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Abstract
Evidence suggests that β-secretase (BACE1), which cleaves Amyloid Precursor Protein (APP) to form
sAPPβ and Aβ, is elevated in AD brains and bio�uids and, thus, BACE1 is a therapeutic target for this
devastating disease. The direct product of BACE1 cleavage of APP, sAPPβ, serves as a surrogate marker
of BACE1 activity in the central nervous system (CNS). This biomarker could be utilized to better
understand normal APP processing, aberrant processing in the disease setting, and modulations to
processing during therapeutic intervention. In this paper, we present a method for measuring the
metabolisms of sAPPβ and another APP proteolytic product, sAPPα, in vivo in humans using stable
isotope labeling kinetics (SILK), paired with immunoprecipitation and liquid chromatography/tandem
mass spectrometry (LC/tandem MS). The method presented herein is robust, reproducible, and precise,
and allows for the study of these analytes by taking into account their full dynamic potential as opposed
to the traditional methods of absolute concentration quantitation that only provide a static view of a
dynamic system.  A study of in vivo CSF sAPPβ and sAPPα kinetics using these methods could reveal
novel insights into pathophysiological mechanisms of AD, such as increased BACE1 processing of APP.

Introduction
Alzheimer’s disease (AD) is the most common neurodegenerative disease in the elderly. The brains of
patients with AD are characterized by an abundance of amyloid-β (Aβ) plaques and neuro�brillary
tangles. Studies in dominantly inherited AD (DIAD) have indicated that Aβ plaques start accumulating in
the brain 15 to 20 years prior to cognitive symptom onset1. These plaques are comprised of Aβ proteins,
particularly Aβ1−42, that have been cleaved from the Type-I transmembrane protein Amyloid Precursor
Protein (APP) in a concerted manner �rst by β-secretase and second by γ-secretase. During the initial
cleavage of APP by β-secretase2–5 (BACE1), a soluble APP-β (sAPPβ) protein fragment is produced.
Alternatively, APP may be cleaved by α-secretase, releasing sAPPα, which is 16 amino acids longer than
sAPPβ. The α-secretase cleavage precludes the formation of the toxic Aβ1−42 and, as a result, is generally
considered the protective APP processing pathway. Absolute levels of brain BACE1 protein, mRNA, and
BACE1 activity in the cerebrospinal �uid (CSF) have been reported to be increased in studies of AD6–9 and
we have previously shown an increase in the absolute concentration of sAPPβ/sAPPα in the CSF of
humans with amyloid brain deposits, indicating a shift toward the β-secretase processing pathway of
APP in the setting of amyloidosis10. As a result, BACE1 became an attractive therapeutic target for AD
and there have been several BACE1 inhibitor clinical trials on patients with AD in the last decade11–13. As
sAPPβ is the direct product of BACE1 cleavage of APP, it serves as an important surrogate marker of
BACE1 activity in the brain under normal conditions, as well as being a marker that can be used to
determine the effectiveness of therapeutic intervention. Most studies to date have focused on measuring
Aβ levels when studying AD or BACE1 inhibitors, although Aβ is a less proximal product of BACE1 activity.
Additionally, most studies have measured absolute concentrations of proteins using methods such as
ELISA or Western blotting. In our current study, we have developed a method to measure the metabolism
of human sAPPβ and sAPPα in vivo using stable isotope labeling kinetics (SILK) in an effort to use
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measures of protein metabolism to understand pathophysiologic changes in AD compared to non-AD
participants, as well as consider potential differences in kinetics of these proteins within the
heterogenous pool of AD patients.

Results

Sample Preparation/Immunoprecipitation
The sample preparation for the human CSF was based on a method we previously developed for
measuring sAPPβ and sAPPα in rhesus monkey CSF14 using serial immunoprecipitation with Mrk61 and
W0-2 antibodies, covalently bound to CNBr Sepharose 4B beads (GE Healthcare) (courtesy of Merck
Research Laboratories). Mrk61 recognizes the KM-neo-epitope of sAPPβ which is exposed after APP is
cleaved by BACE1 (Fig. 1A). The generation and speci�city characterization were described
previously15,16. W0-2 antibody (EMD Millipore) has an epitope several amino acids C-terminal to the
BACE1 cleavage of APP shown in Fig. 1A. Both antibody epitopes are present in all three APP isoforms:
APP695, APP751 and APP770. APP695 is the predominant APP in neuronal cells and would be the largest
contributor to the pools of sAPPβ and sAPPα measured in human CSF. There were important
modi�cations to the previously described protocol14 that were incorporated in order to allow for optimal
measurements in the human samples. Firstly, the addition of Tween20 prior to immunoprecipitation
improved the amount of protein that was isolated and available for digestion (Supplementary Fig. S1A).
These tests were run on H4-APPwt cell culture media samples using the Mrk61 IP as this IP had lower
recovery of protein than the W0-2 IP. Various volumes of bead slurry were tested and 65 µL Mrk61 for CSF
and 100 µL Mrk61 for media standards produced optimal IP e�ciency (data for media shown in
Supplementary Fig. S1B). W0-2 IP utilized 30µL that quantitatively puri�ed sAPPα. Representative
Western Blots show the ability of the antibody beads to clear the CSF of the protein of interest after an
overnight (approximately 22 h) incubation (Fig. 1B, C). Final immunoprecipitation e�ciency was
measured quantitatively using the MSD 96-well Multi-Spot sAPPα/sAPPβ Assay. Aliquots were taken
from the original CSF vial, as well as from all the steps during the immunoprecipitation protocol and
assayed for sAPPβ and sAPPα. We measured an effect of 2–7% protein loss for both proteins during
handling (transferring sample from one tube to another and measuring protein concentrations from both
aliquots), which could re�ect protein adhering to the walls of the aliquot’s microcentrifuge tubes or to the
walls of the pipet tip. Intraplate CVs for the assay were < 5.5%. Interplate CVs were < 4% (Fig. 1D). The
MSD assay showed that approximately 15% of starting sAPPβ in the CSF remained after Mrk61
immunoprecipitation (Fig. 1D). When sAPPβ was quanti�ed in the supernatant from the subsequent W0-2
IP, 14% of it remained. This is within the CV range and indicates no signi�cant interaction between W0-2
beads and sAPPβ. Supernatant after Mrk61 immunoprecipitation had approximately 93% of pre-Mrk61-
immunoprecipitation sAPPα (Fig. 1D). However, this loss of 7% is likely an effect of protein loss during
extra handling steps as we had measured previously, and not due to any interaction between Mrk61 and
sAPPα. Previous, more extensive, validation studies have demonstrated that there was no such cross-
reaction15.
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We tested on-bead digest vs off-bead (utilizing Formic Acid (FA) to elute proteins off the beads prior to
digestion14) but had higher recovery with on-bead digest (Supplementary Fig. S1C). These tests were
done on the Mrk61 IP samples as the recovery is generally poorer for Mrk61 IP than for W02 IP. The
sAPPβ recovered after FA elution was only a fraction of the protein on beads after Mrk61 IP. Tryptic
digests of eluted samples and on-bead samples indicated an e�cient digest under both circumstances,
with only the starting material before the digestion step favoring the on-bead digest. We additionally
tested two proteases, mass spectrometry grade Trypsin Gold (Promega) vs. MS grade LysN protease
(Pierce) as in Dobrowolska et al. (2014b), but Trypsin Gold gave greater sequence coverage and produced
the optimal peptides for Selected Reaction Monitoring (SRM). The tryptic peptide VESLEQEAANER was
chosen due to it resulting in the highest signal intensity (Supplementary Fig. S1D). From the LysN
peptides, the highest signal intensity was produced when measuring the peptide KYLETPGDENEHAHFQ,
but its signal intensity was still below the LLOQ of 1E5 for the 12C-peptide. Trypsin versus LysN
experiments were performed on the TSQ Quantum Ultra.

LC/MS SRM Quantitation
The peptides (12C-VESLEQEAANER, 13C-VESLEQEAANER, and [U:15N]VESLEQEAANER) eluted and ionized
well for both sAPPβ and sAPPα samples. The endogenous and labeled peptides co-eluted, as expected,
and had a retention time (RT) of approximately 13.5 min along the gradient described in the methods
(Fig. 2A). Occasional variability in the analytical columns resulted in insigni�cant tailing on certain
columns. Analytical columns that resulted in signi�cant tailing were not used for sample runs. The b- and
y-ions (daughter ions) monitored and used in the quantitation also show as a co-eluting stack (Fig. 2B, C,
D).

The two sets of standard curves generated from H4-APPwt conditioned media for both sAPPβ and sAPPα

showed linearity (R2 = 0.9996 and R2 = 1, respectively, for standard curve #1 and R2 = 0.9999 and R2 = 1,
respectively, for standard curve #2 (Supplementary Fig. S2, Supplementary Table S1)). For curve #1 the
slopes were around 0.84 and 0.77, respectively, and for curve #2 the slopes were around 0.71 and 0.68,
respectively, indicating that there was not 100% label in the cultures and experimental readouts were
lower than theoretical values (Supplementary Fig. S2, Supplementary Table S1). The �rst set of standards
had slightly better label incorporation and was initially chosen to run alongside each CSF set.

The 13C/12C-peptide ratio was calculated at each CSF time-point for the sAPPβ and sAPPα samples and
a raw kinetic curve was generated over the 36 h time-course (Fig. 3). H4-APPwt media isotopic enrichment
standards were used to generate a standard curve and the raw kinetic values were normalized to the
standard curves and plotted against time (Supplementary Fig. S2E). Samples were run in duplicate or
triplicate and repeat injections indicated a high level of instrumental precision. In the representative
subject’s kinetic curves the max Standard Error of the Mean (SEM) at any time-point was 0.06% in the raw
dataset and 0.08% in the normalized dataset. The majority of data points have an SEM of </= 0.05% for
both sAPPβ and sAPPα in experiments run continuously over a three-day period, with repeat injections
occurring ~ 48 h apart.
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Additionally, we tested the reproducibility of this approach on the same samples after a much longer
interval. CSF time-courses for another human subject were run on the system 10 months apart so that the
analytical and trap columns used in each instance were from different lots. Solvents were different, the
API optics of the QqQ had been cleaned multiple times in between the two runs, and the LC/MS system
had undergone preventative maintenance in the interim. Even with an abundance of variable changes
and with samples being frozen at -80°C for a duration of 10 months, the raw and normalized (to standard
curve #1) kinetic curves generated for both sAPPβ and sAPPα were nearly identical (Supplementary Fig.
S3). The mean CV for the sAPPβ kinetic curve data points was 6.0% if all hours were included
(Supplementary Table S2). Baseline hours (h7 and 8) had higher CVs, as their means are near zero, thus
very minute differences in standard deviation will result in naturally higher CVs. If excluding baseline h7
and 8, the average CVs for the sAPPβ kinetic curve data points was 3.1%. The mean CVs for the sAPPα
kinetic curve data points were 1.9% if all hours were included and 1.8% when baseline hours 7 and 8 were
excluded.

The CSF used for this study had previously been immunoprecipitated to isolate Aβ for another study
using the mid-domain Aβ antibody HJ5.117. A subset of the subjects’ CSF had been processed differently
with regard to the Aβ immunoprecipitation, having instead undergone a serial immunoprecipitation with
C-terminal Aβ speci�c antibodies, 21F12 and 2G3 to isolate Aβ42 and Aβ40, respectively18. A small
fraction of the subjects’ CSF had undergone both an HJ5.1 immunoprecipitation and a 21F12/2G3
immunoprecipitation with identical aliquots. We investigated whether the type of immunoprecipitation for
Aβ/pre-treatment of CSF would have an impact on sAPPβ and sAPPα kinetics. The kinetic curves
generated for both sAPPβ and sAPPα with CSF from both types of prior Aβ immunoprecipitations
indicate nearly superimposable data points (Supplementary Fig. S4A-B). Mean CV for sAPPβ data points
was 2.4% (all hours) and 2.2% (excluding h7 and h8) (Supplementary Table S3). Mean CV for sAPPα data
points was 3.7% (all hours) and 3.2% (excluding h7 and h8). As previously noted, the CVs were generally
slightly higher (max 4.5% for sAPPβ and 13.2% for sAPPα) at the baseline hours of the kinetic curve
where mean values are close to zero and low standard deviations will be re�ected with a higher CV).

We tested our method on two QqQ models from Thermo Fisher Scienti�c. The Quantum Ultra was an
older generation QqQ used during the initial course of the study, whereas a newer generation TSQ Altis
was used during the majority of the study later on. A human CSF time-course previously
immunoprecipitated with 21F12/2G3 underwent a serial immunoprecipitation with Mrk61 and W0-2
following the aforementioned protocol. Aliquots from the same sample vials were injected on identical
LCs interfaced with either QqQ. Signal intensities on both QqQs were above LLOQ (> 1E5 for 12C-
VESLEQEAANER). However, the kinetic curves for both sAPPβ and sAPPα on the Altis were signi�cantly
smoother (Supplementary Fig. S4C-D). The curves for both proteins on the Ultra were erratic and had
outlier points as well as signi�cantly higher CVs, particularly in sAPPβ replicates (sAPPβ mean % CV:
15.2% (Ultra) vs. 1.1% (Altis) ; sAPPα mean % CV: 3.4% (Ultra) vs. 2.1% (Altis)). (Supplementary Table S4).
The higher CVs were sustained across the full Ultra curves and were not due to the baseline hours as
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hours 7 and 8 were not run in duplicate for this experiment. The data presented in this manuscript, unless
otherwise noted, was generated on the Altis.

Absolute Concentration Measurements using Internal
Standards and LC/MS
We measured absolute concentrations of sAPPβ and sAPPα in CSF samples by addition of 15N internal
standards into CSF prior to immunoprecipitation. 75 ng of [U:15N]-sAPPβ was spiked into each timepoint
of CSF from Subject #1 prior to Mrk61 IP and 75 ng of [U:15N]- sAPPα was spiked into the supernatant
directly following Mrk61 IP and immediately prior to W0-2 immunoprecipitation. The mean concentration
of sAPPβ was 2907 ng/mL (min: 2354 ng/mL; max: 3408 ng/mL; CV: 11%) and the mean concentration
of sAPPα was 3110 ng/mL (min: 2309 ng/mL; max: 3689 ng/mL; CV: 12%) (Supplementary Table S5).
The mean ratio of sAPPα/sAPPβ was 1.09 (min: 0.85; max: 1.51; CV: 18%). This observed variability in
sAPPβ and sAPPα concentrations across a 36h time-course is expected given the physiological diurnal
�uctuations of sAPP proteins we reported previously14.

Discussion
Herein we present a novel method utilizing immunoprecipitation and LC-tandem MS to independently
measure the in vivo sAPPβ and sAPPα kinetics in the CSF of humans who had underwent a SILK study.
To date, reported measures of sAPP proteins in the CSF of humans have been absolute concentrations of
static values using traditional methods such as ELISA. Our approach differs from these methods as a
kinetic curve allows measurement of the dynamic nature of proteins in a living system, such as the
production and clearance (turnover) of a protein, in order to better understand both the physiological
mechanisms of the protein, as well as pathophysiological changes in a disease setting.

Our method allows for the quantitation of sAPPβ and sAPPα using highly speci�c antibodies to initially
isolate each protein of interest and then the highly sensitive LC/tandem MS approach is used to quantify
a common mid-domain APP peptide which not only occurs in both proteins but is found in all three APP
isoforms from which sAPPβ and sAPPα may arise after proteolytic processing. The LC/tandem MS
method is incredibly robust and reproducible. The precision of the assay (< 3–5%) is much better than
traditional methods (typical %CV < 20%) when samples are assayed a year apart and the instrument had
undergone maintenance and consumables from varying lots were used. Additionally, we report that
absolute concentrations of sAPPβ and sAPPα can be calculated using internal standards and IP/MS with
our approach. Previous studies using various immunoassay techniques (in-home ELISAs, IBL ELISAs and
MSD assays) have reported a wide range of concentrations of these proteins in human CSF (sAPPβ = 
50–1600 ng/mL and sAPPα = 35–2200 ng/mL) 10,19−21. Our reported values are 1.4–1.8-fold higher than
the upper end of the range for both analytes. This large range found in past studies, as well as our current
reported values being higher, may be attributed to various sources of antibodies and
calibrators/standards used between assays, as well as different stocks of antibodies and calibrators
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within the same assay. Concentrations may also vary based on amyloid status of a subject as well as the
time of day the CSF was collected10.

Our experiments show that the newer-generation QqQ, the TSQ Altis, has signi�cantly better signal-to-
noise ratio and thus, kinetic curves generated on the Altis are smoother and not erratic when compared to
samples measured on the Quantum Ultra. The Ultra, additionally, had much higher variability on repeat
injections. Going forward with future studies, we utilized the Altis, due to its superiority.

We also show that CSF used to measure sAPP analytes may be processed by two different Aβ
immunoprecipitation protocols and the results for sAPP kinetics do not vary signi�cantly. We intend to
measure the metabolism of sAPPβ and sAPPα in 100 human subjects whose CSF had previously been
immunoprecipitated for Aβ by HJ5.1 (and a small subset by 21F12/2G3) using this reported method and
combine these results with historically available Aβ kinetics for these subjects to better understand the
APP processing in healthy humans as well as determine important changes in the whole system that
occur in the setting of AD.

This approach using our method could potentially be used to determine how to dose therapies for
individual clinical trial participants, as well as monitor therapeutic effects. In addition, in vivo CSF sAPPβ
and sAPPα kinetics could reveal novel insights into pathophysiological mechanisms of AD, such as
increased BACE1 processing and potential for decreased α-secretase processing of APP22.

This method could further be modi�ed and applied to study the metabolism of non-APP BACE1
substrates, that have been implicated in chronic adverse events, such as cognitive decline, reported in
Phase III BACE1 inhibitor clinical trials23–25. BACE1 cleavage of neural cell adhesion molecules, L1 and
neural cell adhesion protein close homolog of L1 (CHL1), appears to play a role in synaptic plasticity and
learning26–27. Conditional BACE1 knockout mouse studies reported defects in axonal organization
correlated with a reduction in the BACE1-mediated cleavage of CHL128. Another mouse study reported
that Seizure protein 6 (SEZ6) maintains normal dendritic spine dynamics and suggests that aberrations
to BACE1-mediated cleavage of SEZ6 upon BACE1 inhibition results in alterations to synaptic function29.
The adverse effects reported in the clinical trials may be a result of over-inhibition of BACE1 that
negatively affects the processing of non-APP substrates. Thus, �nding a BACE1 dose that doesn’t alter
the cleavage and turnover of these other substrates to a degree that impairs cognition, but still inhibits
the β-pathway of APP enough to prevent symptoms of AD, is paramount.

Lastly, our method could be applied to study the unique setting of AD in the Down syndrome (DS)
population. Although the gross pathological hallmarks of AD in DS are similar to late-onset AD (LOAD)
and DIAD, there are critically important differences in the genetic mechanisms that result in this disease.
In DS, there is an extra copy of chromosome 21, and, thereby, an additional copy of the APP gene, located
on this chromosome30. Therefore, an overproduction of APP, and consequently of its cleavage products,
is a lifelong process31. The additional copy of APP complicates pharmacokinetic and pharmacodynamic
analyses when standard static measures of proteins are utilized to study the mechanisms underlying the
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development of AD in this population. Thus, kinetic analyses of sAPPβ and sAPPα employing our
described method may prove to be bene�cial when applied to DS.

Methods

Stable Isotope Labeling by Amino Acids in Cell Culture
(SILAC)
Human H4 neuroglioma cells stably transfected with human APP695 (H4-APPwt; courtesy of T.E. Golde,
University of Florida, Gainesville) were cultured in Dulbecco’s Modi�ed Eagle Medium (DMEM) (Gibco
10% dialyzed Fetal Bovine Serum (Gibco), penicillin G and streptomycin (Pen-Strep) (Gibco) and Zeocin
(Invitrogen). Cells were split into six �asks evenly and cultured till near con�uency. After rinsing with 1X
PBS (Gibco), media was switched to the labeled variant. Labeled media was made with SILAC DMEM
devoid of L-Lysine, L-Arginine and L-Leucine (Gibco) with Pen-Strep and Zeocin (FBS-free). L-Lysine-HCl
for SILAC (Thermo Scienti�c) and L-Arginine-HCl for SILAC (Thermo Scienti�c) were added back into the
media at the concentrations found in DMEM. Media was split into six equal volumes, and Leucine was
added back in at the concentration found in DMEM, with varying percentages of 12C-Leucine: L-Leucine
for SILAC (Thermo Scienti�c) and 13C-Leucine: L-Leucine 13C6, 99% (Cambridge Isotope Laboratories,

Inc.) to make six medias with 
13C −Leucine

13C −Leucine +12C −Leucine  = 0 (100% 12C-Leucine), 1.25, 2.5, 5, 10, and

20%. Cells were cultured in these media for 24 h after which media was collected, �ltered and stored in
aliquots at -80°C. The data herein is represented as the ratio of the labeled daughter ions to the unlabeled
daughter ions (L/U) so the standards of 0, 1.25, 2.5, 5, 10, and 20% correspond to 0, 1.27, 2.56, 5.26,
11.11, and 25%.

Antibody Bead Conjugation for Immunoprecipitation
Mrk61, a neo-epitope speci�c anti-sAPPβ rabbit monoclonal antibody (courtesy of Merck Research
Laboratories), was generated and its speci�city was previously characterized15,16. The puri�ed antibody
was conjugated with CNBr-activated Sepharose 4B beads (GE Healthcare) according to the
manufacturer’s protocol, reconstituted into a 50% slurry of PBS containing 0.02% sodium azide and
stored at 4°C.

Puri�ed W0-2 (courtesy of Merck Research Laboratories) was added to activated CNBr-Sepharose (1%
w/w) pre-equilibrated in cold coupling buffer (0.1 M bicarbonate pH 7.6, 0.5 M NaCl) and incubated for 2
hours with gentle mixing. Upon washing with coupling buffer, unoccupied binding sites were blocked for
2 hours with 1 M ethanolamine, pH 8.0. Beads were washed with three cycles of 90 mL cold 0.1 M
acetate pH 4.0 and 90 mL cold 0.1M tris pH 8.0 to remove uncoupled protein. The beads were further
washed and stored (4°C) in PBS containing 0.02% sodium azide.

Regulatory Compliance
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The collection of CSF for human studies took place at the Washington University School of Medicine in
St. Louis and was approved by the Washington University Human Studies Committee and the General
Clinical Research Center Advisory Committee. The study was performed in accordance with guidelines
and regulations. All participants completed informed written consent.

CSF Collection and Sample Preparation
CSF used for this study was banked at the Bateman Laboratory at Washington University and had been
previously utilized for other studies. The CSF was initially collected from human participants under the
approval of the Washington University Human Studies Committee and the General Clinical Research
Center (GCRC) Advisory Committee. Written, informed consent was obtained from all participants prior to
enrollment. Participants were infused with a bolus of 3mg/kg L-[U-13C6] leucine for 10 min, followed by a
constant infusion (2mg/kg/h) for 8 h 50 min. CSF was collected hourly for 36 hours (�rst CSF draw
occurred between 8–9:30AM) through an indwelling intrathecal lumbar catheter placed between the L3
and L4 interspace or between the L4 and L5 interspace. Upon collection, CSF was immediately frozen and
stored at -80°C as previously described32. Prior to this study, aliquots of 1 mL CSF from each collection
time-point were thawed and immunoprecipitated at 4°C with HJ5.1 antibody (Washington University, St.
Louis, MO) to isolate Aβ as described in previously17. CSF time-courses from a small subset of subjects
underwent a serial immunoprecipitation with 21F12/2G3 antibodies in lieu of HJ5.1 immunoprecipitation
as described previously18.

The supernatant, now devoid of Aβ, was removed and was frozen and stored at -80°C until this study was
initiated. To isolate APP proteolytic products, CSF from a baseline sample of hour 7 during the time-
course, as well as the even hours between hours 8–36 of the study, were thawed at 4°C. 500 µL of CSF
was used for the study and 500 µL of 1X Phosphate Buffered Saline (PBS) was added to the CSF to bring
the starting volume to 1000 µL. A set of H4-APPwt media isotopic enrichment standards (1000µL each of

MFL 0, 1.25, 2.5, 5, 10, and 20% 13C6-Leucine) was processed alongside each set of CSF. To each aliquot
Tween20 (Sigma Aldrich) was added such that there was 0.05% Tween20 in the �nal volume to be
immunoprecipitated. Protease inhibitors were added for a �nal sample concentration of 183 ng
Leupeptin/mL (Sigma-Aldrich) and 365 ng Aprotinin/mL (Sigma-Aldrich). 75 ng of [U:15N]-sAPPβ
(Biologics Corp) was spiked into each sample. CSF was serially immunoprecipitated to separately isolate
sAPPβ and sAPPα in a method modi�ed from the previously reported protocol14 in which the following
antibodies were previously used to isolate the two proteins from rhesus monkey CSF. Samples were
incubated with Mrk61 antibody bead slurry (65 µL for CSF and 100 µL for media standards) and rotated
overnight (approximately 22h) at 4°C. Supernatants were collected the following day and 75 ng of [U:15N]-
sAPPα (Biologics Corp) was spiked into each sample. Samples were subsequently incubated with 30µL
W0-2 antibody bead slurry and rotated overnight (approximately 22h) at 4°C. W0-2 antibody is often
utilized as an Aβ peptide detection antibody, however, we took advantage of the antibody epitope (aa 5–8
of Ab)33 being located at the N-terminus of the sAPPα sequence and thus having the capability of also
pulling down sAPPα. Post-immunoprecipitation Mrk61 beads bound to sAPPβ, and subsequently post-
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immunoprecipitation W0-2 beads bound to sAPPα, underwent on-bead tryptic digest with Trypsin Gold
(Promega) for approximately 20 h at 37°C while shaking. Resultant peptides were desalted using C18
spin columns (Pierce) and eluted with 70% acetonitrile (ACN). Eluents were dried in a rotary evaporator
(Savant SPD111) at room temperature and resuspended in 20µL 0.2% tri�uoracetic acid (TFA) for all
Mrk61 samples as well as for the W0-2 CSF. W0-2 media standards was resuspended in 30µL 0.2%
tri�uoracetic acid (TFA). For experiments utilizing LysN (Pierce), 5ng MS-grade LysN was added in lieu of
Trypsin.

Protein Electrophoresis/Western Blotting
CSF samples prior to immunoprecipitation and the supernatant, following immunoprecipitation with
either Mrk61 or W0-2, was prepared for gel electrophoresis/western blotting by removing ~ 2% of the full
sample. This sample was added to NuPage LDS sample buffer (Invitrogen) with β-mercaptoethanol
(Sigma Aldrich) and boiled for 10 min at 95°C. Equivalent volumes of sample were loaded into wells of a
NuPage 4–12% Bis-Tris gel (Invitrogen) and MOPS buffer (Invitrogen) was used. The gel was run at 200V.
The proteins were transferred onto a PVDF membrane (Fisher Scienti�c) by a wet transfer utilizing 1X
Tris-Glycine Transfer Buffer with 20% Methanol. Transfers occurred overnight (~ 18 h) at 4°C. PVDF
membranes were blocked with Superblock (Pierce) in TBS for 1 h at room temperature (RT). Dilutions of
primary antibodies Mrk61 (Merck) 15,16 and 6E10 (BioLegend)34 were made in 10% PBS blocking buffer
(Pierce) in PBS-T and incubated with membranes at RT for 1 h. Membranes were rinsed in PBS-T.
Secondary antibodies (goat anti-rabbit IgG antibody and horse anti-mouse IgG antibody, respectively)
(Vector Laboratories) were diluted in 10% PBS blocking buffer in PBS-T and incubated with membranes
for 1 h at RT, followed by PBS-T rinses. For Mrk61 blots, SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher) was used to develop. For 6E10 blots, standard SuperSignal Substrate (Thermo
Fisher) was used for development. Blots were developed using the FluorChem R Imaging System
(ProteinSimple).

MesoScale Discovery (MSD) Assay
Prior to and after immunoprecipitation the CSF samples and post-IP supernatant (following
immunoprecipitation with either Mrk61 or W0-2) were prepared for protein concentration analysis utilizing
a 96-well Multi-Spot sAPPα/sAPPβ Assay (MSD). A plate was blocked with Blocker A solution (MSD) for
1.5 h at RT with shaking and washed with 1X Tris buffer. Samples were diluted 35-fold in Diluent 35
(MSD). Samples and calibrators were loaded onto the plate at a 25 µL volume and incubated at RT with
shaking for 1h. Plates were washed with 1X Tris buffer and detection antibody from the kit was added per
MSD protocol instructions and incubated at RT with shaking for 1 h. Plates were washed again with 1X
Tris buffer. 1X Read Buffer was added to the wells and the plate was incubated without shaking for 10
min and was read using a Sector S600 imager (MSD).

Liquid chromatography/Mass Spectrometry
Samples were run on the nano liquid chromatography (nanoLC)-triple quadrupole (QqQ) mass
spectrometer: UltiMate 3000 RS nanoLC-TSQ Altis (Thermo Fisher Scienti�c). An autosampler was
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interfaced with the liquid chromatography system and samples were kept chilled at 8°C on the
autosampler until injection. The TSQ Altis was equipped with a New Objective (Littleton, MA) nanospray
ionization (NSI) source. Some experiments were performed on a Thermo Quantum Ultra QqQ (an older
generation instrument) as a comparative test of the two instruments. In this case, the LC and
autosampler systems and all other parameters were kept constant. Volume injected for CSF sample
aliquots was 4µL. For media isotopic enrichment standards, injection volumes were as follows: 4µL for
sAPPβ standards and 2µL for sAPPα standards. Samples were injected in duplicate (and occasionally in
triplicate) onto a New Objective Picochip analytical column that had a 105mm length bed, an internal
diameter (ID) of 75 µm, tip size of 15 µm and packed with H080 ProntoSIL C18-Aq 3µm 200A media. The
LC was run on a 300nL/min �owrate over the course of a 30-minute gradient. Mobile Phase A was 0.1%
Formic Acid (FA) and mobile phase B was 0.1% FA, 80% ACN/20% water. The gradient was 1% B for the
initial 5 min and then increased from 1% B to 95% B from 5–15 min. It remained at 95% B from 15–23
min and then dropped from 95% B to 1% B between 23–24 min. The system re-equilibrated at 1% B from
24–30 min.

The SRM experiment took place between 10–18 min and was run with the instrument in positive polarity.
Cycle time was 0.7 sec and the collision pressure gas setting was 1.5 mTorr. Q1 and Q3 resolutions were
both set at 0.7 FWHM. The RF Lens setting was 90 V. The parent ions monitored were m/z = 687.828++
(12C-VESLEQEAANER) and 690.838++ (13C-VESLEQEAANER) (Supplementary Table S6). The daughter
(product) ions monitored for 12C-VESLEQEAANER were b3 = 316.1503+, y10 = 1146.5386+, y9 = 
1059.5065+, y8 = 946.4225+, y7 = 817.3799+, y6 = 689.3213+, and y5 = 560.2787+. The daughter
(product) ions monitored for 13C-VESLEQEAANER were b3 = 316.1503+, y10 = 1152.5587+, y9 = 
1065.5267+, y8 = 946.4225+, y7 = 817.3799+, y6 = 689.3213+, and y5 = 560.2787+.

Data Analyses
Raw data generated through LC/tandem MS was imported into Skyline 21.1.0.146 (Univ. of Washington),
normalized to the media isotopic enrichment standards and analyzed within the program. Seven b- and y-
ions were used for quantitation from the 12C-VESLEQEAANER peptide, seven corresponding b- and y-ions
were used for the 13C-VESLEQEAANER peptide, and 7 corresponding ions were used for
[U:15N]VESLEQEAANER. The ratio of the labeled (13C) daughter ions to the (12C) unlabeled daughter ions
(L/U) was calculated at each data point along the time-course. The median of replicates was quanti�ed
and used to generate a raw kinetic curve. Each data point was also normalized to the corresponding
standard curve that was run in parallel with the CSF time-course and normalized time-courses were also
plotted. Absolute concentrations were measured by taking the sum of 12C and 13C peak areas and
normalizing to [U:15N] peptide peak area. Raw data, as well as normalized results, were exported into
custom-designed Excel (Microsoft) sheets for further analyses. Standard error of the mean (SEM) or
standard deviation (Stdev) were calculated for replicates. Coe�cient of variation (CV (%)) was calculated
to determine precision when comparisons were made.
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Figures

Figure 1

APP695 isoform sequence and Antibody E�ciency. A) Red arrows point to the BACE1 cleavage sites (β-
site is the predominant cleave location, with the β’ site being a signi�cantly lesser contributor). Green
arrows show the α-secretase cleavage sites (α’ is a signi�cantly lesser contributor). Purple arrows show γ-
secretase cleavage sites, that, if preceded by BACE1 cleavage at the β cleavage site, would result in Aβ38,
Aβ40, or Aβ42, respectively. Mrk61 antibody recognizes the neo-epitope of sAPPβ (-KM bolded red),
whereas W0-2 antibody recognizes a short sequence C-terminal to the β-secretase cleavage location,
which is only located in sAPPα or Aβ (bolded green). The APP mid-domain tryptic peptide quanti�ed by
MS is shown in bolded blue. It is a peptide common to both sAPPβ and sAPPα. Panel created with
BioRender.com. B) E�ciency of Mrk61 immunoprecipitation showing sAPPβ in the starting material and
in the supernatant of the sample after IP. Original full blot is presented in Supplementary Figure S5. C)
E�ciency of W0-2 immunoprecipitation showing sAPPα in the starting material and in the supernatant of
the sample after IP. Original full blot is presented in Supplementary Figure S5. D) Percentages of sAPPβ
and sAPPα (from starting material) remaining in supernatants of the serial immunoprecipitation as
measured by MSD.

Figure 2

Parent and daughter ions of peptides measured in the SRM experiment on the TSQ Altis. A) The parent
ions monitored were m/z=687.828++ (12C-VESLEQEAANER), 690.838++ (13C-VESLEQEAANER) and
696.3032+ ([U:15N]VESLEQEAANER) and elute at the identical retention time (RT). B) The transitions for
the 12C-VESLEQEAANER daughter ions are shown to stack at the same RT. The panel below shows the
m/z of the b- and y-ions monitored in blue. C) The transitions for the 13C-VESLEQEAANER daughter ions
are shown to stack at the same RT. The panel below shows the m/z of the b- and y-ions monitored in
blue. D) The transitions for the [U:15N]VESLEQEAANER daughter ions are shown to stack at the same RT.
The panel below shows the m/z of the b- and y-ions monitored in blue.
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Figure 3

sAPPβ and sAPPα raw kinetic curves. A sample subject’s kinetic curves of sAPPβ (red) and sAPPα (green)
are represented by raw data (Labeled/Unlabeled (%)) at each data point during the 36h CSF collection
period. Error bars represent SEM with the data point comprising an average value of duplicate or triplicate
injections of a single time-point sample.
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