obtained for

subsequent processing steps: the whole tissue homogenate and the high-speed supernatant

and pellet. During the following processing, each fraction was placed in 25 mmol/L

NH4HCO3/1% SDS/20 mmol/L dithiothreitol and supplemented with various amounts of

QconCAT, ranging from 1 to 25 pmol per sample. The mixture was incubated at room

temperature for 60 min to allow reduction of cysteines and was then treated with 50 mmol/L

iodoacetamide for another 60 min to alkylate the reduced cysteines. Alkylated samples were

precipitated with chloroform/methanol.12 This step depleted salts, SDS, and biological lipids

from the samples. To remove possible trace contaminates, the protein pellets were sonicated

in 1 mL of water and precipitated again by centrifugation at 20 000g for 10 min. After

washing with water, protein pellets were sonicated in 100 μL of 25 mmol/L NH4HCO3/0.1%

RapiGest and treated with trypsin for 15 h at 37 °C. The substrate/trypsin ratio was 50:1

(m/m). After trypsin digestion, the peptide samples were treated with 0.5% trifluoroacetic

acid for 30 min at 37 °C and centrifuged at 106 000g for 30 min to remove RapiGest and

other byproducts not soluble at low pH. After centrifugation, the supernatants were dried

using a vacuum centrifuge (Vacufuge, Eppendorf AG, Hamburg, Germany).

LC–MS/MS Analysis

Dried peptides were reconstituted in 10 μL of 3% acetonitrile/97% water (v/v) containing

0.1% formic acid, and 2 μL was used for a single LC–MS/MS run. Instrumental analyses

were performed on a hybrid triple-quadrupole/linear ion trap mass spectrometer (4000

QTRAP, ABI/MDS-Sciex) coupled to an Eksigent nanoLC-2D system (Dublin, CA).

Separation of peptides was performed with an Eksigent cHiPLC-nanoflex system equipped

with a nano cHiPLC column, 15 cm × 75 μm, packed with ReproSil-Pur C18-AQ, 3 μm (Dr.

Maisch, Germany). Peptides were eluted over a 29 min gradient from 15% to 35%
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acetonitrile, containing 0.1% formic acid at a flow rate of 300 nL/min. The column effluent

was continuously directed into the nanospray source of the mass spectrometer. All

acquisition methods used the following parameters: an ion spray voltage of 2200 V, curtain

gas of 105 kPa (15 psi), source gas of 140 kPa (20 psi), interface heating temperature of 170

°C, declustering potential of 76 V for +2 precursor ions and 65 V for +3 precursor ions,

collision energy of 30 V for +2 precursor ions and 22 V for +3 precursor ions, and collision

cell exit potential of 16 V for +2 precursor ions and 13 V for +3 precursor ions. The dwell

time for all transitions was 40 ms.

Quantitative Analysis and Validation

The initial list of MRM transitions was selected as previously described13 and was

experimentally screened for the three most intensive transitions per peptide. These

transitions were further used for quantification (summarized in the Supporting Information,

Table S2). The identities of the measured peptides were confirmed based on the equivalence

of retention time of the three MRM peaks from a given peptide and the ratio among the three

MRM peaks. The mean and standard deviation (SD) of the protein concentration were

calculated by treating the three transitions for each of the different target peptides and the

three experimental replicates all as independent measurements.

RESULTS AND DISCUSSION

Validation of UCH-L1 Quantification

The scope of our study was to measure UCH-L1 partitioning between soluble and particulate

fractions of brain homogenate using MRM assay. MRM assay relies on isotopically labeled

internal standard that must be spiked into the biological sample prior to further sample

processing. In addition, sample processing must include only those steps that do not change

analyte/standard ratio. Therefore, we focused first on internal standard characterization, then

followed by sample processing.

The artificial protein composed of concatenated tryptic peptides (QconCAT) that

collectively act as internal standards for quantification of a panel of ubiquitin-related

proteins was designed, expressed as 15N-labeled in E. coli with His6-tag, and purified on

nickel–nitrilotriacetic acid resin. To ensure that efficiency of tryptic digestion will not vary

between QconCAT and endogenous proteins, each prototypic peptide (Q-peptide) in the

QconCAT was flanked by 4-amino acid long extensions from natural sequences of

endogenous proteins. Figure 1A shows that QconCAT was highly purified. Thus, total

protein concentration determined for the final preparation of QconCAT was used as “mg/mL

concentration” of internal standard. To convert this concentration into the M concentration

used for spiking brain samples, the full-length expression of QconCAT was first verified.

Electrospray ionization (ESI) mass spectrometry (Figure 1B) was used to determine the

average molecular mass of QconCAT. The measured average molecular mass (49 289.0 Da)

was nearly close to the theoretical average molecular mass (49 299.0 Da) and confirms full-

length expression of QconCAT. Accordingly, the theoretical average molecular mass was

used to convert mg/mL concentration of QconCAT into the M concentration. Figure 1C

shows extracted ion chromatograms of transitions monitored for a representative Q-peptide
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from UCH-L1 after trypsin digestion of QconCAT. No signals were observed from

unlabeled peptide. This indicates a nearly complete labeling, and thus no correction for

labeling efficiency was applied during data analysis.

After characterization of QconCAT, peptide performance in MRM assay was evaluated

before quantification of UCH-L1 was carried out. QconCAT has four Q-peptides from

UCH-L1, which were named by Q1 (LGVAGQWR), Q2 (GQEVSPK), Q3

(LGFEDGSVLK), and Q4 (QFLSETEK). Figure 2 shows that quantification based on

different peptides can yield different outcomes ranging from reliable to no quantification at

all. Reliable quantification was observed for Q1 and Q3. Both standard and analyte generate

confidently integrated peaks at the same retention time and with nearly identical

fragmention relative intensities of the light and heavy isotope-labeled versions of the peptide

(Figure 2, parts A and C). Quantification based on Q4 experienced random interference from

the biological sample, which changed the relative intensities of transitions. Quantification

based on Q2 is impossible because no signals were observed from both standard and analyte.

Therefore, all subsequent measurements were performed based on Q1 and Q3 only.

To determine the linearity range of the optimum transitions, we supplemented seven frontal

cortex samples with varying amounts of QconCAT. Figure 3 shows response curves for Q1

and Q3. The peak area ratios were determined from the extracted ion chromatograms of the

transitions. The results demonstrated that the concentration of UCH-L1 can be measured

accurately over at least a 25-fold range of internal standard and indicated remarkably similar

behavior of selected transitions.

Partitioning of UCH-L1

High-speed centrifugation (106 000g, 60 min) is a gold standard for separation of the whole

tissue homogenate into the supernatant with soluble proteins and pellet with particulate

proteins, which include various forms of membrane-bound, aggregated, and low-solubility

proteins. Partitioning of UCH-L1 between high-speed supernatant and pellet has potential

relation to AD. Therefore, simultaneous quantification of UCH-L1 in both fractions may

have a diagnostic or prognostic value to AD clinical research. Methodologically, it requires

a universal sample processing protocol with complete solubilization of particulate forms of

protein. SDS is the anionic surfactant of choice for complete solubilization, but depletion of

SDS after solubilization is a prerequisite for the following trypsinolysis and mass

spectrometric analysis. However, because of critical micelle concentration around 0.2% and

aggregation number about 62,14 SDS solutions generate larger micelles, and complete

removal of SDS in solution was thought to be impossible. We have recently described that

SDS can be fully depleted from protein sample by chloroform/methanol precipitation.15

Using this observation as a starting point, here we developed a protocol for quantitative

assessment of UCH-L1 partitioning between soluble and particulate tissue fractions. The key

feature of the protocol (Experimental Section) is the combination of strong surfactant for

complete solubilization and reduction/alkylation of proteins with following desalting and

delipidation by chloroform/methanol precipitation. In addition, water washing of

precipitated proteins before trypsinolysis was incorporated in the protocol to obtain better

purity of peptides for mass spectrometry analysis.

Chen et al. Page 6

Anal Chem. Author manuscript; available in PMC 2014 May 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Table 1 summarizes UCH-L1 quantification in the high-speed supernatant and pellet for

control (n = 8) and AD (n = 10) groups. Analytical variation for individual donors (median

CVs are about 10%) had less impact on measurements than donor-to-donor biological

variation for consensus values (median CVs are about 26%), an expected source of error

with human tissue samples. Unexpected source of error came from lower values based on

Q1 in comparison to Q3. Both peptides passed preliminary selection by demonstrating

perfect chromatographic and fragmentation properties, such as retention time, fragment ion

relative intensities, and slope/r2 of signal responses (Figures 2 and 3). Nevertheless,

quantification results based on Q1 and Q3 were not identical. One possible explanation for

the lower values based on Q1 is that Q1 undergoes post-translational modification in the

native UCH-L1. For example, oxidation of Trp in Q1 may reduce the abundance of

nonoxidized Q1, which is selected for MRM analysis. However, this is an assumption and

we do not have experimental data validating post-translational modification in Q1. Another

reasonable explanation is that digestion efficiency of internal standard and analyte with

trypsin is not fully identical for individual sequences and this adds variability to

quantification. Our sample processing protocol includes SDS and chloroform/methanol

treatments and has supposedly resulted in completely unfolded proteins. Nevertheless, it

seems that measurements on complex biological samples, such as brain tissue, can have

additional features that affect digestion efficiency of specific sequences with trypsin. In this

content, it is important to emphasize that the goal of most MRM applications is comparison

of protein levels, rather than assessment of absolute amounts.16 While the accuracy of MRM

analysis may be uncertain, the measurements are reasonable since deviations are evenly

distributed across the measurements in all sample groups. Figure 4 shows replotted

consensus data from Table 1. Despite the different values based on Q1 and Q3, relative

comparison of UCH-L1 partitioning is nearly similar. In the frontal cortex, there was 26% or

29% decrease of total UCH-L1 in the AD group in comparison to control group based on Q1

or Q3, respectively. Both decreases are statistically significant with P-values from Student’s

t test less than 0.001. The most interesting observation is that, in addition to lower total

level, the partitioning of UCH-L1 between soluble and particulate forms was also changed

in AD (Figure 4). There was 41% (based on Q1) or 46% (based on Q3) decrease in the mean

value of soluble UCH-L1. Both decreases for soluble UCH-L1 are statistically significant

with P-values less than 0.001. At the same time, mean value of particulate UCH-L1

increased nearly 14% based on both Q1 and Q3 (Figure 4). Because of high donor-to-donor

variability, the increases in particulate UCH-L1 were not statistically significant (P-values

are around 0.14), and bigger sample size is necessary to draw a confident conclusion.

However, overall combination of decrease in soluble UCH-L1 with increase of particulate

UCH-L1 concurs well with partitioning of the whole UCH-L1. In other words, UCH-L1 not

only occurred at lower level in AD, but it seems that UCH-L1 distribution between

supernatant and pellet has been changed in AD.

CONCLUSIONS

Partitioning of proteins between soluble and insoluble fractions changes the function(s) of

proteins and is a major feature of neurodegenerative disorders, including AD. Oxidation and

down-regulation of UCH-L1 in AD-affected brain suggest that UCH-L1 is involved in the
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pathogenesis of AD.6,8 We have composed a protocol for MRM quantification of UCH-L1

in the high-speed supernatant (soluble fraction) and high-speed pellet (particulate fraction)

using 15N-labeled QconCAT as an internal standard. MRM performance of different UCH-

L1 peptides and sources of error were carefully considered. Measurements on control and

severe AD frontal cortexes have demonstrated that partitioning of UCH-L1 between soluble

and particulate fractions is changed in AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of 15N-labeled QconCAT. (A) A 10% SDS–PAGE of purified QconCAT. The molecular mass standards are

shown on the left. (B) ESI mass spectrum of purified QconCAT. The inset shows deconvoluted spectrum with experimental

average molecular mass of purified QconCAT. (C) Extracted ion chromatograms of transitions monitored for LGVAGQWR

peptide from UCH-L1 after trypsin digestion of purified QconCAT: (green) 443.7/546.3 and 450.2/555.3; (red) 443.7/617.3 and

450.2/627.3; (blue) 443.7/716.4 and 450.2/727.4; (orange) 443.7/773.4 and 450.2/785.4.
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Figure 2.
Extracted ion chromatograms of transitions monitored for Q1, Q2, Q3, and Q4 from UCH-L1 in the whole frontal cortex

homogenate. Light and heavy versions of each peptide are color-coordinated. Transitions are summarized in the Supporting

Information, Table S2.
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Figure 3.
Response curves for quantification of UCH-L1 in the whole frontal cortex homogenate. The area ratio of a corresponding heavy

peptide to light peptide was plotted vs amount of QconCAT added. (A) Three individual transitions (t1–t3) for Q1: (t1)

443.7/546.3 and 450.2/555.3; (t2) 443.7/617.3 and 450.2/627.3; (t3) 443.7/773.4 and 450.2/785.4. (B) Three individual

transitions (t1–t3) for Q3: (t1) 532.8/618.3 and 538.3/625.3; (t2) 532.8/747.4 and 538.3/755.4; (t3) 532.8/951.5 and 538.3/961.4.
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Figure 4.
Quantification of UCH-L1 based on Q1 and Q3 peptides. Consensus values for supernatant and pellet from Table 1 are plotted

as a bar graph. Values for whole homogenate were calculated as a sum of supernatant and pellet values in each group, control

and AD. The data are presented as mean ± SD.
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