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In Brief
SysQuan is a novel approach
that enables cost-effective
absolute quantitation in MS-
based proteomics by
repurposing SILAC mouse
tissues as system-wide internal
standards for human samples.
This method allows
quantification of up to two-thirds
of the human proteome,
enhancing data comparability
across labs, studies, and time
points. SysQuan overcomes cost
barriers associated with
traditional SIL standards, making
large-scale absolute quantitation
feasible and improving data
reusability in population-wide
and longitudinal studies.
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RESEARCH ARTICLE COLLECTION: ADVANCES IN PROTEOMICS TECHNOLOGY
Highlights
• SysQuan enables large-scale absolute quantitation using SILAC mouse tissues.• SysQuan quantifies 70% of liver proteome and 31% of plasma proteome in human samples.• We demonstrate that absolute quantification is possible using 14 metabolic proteins.• Cost-effective method enables quantifying 1000s of targets in 1000s of samples.• SysQuan enhances cross-study comparability and data reusability at scale.
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SysQuan: Repurposing SILAC Mice for the
Cost-Effective Absolute Quantitation of the
Human Proteome
Yassene Mohammed1,2,3, Vincent R. Richard1, M. Immanuel Reyes Madlangsakay4,
Ying Lao4 , Victor Spicer4, Robert Popp5, Claudia Gaither5,6, Laura Hennecken7,
Wolfgang Kleinekofort7 , René P. Zahedi4,8,9,10,* , and Christoph H. Borchers1,2,11,12,*
Relative quantitation, used by most mass spectrometry-
based proteomics laboratories to determine protein fold-
changes, requires samples being processed and
analyzed together for best comparability through mini-
mizing batch differences. This limits the adoption of mass
spectrometry-based proteomics in population-wide
studies and the detection of subtle but relevant changes
in heterogeneous samples. Absolute quantitation circum-
vents these limitations and enables comparison of results
across laboratories, studies, and over time. However, high
cost of the essential stable isotope labeled (SIL) standards
prevents widespread access and limits the number of
quantifiable proteins. Our new approach, called “Sys-
Quan”, repurposes SILAC mouse tissues/biofluids as
system-wide internal standards for matched human
samples to enable absolute quantitation of, theoretically,
two-thirds of the human proteome using 157,086 shared
tryptic peptides, of which 73,901 with lysine on the c ter-
minus. We demonstrate that SysQuan enables quantifi-
cation of 70% and 31% of the liver and plasma proteomes,
respectively. We demonstrate for 14 metabolic proteins
that abundant SIL mouse tissues enable cost-effective
reverse absolute quantitation in, theoretically, 1000s of
human samples. Moreover, 10,000s of light/heavy dou-
blets in untargeted SysQuan datasets enable unique
postacquisition absolute quantitation. SysQuan empowers
researchers to replace relative quantitation with afford-
able absolute quantitation at scale, making data compa-
rable across laboratories, diseases and tissues, enabling
completely novel study designs and increasing reusability
of data in repositories.
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Proteins play a crucial role in health and disease and
comprise the majority of disease biomarkers and drug targets.
Mass spectrometry (MS) enables proteome-wide identification
and (relative) quantitation of proteins with high sensitivity,
precision, and unmatched specificity in virtually any type of
sample, from mummies to human tissue biopsies. Conse-
quently, MS-based proteomics has become the most impor-
tant tool for biological discovery, with applications ranging
from systems biology to biomarker candidate discovery.
Although, in recent years throughput and depth of MS-

based proteomics approaches have considerably increased
while concurrently cost per sample has been reduced (1), (pre)
clinical studies continue to rely mainly on genomics ap-
proaches to study larger patient sample cohorts. One major
reason why the impact of MS-based proteomics on large-
scale studies is clearly lagging behind its unmatched poten-
tial to reflect actual disease phenotypes is that most
laboratories exclusively employ relative quantitation to
determine fold-changes in protein abundance between sam-
ples. This is because of the ease of use of relative quantifi-
cation methods, but also due to it being cost-effective.
However, relative quantitation works best for a limited number
of samples, which ideally are processed and analyzed
together on the same LC-MS system. Once the number of
samples increases and sample collection, preparation, mea-
surement batches are introduced relative quantification suf-
fers from considerable batch-effects that contradict the goals
of low-abundance biomarker detection and target identifica-
tion in heterogeneous patient populations.
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SysQuan—Affordable Absolute Quantitation
Large-scale studies with 100s to 1000s of samples require
quantitative reproducibility that can eventually cover data
generation across different laboratories, instruments, as well
as longitudinal measurements. To date, these requirements
can only be met by absolute quantitation where protein con-
centrations are determined in individual samples using stable
isotope labeled (SIL) internal standards (2). Spiking defined
amounts of SIL peptides into samples enables quality control
of the entire analytical workflow, including monitoring changes
in instrument performance, and thus determining protein
concentrations with maximum specificity and precision that
can be compared across laboratories and platforms, between
studies, and over time (3).
Targeted MS using multiple reaction monitoring (MRM)—

also known as selected reaction monitoring—on triple-
quadrupole mass spectrometers is the “gold standard” for
absolute quantitation, particularly in clinical settings (4, 5).
However, having at least one SIL peptide for each target
protein that is individually synthesized, purified, and charac-
terized (for purity and quantity), drastically increases cost. The
high cost of SIL peptides confine this powerful technology to a
few applications and a few expert labs that mostly measure
small protein panels, even though the feasibility of precise
quantitation of 100s of proteins using highly multiplexed MRM
has been demonstrated (6, 7). Consequently, MS-based pro-
teomics is clearly dominated by more cost-efficient relative
quantitation, which, apart from the abovementioned limita-
tions, also lacks the precision to identify small but biologically
relevant changes in protein abundance.
We present SysQuan—a novel strategy for cost-effective

system-wide absolute quantitation of human proteins that
we anticipate to reshape quantitative proteomics field. Sys-
Quan enables determining precise concentrations for 1000s of
proteins by exploiting the genetic proximity between humans
and mice, with 99% of all human genes having homologs in
the mouse genome. Homologous proteins in mice and
humans may not have identical amino acid sequences, but
they often share identical sequence stretches that are
essential to protein function. We hypothesized that this pro-
teomic proximity enables replacing costly SIL peptides with
system-wide internal standards derived from SIL tissues that
can be extracted in large quantities from SILAC (stable isotope
labeling by amino acids in cell culture) mice (8). Matched
“light” human and “heavy” SIL mouse tissues can be pooled,
and after codigestion peptides that are shared between
humans and mice will generate light/heavy peptide pairs with
defined mass shifts (doublets), just like with spiked-in SIL
peptides or in conventional SILAC experiments.
We believe that the approach we are presenting here with

SysQuan as a proteome-wide internal standard paves the
way to MS-based large-scale proteomics studies with their
unmatched precision and specificity to complement geno-
mics and address the genotype phenotype disconnect
(9–11).
EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale

We chose one human liver and one human plasma sample to
experimentally confirm the in-silico predicted utility of SysQuan. The
goal was to identify SILAC doublets representing human proteins that
can be quantified by using corresponding SILAC mouse standards. To
demonstrate the reproducibility of the approach, we performed the
entire workflow for liver in two different laboratories, using different
sample preparation protocols and different LC-MS instrumentation for
the analysis. The obtained human:mouse (light:heavy) SILAC ratios of
10,000s of human peptides showed a good agreement between sites.
This is in line with studies comparing targeted MS workflows across
laboratories, but on a much wider scale.

To demonstrate that SysQyan enables absolute quantitation of
human proteins, we first determined the concentrations of 14 proteins
in the SILAC mouse liver using classical targeted MRM with charac-
terized light synthetic peptide standards, and then used this charac-
terized SIL mouse liver standard to quantify the same proteins in the
light human tissue.

Human and SILAC Mouse Materials

Human plasma was purchased from BioIVT (Westbury) and ob-
tained in K2-EDTA vials and stored at −80 ◦C until use (Western
Institutional Review Board–WIRB number 20161665). Plasma samples
were from healthy donors (aged 18–50 years), who provided informed
consent, in accordance with the Declaration of Helsinki. Fresh-frozen
normal-adjacent liver tissue from an adult human donor with hepa-
tocellular carcinoma (male, 53 years old) was also obtained from
BioIVT. Informed consent for the use of the samples in research was
provided by the patients. Isotopically labeled mouse plasma and
fresh-frozen liver samples were acquired from Silantes GmbH, product
numbers 252923900 and 252923905. The labeling was performed in
C57BL6 mice fed 13C-lysine (K + 6) containing chow over six gener-
ations and was confirmed by the vendor to have 97% incorporation of
K + 6 (Silantes GmbH). Silantes has stated that the mouse tissues
“comply with German and European ethical guidelines for animal
research, including EU Directive 2010/63/EU and the German Animal
Welfare Act (Tierschutzgesetz). The tissues also adhere to the regu-
lations set by the relevant German authorities such as the Regier-
ungspräsidium and local animal welfare committees.”

Plasma Sample Preparation

Human and mouse plasma samples were depleted of the top 14
most abundant plasma proteins using High Select Top14 abundant
protein depletion columns (Thermo Fisher Scientific), in order to
reduce the dynamic range of the plasma proteome, and maximize the
depth of proteome coverage. Depleted mouse and human plasma
samples were pooled 1:1 and subsequently diluted in protein dena-
turation buffer (5% SDS, 100 mM Tris pH 8.5, and 10 mM tris(2-
carboxyethyl)phosphine [TCEP]) and heated to 60 ◦C for 30 min.
Proteins were reduced in 10 mM TCEP, alkylated with 20 mM
iodoacetamide (IAA), and digested with trypsin (Sigma-Aldrich) at a
1:10 enzyme:substrate ratio (approximately 5 μg of trypsin to 50 μg of
depleted plasma protein) at 37 ◦C for 16 h using S-TRAP micro car-
tridges (ProtiFi LLC). Proteolysis was stopped with formic acid (FA;
0.5% v/v), and the resulting tryptic peptides were lyophilized to dry-
ness prior to offline fractionation (detailed below).

Liver Tissue Homogenization

Human (JGH) and mouse (Silantes) fresh-frozen liver samples were
cryohomogenized using a prechilled (liquid nitrogen) mortar-and-
hammer pestle. Homogenates were transferred to protein
Mol Cell Proteomics (2025) 24(6) 100974 2



SysQuan—Affordable Absolute Quantitation
low-binding Eppendorf tubes containing protein extraction buffer (5%
SDS, 100 mM Tris pH 8.5, and 10 mM TCEP) and subjected to probe-
based ultrasonication (Thermo Sonic Dismembrator) and heating to
95 ◦C for 10 min. Liver lysates were clarified by centrifugation (21000g,
5 min) and approximately 5% of the sample was reserved for protein
concentration determination by bicinchoninic acid (BCA) assay–(NAT)
(Thermo/Pierce).

Liver SysQuan/University of Manitoba (U of M)

Light human and heavy mouse liver lysate were mixed 1:1 to
generate a 100-μg human/mouse protein mix. Disulfide bonds were
reduced in 10 mM DTT for 30 min at 60 ◦C followed by alkylation in
30 mM IAA for 45 min at room temperature in the dark. Proteolytic
digestion was performed using single-pot solid-phase-enhanced
sample preparation (SP3) (12). Prior to SP3, two types of
carboxylate-modified Sera-Mag Speed beads (GE Life Sciences)
were combined 1:1 (v/v), rinsed, and reconstituted in water at a
concentration of 20 μg solids/μl. Ten microliters of the prepared
bead mix were added to the lysate, and samples were adjusted to
pH 7.0 using Hepes buffer. To promote proteins binding to the
beads, acetonitrile (ACN) was added to a final concentration of 70%
(v/v) and samples were incubated at room temperature on a tube
rotator for 18 min. Subsequently, beads were immobilized on a
magnetic rack for 1 min. The supernatant was discarded, and the
pellet was rinsed twice with 200 μl of 70% ethanol and once with
200 μl of 100% ACN while on the magnetic rack. The rinsed beads
were resuspended in 115 μl of 50 mM Hepes buffer (pH 8.0) sup-
plemented with trypsin/LysC (Promega) at an enzyme-to-protein
ratio of 1:25 (w/w) and incubated for 16 h at 37 ◦C. Peptide con-
centration was determined using Pierce Quantitative Fluorometric
Peptide Assay (Thermo Fisher Scientific).

Offline High pH Reversed-phase Fractionation–An Agilent 1100
series LC system with UV detector (214 nm) and a 1 mm × 100 mm
Gemini C18, 5 μm column (Phenomenex) were used for reversed-
phase fractionation at pH 10. Both eluents (a) water and b (1:9 wa-
ter: ACN) contained 20 mM ammonium formate at pH 10. Both eluents
— (a) water and b (1:9 water: ACN) — contained 20 mM ammonium
formate pH 10. A linear gradient from 0.1 to 34% eluent B in 100 min
was delivered at flow rate of 150 μl/min. A 65-μg aliquot of the liver
digest was injected and 80 1-min fractions were collected (between 10
and 90 min) and combined into 40 fractions to provide optimal sep-
aration orthogonality. These fractions were lyophilized and resus-
pended in 0.1% FA.

Liquid Chromatography-Tandem Mass Spectrometry–Per fraction,
1 μg of total peptide was analyzed on an Orbitrap Exploris 480
(Thermo Fisher Scientific) coupled to an Easy-nLC 1000 (Thermo
Fisher Scientific) equipped with a C18 (Luna C18(2), 3 μm particle size
(Phenomenex)) column packed in-house in PicoFrit(100 μm × 30 cm)
capillaries (New Objective). Peptides were separated using a binary
gradient with (a) 0.1% FA and (b) 0.1% (v/v) FA in 80% ACN (LC-MS
grade), ramping from 0 to 5% B over 3 min, 5 to 7% B over 2 min, 7 to
25% B over 84 min, 25 to 60% B over 15 min, 60 to 95% B over 1 min
at a flow rate of 300 nl/min. The Orbitrap Exploris 480 instrument was
operated in data-dependent acquisition (DDA) mode. Spray voltage
was set to 2.4 kV, funnel RF level at 40, and the heated capillary at
275 ◦C. Survey scans covering the m/z 380 to 1500 were acquired at a
resolution of 90,000 (at m/z 200), with a maximum ion injection time of
50 ms, and a normalized automatic gain control target of 300%. This
was followed by MS2 acquisition at a resolution of 30,000, selected
ions were fragmented at 30% normalized collision energy, with in-
tensity threshold kept at 2e4. Automatic gain control target value for
fragment spectra was set to 100%, with a maximum ion injection time
3 Mol Cell Proteomics (2025) 24(6) 100974
set to auto and an isolation width set at 1.6 m/z. Dynamic exclusion of
previously selected ions was enabled for 30 s, charge state filtering
was limited to 2 to 6, peptide match was set to preferred, and isotope
exclusion was on.

Liver SysQuan/McGill

Fresh-frozen human and mouse liver samples were cryo-
homogenized using a prechilled mortar and hammer pestle. Homog-
enates were transferred to protein low binding Eppendorf tubes
containing protein extraction buffer (5% SDS, 100 mM Tris pH 8.5,
and 10 mM TCEP) and subjected to probe-based ultrasonication
(Thermo Sonic Dismembrator) and heated to 95 ◦C for 10 min. Liver
lysates were then clarified by centrifugation (21Kg, 5 min) and
approximately 5% of the sample was reserved for protein concen-
tration determination by BCA assay. Protein extracts were reduced
and alkylated with 10 mM TCEP and 40 mM IAA, respectively and an
equivalent of 200 μg of liver lysate was digested with trypsin (Sigma-
Aldrich) at a 1:10 enzyme to substrate ratio at 37 ◦C for 16 h using S-
TRAP micro cartridges (ProtiFi LLC). Proteolysis was stopped with FA
(0.5% v/v) and resulting tryptic peptides were lyophilized to dryness
prior to offline fractionation. Subsequently, 50 μg of resultant protein
digests were then pooled 1:1 (100 μg total) and subjected to offline
high pH reversed phase separation.

Offline High pH Reversed-Phase Fractionation–To further increase
the depth of coverage, we performed offline high-pH reversed-phase
fractionation using an Agilent 1290 fraction collection system. Pep-
tides were separated using a Waters XBridge peptide C18 column
(2.1 × 150 mm and 2.1 μm particle), and peptides were separated
using a binary gradient of (a) 10 mM ammonium formate (pH 10) and
(b) acetonitrile with 10 mM ammonium formate from 0% to 80% B
over 48 min at flow rate of 400 μl/min with fractions collected every
30 s. Wells corresponding to fractions separated by 24 min or 48
fractions (i.e., well positions 1 + 49, 2 + 50, 3 + 51, and so on from left
to right) were pooled and vacuum concentrated for a total of 48
fractions.

LC-MS/MS–Fractions from offline high-pH separation were
reconstituted in 0.1% FA and analyzed by DDA using an Evosep One
LC system (30SPD, EV1137 column at 45 ◦C) coupled to a Bruker
timsTOF HT mass spectrometer. Briefly, samples were acquired in
DDA mode using 10 parallel accumulation serial fragmentation
(PASEF) ramps scanning between 100 to 1700 m/z (method cycle time
was approximately 1.1 s) (13). The capillary voltage was set to 1.6 kV,
dry gas was 3.0 L/min, and temperature was set to 180 ◦C. +2 and + 3
charged peptides were selected based on their ion mobility values
(0.6–1.6 1/k0). Precursors selected for ms/ms were dynamically
excluded for 0.4 min.

Data Processing and Analysis for Untargeted Acquisition

For each individual sample set (plasma, liver McGill, liver University
of Manitoba (UofM) all raw data were searched using MSFragger
embedded within the FragPipe (v21.1) interface (https://fragpipe.
nesvilab.org/). In order to exclusively detect the shared peptides, the
data were searched against the canonical human proteome down-
loaded from UniProtKB (UP000005640, downloaded on May 2024
containing 20,467 protein sequences). The FASTA file was supple-
mented with reverse decoy sequences and common contaminants
using FragPipe. Searches were performed using default settings with
labeled Lys (K + 6.020129 Da) set as a variable modification and
including precursor quantitation based on SILAC with the following
label types: light (K + 0) and heavy (K + 6.020129 Da). Other modifi-
cations included variable oxidation on methionine (+15.9949 Da),
variable protein N-terminal acetylation (+42.0106 Da), and fixed

https://fragpipe.nesvilab.org/
https://fragpipe.nesvilab.org/


SysQuan—Affordable Absolute Quantitation
carbamidomethylation on cystine (+57.02146 Da). Precursor mass
lower and upper tolerances were set to −20 and 20 ppm, respectively.
Fragment mass tolerance was set to ±20 ppm. Peptide and protein
false discovery rates were set to ≤1%. Further processing and figure
generation were performed in R using standard analysis and plotting
functions.

Absolute Quantitation of Metabolomic Pathway Proteins

S-TRAP-digests of light human and SIL mouse liver were mixed
1:1 (w/w) based on BCA protein concentrations. A calibration curve
was generated by injecting 0.1, 1, 10, 100, and 1000 fmol, of un-
labeled (NAT) peptides on column for each of the 14 target proteins
in constant SIL mouse liver background. The 14 proteins corre-
sponded to the following genes: ACO1, ASS1, COX7C, DLAT,
GAPDH, GOT1, HADH, NDUFA4, NDUFS4, NDUFV1, NDUFV2,
SLC25A3, SUCLA2, and SUCLG1 (see also Table 1 and
Supplemental Table S1). Next, human/mouse liver mix and the
calibration curve were measured by LC-MRM on an Agilent 6495C
mass spectrometer on-line coupled to an Agilent 1290 HPLC.
Peptides were separated on an Agilent Zorbax Eclipse Plus RP-
UHPLC column (2.1 × 150 mm, 1.8 μm) using a 47-min binary
gradient (A: 0.1% FA; B: 100% ACN) ramping from 2 to 7% B in
2 min, 7%-27.6% B in 43 min, and 27.6 to 80% B in 2 min. A total of
930 MRM transitions were acquired for the 14 light and 14 SIL
peptides using dynamic MRM and 2-min retention time windows,
with minimum and maximum dwell times of 1.62 ms and 71.85 ms,
respectively; the maximum cycle time was 555.59 ms (see
Supplemental Data Table S2). Data were analyzed using Skyline.
Calibration curves were used to calculate target analyte concen-
trations (fmol analyte/μg of liver tissue) in the human liver sample for
TABLE

Absolute quantitation of metabolom

UniProtKB
accession

Gene name Protein name

Q9P2R7 SUCLA2 Succinate–CoA ligase [ADP-forming]
subunit beta

O00483 NDUFA4 Cytochrome c oxidase subunit NDUFA
P15954 COX7C Cytochrome c oxidase subunit 7C
P00966 ASS1 Argininosuccinate synthase
O43181 NDUFS4 NADH dehydrogenase [ubiquinone]

iron-sulfur protein 4
P19404 NDUFV2 NADH dehydrogenase [ubiquinone]

flavoprotein 2
P49821 NDUFV1 NADH dehydrogenase [ubiquinone]

flavoprotein 1
P10515 DLAT Dihydrolipoyllysine-residue

acetyltransferase
component of pyruvate dehydrogenas
complex

P53597 SUCLG1 Succinate–CoA ligase [ADP/GDP-form
subunit alpha

P04406 GAPDH Glyceraldehyde-3-phosphate
dehydrogenase

Q00325 SLC25A3 Solute carrier family 25 member 3
(Phosphate carrier protein)

P21399 ACO1 Cytoplasmic aconitate hydratase
Q16836 HADH Hydroxyacyl-coenzyme A dehydrogen
P17174 GOT1 Aspartate aminotransferase
a given light:heavy peak area ratio (see Supplemental Data Fig. S1).
The absolute quantitation performed corresponds to CPTAC Tier
1 (5).

RESULTS

Over the past 10 years, transformative advancements in
MS-based proteomics have led to a significant boost in
acquisition speed at improved proteome coverage, accom-
panied by a reduction in both required sample input and cost
per sample. While, in the past, the considerable increase in
sample complexity arising from mixing mouse and human
proteomes had been a major challenge, studies involving
“mixed proteomes” such as PDX models (14–16) and meta-
proteomics (17) studies with dozens of microorganisms have
become feasible. It can be expected that the remarkable
progress in proteomics technologies is going to continue,
increasingly driven by single-cell proteomics with its huge
demands for higher throughput, greater sensitivity (18, 19),
and lower cost per sample. To assess the reproducibility and
platform-independence of SysQuan, we performed in-depth
analysis of human/mouse liver in two different laboratories
using different sample preparation workflows and different
LC-MS instruments (McGill and the University of Manitoba
(UofM)) (Fig. 1). As recent reports indicate that a novel hybrid
mass spectrometer enables the analysis of 5000 to 6000
proteins in below 5 min (20), we believe that a similar coverage
1
ic pathway protein components

Peptide
SILAC protein

amount
(fmol/μg tissue)

Endogenous
concentration in
human tissue
(fmol/μg tissue)

ALIADSGLK 3.78 0.74

4 FYSVNVDYSK 24.70 8.09
NLPFSVENK 5.16 1.46
QHGIPIPVTPK 65.44 21.49
LDITTLTGVPEEHIK 2.44 1.02

DIEEIIDELK 2.57 1.17

EAYEAGLIGK 2.55 1.56

e

ISVNDFIIK 3.44 1.94

ing] LVGGTTPGK 6.79 4.23

QASEGPLK 72.86 97.03

FGFYEVFK 9.91 11.48

YQQAGLPLIVLAGK 3.24 3.50
ase AGDEFVEK 10.73 16.41

NLDYVATSIHEAVTK 18.75 46.55

Mol Cell Proteomics (2025) 24(6) 100974 4



FIG. 1. SysQuan feasibility workflow exemplified for liver tis-
sue. Heavy mouse (blue) and light human (red) liver tissue were
homogenized, proteins extracted, and pooled 1:1 (wt/wt). Proteo-
lytic digestion with trypsin was performed using SP3, followed by
offline reversed phase fractionation at pH 10.0. Fractions were
analyzed by LC-MS/MS and light/heavy doublets representing
SysQuan-quantifiable peptides were identified. LC-MS/MS, liquid
chromatography-tandem mass spectrometry.

SysQuan—Affordable Absolute Quantitation
as achieved here with fractionation will be feasible 50-100x
faster in single-shot experiments.

Human-Mouse Proteomic Homology

Mus musculus has high similarity with humans at the mo-
lecular level with 99% of human genes having homologs in the
mouse genome. Furthermore, many proteins in human and
mouse share large part of their sequences. We calculated that
approximately 68% of all human proteins have shared tryptic
peptides in mouse proteome, and 60% with c-terminal lysine
that can be labeled in SILAC mouse (Fig. 2). Due to the argi-
nine catabolism pathway in which arginine is converted to
glutamate and proline, labeling with arginine is not desirable
as it can introduce quantification errors in SILAC experiments.
Despite available solutions to this problem (21–23), these are
impractical, especially on a whole mouse. Thus only heavy
lysine is typically used for SILAC labeling in mouse. Approxi-
mately 157k out of the 455k human tryptic peptides are also
present in mouse, considering 7 to 25 amino acid length. Of
these 73k have lysine on the c terminus. SysQuan exploits this
overlap by using SILAC mouse bio-fluids and tissues to
quantify human biofluids and tissues.
5 Mol Cell Proteomics (2025) 24(6) 100974
The SysQuan-Quantifable Proteome: Liver

Mouse and human liver tissues were cryogenically ho-
mogenized, proteins extracted, and heavy mouse and light
human protein extracts were mixed 1:1 (wt/wt), followed by
reduction and alkylation, and proteolytic digestion with
trypsin. The mouse/human peptide mix was then fractionated
using high pH reversed phase chromatography. This workflow
was performed independently with slight deviations at two
different laboratories where individual fractions were analyzed
by either DDA on an Orbitrap Exploris 480 (40 fractions) or
PASEF-DDA on a timsTOF HT (48 fractions). Both datasets
were processed with identical workflows using the Fragpipe
software suite and SILAC settings.
In total, we identified 59,734 and 115,762 peptide-spectrum

matches in the Exploris and timsTOF datasets, respectively,
corresponding to 50,494 and 76,049 unique human peptide
sequences, and 8323 and 8035 proteins. In the Exploris data,
approximately 50% (23,727) of the unique peptides had light/
heavy pairs corresponding to 5990 human proteins, and
19,004 nonmodified mouse/human peptide pairs corre-
sponded to 5560 unique proteins.
In the timsTOF data, 2/3 (48,760) of the unique peptides had

light/heavy pairs, covering 6987 unique human proteins, and
35,226 nonmodified mouse/human peptide pairs corre-
sponded to 6305 unique proteins.
Focusing on one of the main liver function, metabolism, out

of the 1562 proteins involved in the metabolic pathways (24),
1187 were identified in the liver proteome that we acquired, of
which 1002 were quantifiable with heavy/light pairs.

The SysQuan-Quantifable Proteome: Plasma

Mouse and human plasma were depleted of the top 14 most
abundant proteins, pooled 1:1, and processed as described
for the liver/McGill dataset. A total of 48 high pH reversed
phase fractions were analyzed by PASEF-DDA on a timsTOF
HT. Fragpipe with SILAC settings yielded 23,501 peptide-
spectrum matches corresponding to 15,302 unique peptides
and 2279 unique proteins. More than 1/3 (5769) peptides
corresponding to 1431 proteins had light/heavy pairs and
4020 nonmodified mouse/human peptide pairs corresponded
to 1209 proteins.

Comparison to Reference Proteomes

To contextualize the depth of our SysQuan-quantifiable
proteomes, we compared our data with the current refer-
ence proteomes from the proteomics community. The latest
build of the Human Plasma Proteome Project (HPPP 2023–04)
of the Human Proteome Organization (14), combines results
from 313 experiments and comprises 4608 human plasma
proteins. In our mouse/human plasma mix we identified 2279
human proteins, 1431 of which can be quantified using Sys-
Quan. Thus, with a single workflow and proteolytic enzyme,
SysQuan enables quantitation of approximately 31% of the



FIG. 2. SysQuan human proteome coverage. A, overlap of in-silico-generated tryptic human and mouse peptides. B, overlap of in-silico-
generated tryptic human and mouse peptides with C-terminal lysine. C, based in this overlap, 68% of all human proteins in UniProtKB have
shared peptides with mouse proteins, and 60% share peptides with C-terminal lysine and are therefore theoretically quantifiable using SysQuan.
D, coverage and quantifiable share of the Human Liver Atlas (HLA), and (E) the Human Plasma Proteome Project (HPP) reference proteomes.
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known plasma proteome (Fig. 2). Diversifying the proteomics
workflow to better reflect the 313 experiments in HPPP may
allow quantifying up to 60% of the plasma proteome in
accordance with our in silico predictions. Integrating SysQuan
into recent strategies that have considerably increased the
depth of plasma proteomics (25, 26) may help reaching this
ambitious goal.
The human liver atlas contains 10,528 unique proteins (27),

identified through the use of diverse immortalized liver cell
lines, primary cells, and human biopsies, amounting to a total
of 34 different sample types. Using mixed human/mouse liver
samples, we were able to identify 96% of the known human
liver proteome, and our data indicate that 70% of this known
liver proteome is quantifiable using SysQuan, which aligns
well with our in silico predictions.

Labeling Efficiency

Krüger et al reported average SILAC mouse labeling effi-
ciencies of >95% after four generations of labeling (8). To
determine our labeling efficiency, we analyzed the SILAC
mouse liver as described above for the McGill mouse/human
mixes after extensive prefractionation (48 fractions, timsTOF
HT). For each identified mouse peptide, we used the SILAC
light and heavy channel intensities to determine the % labeling
efficiency. The average labeling efficiency over 70,287 pep-
tides representing 7703 mouse proteins was 96.0% (see
Supplemental Data Fig. S2), which is well in-line the data from
Krüger et al. Even for synthetic SIL peptides, a labeling effi-
ciency >95% is widely considered sufficient for absolute
quantitation. Importantly, the knowledge on the exact labeling
efficiency for individual mouse peptides in a given SysQuan
tissue can be leveraged to correct human protein concentra-
tions and further increase quantitative accuracy—similar to
correction factors for isobaric stable isotope labeling
methods.

Translating SysQuan to Targeted Proteomics

We envision that once mouse protein concentrations have
been determined, SysQuan enables proteome-wide absolute
quantitation of human proteins. While nontargeted proteomics
methods enable in-depth proteome analyses, targeted MS
with scheduling and SIL peptides has been used for absolute
quantitation of 100s of proteins in a single LC-MS run with
unmatched precision, dynamic range, and sensitivity. Tar-
geted MS can provide access to proteins that are below the
limit of detection/quantitation of nontargeted methods.
To demonstrate the potential of SysQuan for absolute

quantitation of human samples, we focused on a few liver
proteins that map to metabolic pathways. From 1002 quanti-
fiable proteins associated with various metabolic pathways,
we selected 14 that cover various aspects of metabolism
including electron transfer cycle, mitochondrial function,
Mol Cell Proteomics (2025) 24(6) 100974 6
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tricarboxylic acid cycle, glycolysis, amino acid metabolism,
beta-oxidation, and mitochondrial transport (Supplemental
Data Table S1). These included proteins corresponding to
the following genes: ASS1, COX7C, DLAT, GAPDH, GOT1,
HADH, NDUFA4, NDUFS4, NDUFV1, NDUFV2, SLC25A3,
SUCLA2, and SUCLG1, for which we purchased light syn-
thetic standard peptides (NAT; from MRM Proteomics Inc).
NAT purity was determined using capillary zone electropho-
resis and NAT quantity was determined using amino acid
analysis. For all 14 targets, MRM conditions were optimized
on an Agilent 6495D using the inexpensive NAT peptides.
Next, we mixed heavy mouse/light human liver digests 1:1
(w/w) and measured the corresponding heavy/light pairs by
MRM, followed by a calibration curve with 0.1, 1, 10, 100, and
1000 fmol of each NAT in a constant SIL mouse liver back-
ground. Light/heavy peak ratios were determined to calculate
human liver protein concentrations in fmol per μg liver tissue
for all 14 target proteins (see Table 1, Supplemental Data
Table S3), covering more than two orders of magnitude in
dynamic range.
Next, we compared these results of the determined human

liver protein absolute concentrations with data from
proteomicsDB.org (28), where protein abundance in individual
cells or tissues is estimated based on intensity-based
FIG. 3. Absolute quantitation of metabolomic pathway proteins. A
correlation of SysQuan-derived concentrations and iBAQ-derived estima
quantitation.

7 Mol Cell Proteomics (2025) 24(6) 100974
absolute quantitation (29) distributions over dozens of data-
sets. Although not accurate and not absolute in terms of
referencing to standards, such estimates of protein abun-
dance based on spectral counts or intensities have proven
useful to get an overall idea of the composition of a given
proteome (30, 31). Interestingly, and despite the completely
different analytical workflows, protein concentrations deter-
mined by SysQuan correlated well with an intensity-based
absolute quantitation estimates from proteomicsDB.org, with
an R2 of 0.89, which is an excellent confirmation of both
methodologies (Fig. 3).
These results confirm that absolute quantitation using

SysQuan is feasible. The same SILAC tissue reference stan-
dard can be used for characterizing 100s-1000s of samples,
thus representing a cost-effective and concurrently more
comprehensive alternative to current SIL peptide-based ab-
solute quantitation. A recent study using SIL peptides and
guided data-independent acquisition (DIA) parallel accumula-
tion and serial fragmentation (g-dia-PASEF) reported absolute
quantitation of 579 human proteins over a dynamic range of 4
orders of magnitude in depleted plasma samples (32). We
have recently tested that state-of-the-art LC and triple quad-
rupole instrumentation allow reducing the run time for multi-
plexed MRM of plasma protein quantification by almost four
, overall workflow. B, STRING protein/protein interaction network. C,
tes for protein levels in proteomicsDB. iBAQ, intensity-based absolute

http://proteomicsDB.org
http://proteomicsDB.org
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times while maintaining depth and quantitative precision.
Based on these results, we believe that the available LC-MS
technology already enables quantifying 1000 proteins by tar-
geted MS in 30 to 60 min (i.e., targeting both light and heavy
forms of one peptide per protein and having a fairly even
distribution of retention time). While this is not comparable to
the proteome depth of nontargeted approaches, targeted MS
provides improved precision (and accuracy) and unlocks ac-
cess to a wider dynamic range, thus particularly enabling the
quantitation of very low-abundance targets that are otherwise
not accessible. This is particularly important as in many
studies, precise measurement of a smaller but defined set of
proteins across a large number of samples and without
missing values is preferable over proteome-wide analysis with
less precision and more incomplete data.
Notably, SysQuan-based absolute quantitation can be

transferred to nontargeted methods, such as DDA or DIA-
based label free quantitation. Interestingly, using non-
targeted SysQuan for absolute quantitation provides a unique
feature: all light/heavy doublets present in an acquired dataset
can be retroactively absolutely quantified once the concen-
trations of the same mouse reference standard have been
determined, i.e., even years post acquisition.

Precision and Accuracy

Quantifying proteins using proteotypic peptides as surro-
gates is widely accepted as precise, i.e. reproducible, and is
the basis of relative quantitation in bottom-up proteomics.
Achieving accuracy, i.e. determining protein concentrations
that are close to the true value, however, is considerably more
challenging and in the absence of reference values virtually
not possible. It requires additional effort, including optimizing
and determining digestion efficiency associated with the
target proteotypic peptide release, as well as determining re-
covery of the protein and the surrogate peptides. While all of
this can be easily performed in surrogate matrices, for
example by spiking a recombinant protein in a matrix devoid
of endogenous protein, it is difficult to perform in patient
samples with often unknown levels of the protein-of-interest.
Standard addition using certified authentic material of known
concentration enables accurate quantitation (33), but such
certified materials are, unfortunately, not available for most
proteins, and it is often impossible or impractical to obtain
them (34).
What matters most in practice and for preclinical applica-

tions is precision, since it encompasses repeatability and
reproducibility. For most applications, from discrimination
between treatment groups to identification of biomarker can-
didates, precision is sufficient as it enables comparison of
data, if internal standards are being used also across plat-
forms and laboratories. Traditional targeted proteomics using
internal standards provides the required precision, regardless
of whether these internal standards are synthesized or SILAC
mouse-derived SIL peptides. Notably, the use of SIL proteins
to generate SIL peptide internal standards out of sequence
stretches that are common between humans and mice, adds
an inherent digestion control, addressing one of the main
challenges of absolute quantitation using SIL peptides. This
has been partially addressed by strategies such as QconCAT
(35) where stable isotope labeled proteins are expressed and
used as internal standards.

Reproducibility in SysQuan

The use of SIL mouse tissues and biofluid as internal
standard stocks improves precision of relative quantitation
and enables comparing large sample numbers even measured
in different labs, as human proteins can be referenced to the
same internal standard. Once the concentrations of a set of
mouse proteins are determined in a given reference SIL tissue
stock, this standard enables absolute quantitation of those
proteins across 10,000s of samples. Concurrently, this over-
comes two major challenges that impair the precision and
accuracy of current absolute quantitation methods: matrix
effects and variability in digestion efficiency (10, 36), both of
which cannot be controlled using SIL peptides (9).
To test this, we analyzed the liver samples at two different

laboratories, with different sample preparation, different pre-
fractionation procedures, different reverse LC systems and
different mass spectrometers. We found a very good agree-
ment of protein quantification between the two acquisitions
with two main insights (Fig. 4). First, in both measurements the
log2 ratio between human and SILAC SIL mouse peptides were
centered around zero, indicating that the concentration of the
human proteins and released peptides by digestion are very
similar to their SILAC SIL mouse counterparts. This reinforce
the idea that matched SILAC mouse tissue can be used
effectively to quantify human tissue “out-of-the-box” with
minimal matrix effect. Alternative methods of generating SILAC
peptides in cell culture (37–41) cannot account for this since
proteome composition of a specific cell line does not accu-
rately reflect the dynamic range and abundance distribution in
differentiated tissues. Second, we assessed the agreement
between the two quantification measurements using Bland–
Altman analysis (42). We calculated that 95.35% of all
quantifications were within the upper and lower limit of agree-
ment—defined by mean of quantification difference ± standard
deviation of quantification difference. This robustness across
different laboratory experimental conditions suggests that
SysQuan quantification is reproducible, reliable, and indepen-
dent of laboratory, sample preparation procedure, or instru-
mentation. This is a crucial aspect for translational research
applications and should enable application of proteomics in
longitudinal and population-wide studies.
DISCUSSION

High-throughput molecular phenotyping methods, such as
RNA sequencing, metabolomics, and proteomics, are the
Mol Cell Proteomics (2025) 24(6) 100974 8



FIG. 4. Agreement of quantitation between two sites of measurement with different sample preparation and instrumentation. A,
regression between the two analysis on two different liquid chromatography systems as well as mass spectrometers showing that most of the
Log2 ratios are centered around 0. B, Bland–Altman analysis showing an agreement of 95.35% between two measurements. LoA, limit of
agreement; Mean Diff, mean difference.
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cornerstones of modern biological and clinical studies,
providing crucial mechanistic insights at the molecular level.
Despite technological advancements, however, a key chal-
lenge remains—the affordability of these methods as precise
and selective tools for determining and quantifying system-
wide molecular changes. In contrast, the remarkable
achievements in genomics can largely be attributed to efforts
focused on making sequencing both rapid and reproducible at
reduced cost.
MS-based proteomics has made significant strides in

recent years, transitioning from qualitative to quantitative
approaches. Label-free quantification techniques have
emerged as cost-effective methods for biomarker discovery
studies and hypothesis generation. However, despite the
considerable increase in throughput accompanied by an in-
crease in proteome coverage and concurrent decrease in
cost per sample, experimental designs are increasingly fac-
ing constraints. These constraints arise from the need that
samples need to be processed and analyzed together to
avoid considerable batch effects that impair statistical anal-
ysis and consequently the identification of relevant biological
changes. The only way to address these limitations is
through determining the amount of a protein relative to a
spiked-in internal standard, which allows subtle changes in
protein levels can be detected. This enables more reliable
comparisons between sample sets even across different
batches and regardless of whether these batches have even
been analyzed on the same platform. However, the high cost
9 Mol Cell Proteomics (2025) 24(6) 100974
of chemical synthesis of heavy labeled internal standards
becomes prohibitive when quantifying large numbers of
proteins, creating a significant barrier to widespread adop-
tion. SysQuan can overcome this barrier by making quanti-
tative proteomics using internal standards—and even
system-wide absolute quantitation—more accessible and
affordable. This is exemplified by the high coverage of the
plasma and liver proteomes achieved in this study. This
coverage can be further increased by the use of alternative
enzymes: in silico digestions with LysC and GluC indicate
that an additional ~1000 human proteins may be quantifiable
compared to trypsin. Even the use of low-specificity enzymes
such as subtilisin and thermolysin might be feasible (43),
however, needs empirical testing as it is currently impossible
to reliably predict their cleavage products.
Importantly, SysQuan also enables post acquisition abso-

lute quantitation from untargeted proteomics datasets. Using
NAT peptides to 1) quantify SIL proteins in SILAC mouse
tissue 2) to be used as internal standard for reverse quanti-
tation of human proteins in 100s of samples is significantly
more cost-effective than the current gold-standard using
synthetic SIL peptides (44).
Obtaining SILAC-labeled proteins can however also be

done using SILAC-labeled cell lines instead of SILAC mouse
tissues. One can argue against scaling up using cell cultures
from two points of view: proteome coverage and cost. Pro-
teomes obtained from cell lines compared to tissue or biofluid
are different. For example, the HeLa proteome as identified
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from a largest collection (39) represent less than half, i.e. 46%
of the human plasma proteome as present in PeptideAtlas
(40). C2C12 cells, used to study many aspects of muscle
biology, are not well-reflective of the complexity of mouse
muscle tissue—neither in terms of qualitative nor quantitative
composition (41). The same is true for many other tissues and
cell lines. Importantly, cell lines also do not account for sex-
specific differences in protein composition of tissues that
can be dramatic, especially in disease context. Regarding
cost-effectiveness, it can be easily demonstrated that once
we use various SILAC mouse tissues for tissue specific pro-
teomes the costs will be lower compared to obtaining the
same amount of labeled proteins from SILAC cells. Only the
liver of a SILAC mouse contains approximately 170 mg of
protein; it requires around 14 SILAC kits to obtain a similar
amount of labeled protein from HeLa cells. Because a SILAC
mouse has multiple labeled organs and also plasma, it can
provide internal standards for more than a million samples—
considering 100 ng of protein standard per sample which
makes it easily more cost-effective than SILAC cells.
We believe that SysQuan can lead to a paradigm shift, as

it enables researchers to replace relative quantitation with
affordable absolute quantitation at scale, thus making every
single proteomics study and individual sample considerably
more informative and valuable for the community. This will
be particularly relevant in the study of rare diseases, typi-
cally suffering from limited availability of patient samples.
The ability to directly compare individual patients and
studies, even when single cases have been analyzed and
published years earlier, will transform rare disease research.
We envision a utility for SysQuan as companion diagnostic
and even diagnostic tool, as beyond classical absolute
quantitation of biomarkers it will provide direct and clear
evidence for the dysregulation of key metabolic pathways—
without the need to run patients samples in batches with
controls. The ability to compare protein concentrations
across different human tissues and different diseases will
enable novel study designs that are impossible with current
technology.
SysQuan can be used for both targeted proteomics (MRM

and parallel reaction monitoring) and nontargeted proteomics
(DDA and DIA). SysQuan will, for the first time, enable re-
searchers to retroactively quantify protein concentrations in
DDA/DIA datasets, even if mouse SIL standard protein con-
centrations are determined years post acquisition. This unique
feature opens new avenues for the reanalysis and repurposing
of existing datasets within the scientific community (11, 45).
Similarly, the capability to universally compare protein

concentrations across datasets will drive entirely new,
community-driven studies based on the reanalysis and
repurposing of datasets in public repositories such as PRIDE
(46) and MassIVE (47), further enhancing their value and
impact on biomedical and fundamental research. The ability to
retroactively determine protein concentrations in existing
datasets, once the corresponding SIL mouse protein con-
centrations have been determined, opens up virtually unlim-
ited possibilities for discovery.
In conclusion, we believe that SysQuan has the potential to

transform fundamental and translational biomedical research,
addressing the reproducibility crisis in life science (48) by
making standardized quantitative proteomics broadly acces-
sible (49).
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