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Abstract

Combined precursor isotopic labeling and isobaric tagging (cPILOT) is an enhanced multiplexing
strategy currently capable of analyzing up to 24 samples simultaneously. This capability is
especially helpful when studying multiple tissues and biological replicates in models of disease,
such as Alzheimer’s disease (AD). Here, cPILOT was used to study proteomes from heart, liver,
and brain tissues in a late-stage amyloid precursor protein/presenilin-1 (APP/PS-1) human
transgenic double-knock-in mouse model of AD. The original global cPILOT assay developed on
an Orbitrap Velos instrument was transitioned to an Orbitrap Fusion Lumos instrument. The
advantages of faster scan rates, lower limits of detection, and synchronous precursor selection on
the Fusion Lumos afford greater numbers of isobarically tagged peptides to be quantified in
comparison to the Orbitrap Velos. Parameters such as LC gradient, m/z isolation window, dynamic
exclusion, targeted mass analyses, and synchronous precursor scan were optimized leading to
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>600 000 PSMs, corresponding to 6074 proteins. Overall, these studies inform of system-wide
changes in brain, heart, and liver proteins from a mouse model of AD.
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Alzheimer’s disease (AD) is both a neurodegenerative and metabolic disease, most
commonly characterized by the deposition of amyloid beta (Ap) senile plaques and
neurofibrillary tangles composed of hyperphosphorylated tau. While AD affects the brain, it
also has implications in peripheral organs. For example, cardiovascular diseasel™ is a major
risk factor for AD, as well as type-2 diabetes,>7 hypertension,8-10 obesity,11:12 and high
cholesterol.13 These comorbidities suggest that peripheral organs (e.g., heart and liver) may
contribute to disease pathogenesis and that a comparative analysis of these tissues to the
brain may give insight into their contributions in AD.

In our laboratory, studies in peripheral tissues, such as the liver,2 have been performed with
14-month-old amyloid precursor protein/presenilin-1 (APP/PS-1) mice. APP/PS-1 (hereafter
referred to as AD) mice are a double-transgenic strain with mutant APPSWe and PS19e9
genes.1 Proteins related to fatty-acid and pyruvate metabolism were elevated in liver from
AD mice (compared to WT), suggesting development of ketone bodies.1>17 This is
supported by metabolomics analyses.1’ In addition, elevated levels of glucose synthesis
proteins were observed,1® consistent with glucose storage. High throughput strategies that
allow multiple tissues or alternatively multiple time points, especially for advancing AD
understanding, are desirable.

Our laboratory18-20 and others?1-24 have pushed the limits of sample multiplexing by
employing enhanced labeling strategies.2> Combined precursor isotopic labeling and
isobaric tagging (cPILOT) uses amine-based chemistry to chemically label primary amines
of N-termini and lysine residues.18 In order to maximize the number of quantified peptides
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and broaden the types of analyses that can be studied, different sample preparation strategies
and data acquisition methods (e.g., gas-phase fractionation, two-tiered data-dependent
acquisition (DDA), and MS? fragmentation26-30) were developed on Orbitrap instruments.
However, there are some limitations of conducting a cPILOT analysis on an Orbitrap Velos
that limit the detection of dimethylated peptide pairs and detection of signal for all reporter
ion channels used.

The goal here was to evaluate and optimize MS acquisition parameters for cPILOT on a
Fusion Lumos and compare them to those on the Orbitrap Velos. The resulting method was
applied to an AD mouse model to study disease pathogenesis across the brain and periphery
(i.e., liver and heart). These studies provide insight into the benefits and challenges of using
different Orbitrap instruments for cPILOT analysis and lay the foundation for using
enhanced multiplexing to understand changes in the peripheral and brain proteomes in AD.

EXPERIMENTAL PROCEDURES

APP/PS-1 male mice (B6.Cg-Tg(APPswe, PSEN 1dE9)-85Dbo/Mmijax, stock no. 005864,
genetic background: C57BL/6J) and heterozygous controls were purchased from Jackson
Laboratory and housed in the Division of Laboratory Animal Resources at the University of
Pittsburgh. All animal protocols were approved by the Institutional Animal Care and Use
Committee at the University of Pittsburgh. Mice were fed standard Purina rodent laboratory
chow ad libitum and kept in a 12 h light/dark cycle. Brain, heart, and liver tissues were
harvested from 14-month-old APP/PS-1 [referred to as AD] (M= 6) and WT (N = 6) mice
and stored at —80 °C. Brain, heart, and liver tissues (i.e., 60-80 mg) were homogenized (1x
PBS w/PBS w/8 M urea) with a mechanical homogenizer (MP Biomedicals, LLC) to
generate tissue lysates. Protein extraction, concentration, and digestion were executed as
previously described.3! Peptides were then labeled by cPILOT as previously described.1®
Labeled peptides were pooled to have one sample (per batch) and prepared for either SCX
fractionation (analyses 2 and 3) or dissolved in 0.1% FA and directly subjected (analysis 1)
to instrument analysis (Figure 1). Three independent 12-plex cPILOT batches were
performed to cover all 36 samples. Peptides labeled by cPILOT (samples 2 and 3) were
fractionated according to the manufacturer’s protocol (Protea Biosciences). Fractionated
peptides were dried down by centrifugal evaporation and dissolved in 0.1% FA. Peptides
were analyzed using three methods (analyses methods 1-3) on either an Orbitrap Velos or
Orbitrap Fusion Lumos (Supplemental Methods). Specifically, analyses 1 and 2 were
performed on the Orbitrap Fusion Lumos, while analysis 3 was performed on the Orbitrap
Velos. Raw files were analyzed with Proteome Discoverer v. 2.1 and 2.2. (Supplemental
Methods). Reporter ion values were normalized using internal reference scaling,32 and a
one-way ANOVA was performed (p < 0.05). Multiple hypothesis testing such as Bonferroni
correction is rather conservative and may not be ideal for this and other proteomics data sets;
33,34 thus, it was not employed. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE [1] partner repository with the data set
identifier PXD012133. Lastly, brain, heart, and liver tissues from AD and WT mice were
used for verification by Western blot (Supplemental Methods).
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RESULTS AND DISCUSSION

Below, we describe systematic testing of the performance of the Fusion Lumos to study
system-wide changes in an Alzheimer’s disease mouse model using a global cPILOT
approach (Figure 1a, see Experimental and Supplemental Methods for details).

An initial demonstration that cPILOT successfully worked in this application is shown in
Figure 1b,c. Two peptides that belong to malate dehydrogenase were dimethylated at the N-
terminus and tagged by TMT®-plex at lysine residues. The MS3 spectra for N(dimethyl)
FVFSLVDAMNGK(TMTS) for light (Figure 1b) and heavy (Figure 1c) dimethylated pairs
have reporter ions detected in channels m/z126-131. Among all proteins quantified in both
the Fusion Lumaos and the Orbitrap Velos (Supplemental Figure S1), it is apparent that
reporter ion signals are ~2 orders of magnitude higher in the Fusion Lumos data compared
to those from the Orbitrap Velos.

Evaluation of LC Gradients and Precursor Isolation Windows.

Upon increasing the gradient time from 105 to 150 min, the number of protein
identifications and PSMs increased ~1.3x (Supplemental Figure S2a,b), and the average
numbers of quantified spectra increased by 1.5x (Supplemental Figure S2c). In order to
optimize numbers of spectra, peptides, and proteins detected, a 150 min gradient time was
used.

For cPILOT analyses, it is most critical that both peaks in a light and heavy dimethylated
pair are isolated at the precursor stage for MS/MS and subsequent MS3 fragmentation. The
considerations for changing the isolation window are that interfering species can be
coisolated from the precursor MS spectra if the window is too large, whereas lower signal
intensities for precursors are carried forward into MS/MS if the isolation window is too
small.23 Most peptides for this data set have charge states of 2 (48%) or 3 (43%). Thus,
isolation windows of m/z2.5 or less are most appropriate for peptides with a charge state of
2 and will need to be even less to accommodate peptides with a charge state of 3.

The isolation window in these experiments is also impacted by the fact that heavy
dimethylated peptides have a peak that appears 7 Da away from the light dimethylated peak
and is often isolated as the precursor peak in the heavy cluster. In addition, the discrepancy
between the number of protein and peptide identifications between light and heavy
dimethylated samples is due to the instrument selection of light-labeled peaks more
frequently than heavy-labeled peaks due to intensity differences, ultimately resulting in
higher numbers of protein IDs from light-dimethylated peptides.3! Increasing the isolation
window allows more of the isotopic cluster to be isolated, thus increasing the signal for
MS/MS spectra and subsequent MS2 reporter ion signal. Additionally, this isolation window
ensures that we increase the likelihood of isolating the heavy dimethylated peptides (+7 and
+8 Da) resulting in the full multiplexing capabilities of cPILOT. When this was widened
from m/z0.7 to 2.0, a decrease of 1212 and 804 proteins to 1054 and 690 proteins from light
and heavy dimethylated peptides occurred, respectively (Supplemental Figure S2a,b). On the
other hand, the number of quantified spectra increased from 57 337 to 59 517 (Supplemental
Figure S2c), which is likely a result of wider windows leading to more ion signal. In
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addition, this change was found to be statistically significant. Thus, an isolation window of
m/z 2.0 was used to balance the trade-off in identifications vs quantifiable information.

Evaluation of Dynamic Exclusion.

Next, the effects of dynamic exclusion on the number of peptides and proteins identified
(Supplemental Figure S3) was tested. The precursor isolation width was set to /7/22.0, and
the dynamic exclusion ranged from 0 to 10 and 20 s. The quality of identified proteins was
categorized by a low (FDR > 5%), medium (FDR < 5%), or high (FDR < 1%) confidence
parameter from Proteome Discoverer. A one-way ANOVA analysis showed that protein
identifications from these time points changed significantly. As the dynamic exclusion was
reduced from 20 to 10 and O s, a larger percentage (36 vs 69%) of low confidence proteins
were identified, while lower percentages (53 vs 22%) of high confidence proteins were
identified from light dimethylated peptides. The same trend was also observed for proteins
identified from heavy dimethylated peptides. Thus, a dynamic exclusion time of 20 s was
selected.

Evaluation of Targeted Mass Analysis Nodes.

Previously, we demonstrated that the overall number of protein identifications with trypsin
compared to Lys-C is higher.2” However, a limitation of using trypsin is that it leads to R-
terminated peptides that do not yield quantitative information for cPILOT.2” In order to
maximize the number of proteins with reporter ion signals in all channels, more instrument
time should be spent acquiring spectra from K-terminated peptides. Targeted inclusion/
exclusion nodes were evaluated on their ability to increase the number of dimethylated
peptide pairs, especially those that are K-terminated. The following targeted mass nodes
(Figure 2, Supplemental Table S2, Supplemental Methods) were tested: targeted mass
trigger, targeted mass difference, targeted isotopic ratio, and targeted mass (exclusion and
inclusion).

Light dimethylated peptides had similar protein and peptide identifications (Figure 2a,c)
across targeted mass trigger, targeted mass difference, targeted isotopic ratio, and targeted
mass exclusion tests. In the targeted mass inclusion run, however, there was a substantial
decrease in protein groups and peptides identified. Among heavy dimethylated samples
(Figures 2b,d), the targeted mass difference method identified ~2—4x more PSMs, peptides,
and protein groups than the other nodes (Supplemental Table S2) (p < 0.05, one-way
ANOVA). In addition, the number of peptides and proteins quantified in at least one or in all
six channels was consistent with proteins identified across the nodes, although with lower
numbers quantified than identified (Figure 2).

The number of proteins quantified in at least a single reporter ion channel or in all six
reporter ion channels was used as a measure of quantification performance. Across all of the
targeted mass nodes, the number of proteins quantified in all six channels was lower than
that in a single channel for each node (Supplemental Table S3). The targeted mass difference
node did indeed have the greatest number of proteins that were quantified in all six channels
(Supplemental Table S3) and that came from K-terminated light and heavy peptides
combined (Supplemental Table S2).
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Targeted mass exclusion reduced the number of R-terminated peptides compared to targeted
mass trigger, mass difference, and isotopic ratio nodes; however, it did not remove all R-
terminated peptides. Targeted mass inclusion dramatically removed R-terminated peptides
and selected a high percentage (94-97.2%) of K-terminated peptides. On the other hand,
only 37% (light) and 58% (heavy) peptide //z values on the inclusion list were selected
(data not shown). In addition, K-terminated peptides not on the inclusion list were not
eligible for selection, further decreasing the potential number of peptide identifications. For
these reasons, this node led to the lowest number of proteins quantified, and thus, it is not
suitable for global cPILOT analyses.

Evaluation of the Synchronous Precursor Selection Node.

SPS-MS3 allows 2-20 fragment ions to be selected for further fragmentation, thus increasing
reporter ion signal substantially in comparison to single-notch MS3. A range of 4-10 SPS
ions were tested in this study (Table 1).

Proteins were quantified if the S/N = 10 for a given reporter ion channel and the minimal
signal was above the set isolation threshold of 50%. Results from a one-way ANOVA
showed that changes in the number of identified proteins were similar; therefore, this
parameter was assessed on the percentage of quantified proteins. Increasing the number of
SPS ions from 4 to 10 increased the percentage of quantified proteins across all channels
from 65 to 72%. SPS-4 generated the largest number of MS/MS (116113) and, more
importantly, quantified spectra (59 713) compared to SPS-10. SPS-10, however, had the
greatest number of proteins with data in six channels and was thus selected for further
experiments.

Recommended Parameters for cPILOT.

Overall, the targeted mass difference node and SPS-N parameters were most critical to
improving the effectiveness of cPILOT analysis on the Fusion Lumos. The targeted mass
difference node increased the percentage of light and heavy dimethylated peptide pairs to
~70-80%, thus increasing the amount of quantitative information gained about the
respective samples. In addition, the use of SPS-MS3 increased the percentage of proteins
quantified in all channels by ~20% in comparison to single-notch MS3 and improved the
quantification of lower abundant proteins. It also helps to use a longer gradient (e.g., 120-
150 min), a wider precursor isolation width (i.e., 2 m/2) to scan both +7 and +8 Da heavy
dimethylation peaks, and a longer dynamic exclusion time (i.e., 20 s). These parameters
especially increased the probability of selecting and quantifying pairs of dimethylated
peptides.

Comparisons of Orbitrap Velos and Fusion Lumos Analyses.

Across three cPILOT 12-plex batches and three different instrument analyses methods, >600
000 PSMs (Table 2) corresponding to >22 000 peptides (Supplemental Table S4) and 6074
protein groups (Figure 3) were identified (Supplemental Table S5).

Sample fractionation increased the number of peptides and proteins identified on the
Orbitrap Velos and Fusion Lumos by ~3x, compared to unfractionated samples on the
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Fusion Lumos (Figure 3 and Supplemental Table S6). Differences in parameters used for
separation (i.e., column length and particle size) and MS acquisition (i.e., Top-N vs Top-
Speed DDA) contributed to the differences in peptide populations identified and quantified
from the Orbitrap Velos and Fusion Lumos. Overall, 910 protein groups were shared across
all analysis methods. Among the 6074 proteins identified, 70% were identified with >2
PSMs (Supplemental Figure S4). The most abundant protein in this experiment was
myosin-6 (28 412 PSMs).

Examining AD Pathogenesis from Brain, Heart, and Liver Tissues.

Quantified proteins (Figure 4a and Supplemental Tables S7a—c) in both WT and AD were
mostly present in all tissues with intensities ranging between 1 x 104 and 1 x 10°
(Supplemental Figure S1b. Few proteins were quantified in either a single or two tissue
types; among this group, six proteins (Supplemental Table S8) were expressed at high levels
in heart, brain, or liver according to the Bgee database. System-wide changes in AD were
evaluated in brain, heart, and liver proteins from WT and AD mice (Figure 4b—d) to
determine proteomic changes in the periphery in late-stage AD. A total of 85 (A= 39 brain,
N =14 heart, and /= 32 liver) proteins had significant changes between AD and WT
samples (p < 0.05, Supplemental Table S9). Proteins in the brain with highly significant (p <
0.001) changes included apolipoprotein E (o= 6.14 x 1076) and cathepsin D (p= 9.72 x
10™4). Proteins in the liver included proteolytic protein MCG15081 (p= 9.67 x 107°),
carbonic anhydrase 3 (o= 7.80 x 1074), A-kinase anchor protein 1, mitochondrial a (p =
3.59 x 1074), and 3-ketoacyl-CoA thiolase B, peroxisomal (p = 2.80 x 1074).

Canonical pathways identified (Supplemental Figures S5 and S6), including clathrin-
mediated endocytosis signaling and unfolded protein response, are known to change in the
AD brain.3536 Differentially expressed proteins apolipoprotein E and clusterin, proteins also
implicated in AD brain pathogenesis,37-38 were higher in expression in the brain in AD
compared to WT mice in this study. In the liver, mostly metabolic proteins, including
aldehyde dehydrogenase, 3-ketoacyl-CoA thiolase-B, peroxisomal, and NADP-dependent
malic enzyme, were higher in AD compared to WT mice (Supplemental Table S9). These
proteins are involved in glycolysis/gluconeogenesis and the Krebs cycle and may contribute
to dysregulated metabolism in AD.3940 |n the heart, 28S ribosomal protein S5,
mitochondrial, and 26S proteasome non-ATPase regulatory subunit 11, which are related to
protein synthesis and folding, were higher in AD mice. Immunoglobulin protein, Ig heavy
chain V region AC38 205.12, was lower in AD mice in both heart and liver tissues and may
be involved in peripheral immune response.?! Proteins related to electron transport and
metabolism were mostly at higher levels in the heart and likely contribute to mitochondrial
dysfunction, a known pathological hallmark of AD. In addition, proteins related to
metabolism, protein folding, peptide synthesis, and oxidative stress were higher in the brain
and liver of AD mice compared to WT. Other studies using APP/PS-1 mice have shown
similar metabolic changes occurring during AD progression, especially in relation to
glycolysis, the Krebs cycle, lipid metabolism, and ketogenic metabolism.16:17:42 |n those
analyses, peripheral tissues, including the thymus, spleen, liver, heart, and kidney were
studied.16:17.42 Metabolic changes mostly occurred at 5 or 6 months and were also related to
amino-acid, nucleic-acid, cholesterol, phospholipid, or fatty-acid metabolism.1’
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This study confirms that metabolic changes are more pronounced in this AD mouse model at
advanced-disease stages (i.e., 14 months). Interestingly, there was minimal overlap in the
number of differentially expressed proteins across tissues (Supplemental Table S9),
suggesting the brain and periphery have specific pathogenetic changes in AD. Western
analysis of example proteins B-actin and PSMD11 are provided in Supplemental Figure S6.

CONCLUSIONS

cPILQOT is an enhanced multiplexing technique that, as demonstrated herein, can provide
system-wide information about disease in a single comprehensive proteomics experiment.
The most biological information is gained from these experiments when quantitative
information is obtained from all samples. This study has provided insight into (1) cPILOT
performance on two Orbitrap instruments and (2) changes in the peripheral proteome of AD.
Successful cPILOT analysis on the Fusion Lumos relied heavily on changing instrument
settings. The Orbitrap Velos or Elite platforms can still be used for cPILOT; however, in all
cases, we encourage careful evaluation of experimental parameters prior to data collection.
This is critical as the nature of the samples, tagging reagents, sample preparation,
chromatography, and instrument type impact quantitative results. Optimization of these
parameters greatly helps improve the quality of the data acquired and impacts the proteome
depth for this multiplexing analysis. Interestingly, this is the first demonstration using
quantitative proteomics to compare brain, heart, and liver tissues from an AD mouse model.
An increase of metabolic processes, including lipid, carbohydrate, and peptide metabolism,
occurs across peripheral tissues in AD. Future studies that can translate the relevance of
these findings to human AD patients and that evaluate early disease stages are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Experimental workflow and sample data. (a) Protein (100 4g) was extracted from brain,
heart, and liver tissues from 14-month-old APP/PS-1 (V= 6) and wild-type controls (V= 6).
Peptides generated from protein digestion were labeled via cPILOT, pooled, and separated
by off-line SCX fractionation and reversed-phase HPLC. Fractions were analyzed on either
an Orbitrap Fusion Lumos or LTQ Orbitrap Velos MS. Experimental parameters such as LC,
precursor my/zisolation window, dynamic exclusion, targeted analyses, and SPS were
evaluated and optimized on the Fusion Lumos. Reporter ions (i.e., 126-131) corresponding
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to N(dimethyl)-FVFSLVDAMNGK (TMT?®) were detected on the Orbitrap Fusion Lumos.
(b) Light and (c) heavy dimethylated peptides were detected in both phenotypes, and all
tissue types and correspond to malate dehydrogenase.
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Figure 2.

Protein and peptide identifications of light and heavy dimethylated peptides (targeted mass
analyses nodes). Targeted mass analyses nodes were employed to assess the numbers of (a,c)
light and (b,d) heavy proteins and peptides identified, with specific emphasis on lysine-
terminated peptides, which carry TMT5-plex reporter ion information. A further comparison
displays proteins quantified in at least one reporter ion channel or in all six channels. Thus,
the best method for conducting targeted cPILOT experiments is the targeted mass difference

node.
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Protein groups (N=6074)

Orbitrap Velos, Fusion Lumos,
SCX 709 No SCX

N=2199 % N=1848

Fusion Lumos,
SCX
N=4968

Figure 3.
Protein groups identified across three MS experiments. Proteins identified from SCX

fractions acquired on the Velos (V= 2199) were compared to proteins identified from SCX
fractions acquired on the Fusion Lumos (N = 4968) and nonfractionated on the Fusion
Lumos (V= 1848). Across all three experiments, 6074 proteins were identified, with 910
proteins (~15%) being present in all groups.
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(a) Comparison of quantified proteins and (b—d) volcano plots of brain, heart, and liver
tissues in the Fusion Lumos (SCX Fractions) data set. (a) Venn diagram showing proteins
quantified (AD/WT) in brain (black), heart (red), or liver (blue) tissues. (b—d) Normalized
and filtered proteins were compared using a one-way ANOVA. Proteins from peptides with a
p < 0.05 are present above the horizontal line (black) and correspond to (b) brain, (c) heart,

or (d) liver tissues.
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