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ABSTRACT: Single amino acid variants (SAAVs) in protein sequences are often a direct result of single-nucleotide polymorphisms
(SNPs). Certain germline SAAVs have shown biological relevance in different disease conditions but lack precise quantification in
circulation, which could hinder functional investigations and progress in biomarker development. Here, we have developed a
multiplexed liquid chromatography-selected reaction monitoring (LC-SRM) assay that monitors S wild-type and variant peptide
pairs (Complement Factor B: CFB-R32Q/R32W, Clusterin: CLU-N317H, Fetuin B: FETUB-K360R, and Kininogen: KNG1-
L212P) in nondepleted human plasma. The assay was optimized for imprecision, linearity, stability, and calibration assessments with
CVs of under 20%. The wild-type and variant peptide pairs were characterized in a set of healthy individual plasma samples. These
target identifications were also validated by SNP genotyping with more than 99% accuracy. For all protein targets, we observed
significantly lower concentrations of WT species in the presence variant peptides. In CFB, the concentration of R32Q was
significantly lower than its counterpart R32W variant and WT species. Furthermore, our results distinguished phenotypes of
homozygosity and heterozygosity of the SAAV presence through direct concentration level characterization. These findings provide
some insights into how SAAVs affect quantitative assessments of target peptides. The assay demonstrates a platform for
proteogenomic analyses with potential applications in both research and clinical settings.

KEYWORDS: LC-MS assay, plasma, targeted proteomics, selected reaction monitoring,
single amino acid variant, single nucleotide polymorphism, genotypes, Complement Factor B, Clusterin, Fetuin B, Kininogen

1. INTRODUCTION Fetuin B (FETUB), and Kininogen (KNG1)—which were
selected as part of the Acute to Chronic Pain Signatures

Protein concentration levels serve as useful indicators of i ; o >
(A2CPS) candidate proteins due to their involvement in pain-

physiological states and are increasingly employed as diagnostic
and prognostic biomarkers. There is significant interest in
expanding the utility of proteins in biomarker research.
However, various factors can influence protein levels, with
nonsynonymous single nucleotide polymorphisms (SNPs)
being a notable contributor." Millions of SNPs exist, with an

6,7

related mechanisms.”” CFB mediates inflammation and
promotes nociception through the activation of complement
cascades;” CLU has anti-apoptotic and anti-neuroinflammatory

effects;”'” FETUB is implicated in proinflammatory signaling;""

approximate frequency of 1 in 1000 base pairs.”> These SNPs Received: ~September 25, 2025
can result in single amino acid variants (SAAVs) in protein Revised: ~ March 9, 2026
sequences, thereby affecting their concentrations and func- Accepted:  March 16, 2026
tions.*> Published: March 26, 2026

Our study focuses on specific germline SAAVs in four
proteins—Complement Factor B (CFB), Clusterin (CLU),
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and KNGI serves as a precursor for kinins, which directly 2 4
mediate pain by sensitizing nociceptors.'” The selected variants g 2 ‘?’:;
include R32Q _and R32W in CFB, N317H in CLU, K360R in % s g
FETUB, and L212P in KNG1. Reference databases such as the &) % £
Genome-Wide Association Studies (GWAS) and the National = E § E
Library of Medicine’s ClinVar have enabled linking genetic = T 7 B
variants with diseases and phenotypic traits in large 0 B ki §;
populations.*'® To mention a few, CFB R32Q and R32W s - = ?Ee? £
have been associated with protection against age-related macular S - % -2 R g
degeneration (ARMD), though R32W is also linked to 2 g g £ 2 2
conditions like atypical hemolytic-uremic syndrome, Factor B =2 B o = 2 g
fast/slow polymorphism, and complement component 2 L{ § F; = i
deficiency."”'"~*° CLU N317H poses a risk for ischemic heart 'é 4 g g % £
disease and has been predicted to have pathogenic potential in = E g ‘?% E
Alzheimer’s disease.'”*'~>* FETUB K360R is a core binding 5 :2 ;Zi LR qé\
factor in acute myeloid leukemia susceptibility,"® while the g RN S £ g
outcomes of KNG1 L212P remain largely unknown (Table 1). £ o = E)g g
Historically, SNP detection has relied on genomic analyses, bS] g g 2 g ‘i
which, despite advancements in SNP arrays and sequencing E | 3 2 & g = )
techniques, often fall short of providing absolute quantification £ g 2 £ % e ’% 2
or insight into protein-level impacts. These methods primarily = £ L5883 £
identify the presence of an SNP but do not capture how such g & STETS 5
changes affect protein abundance. This gap highlights the need 2 B <
for proteomic approaches to bridge genotype—phenotype E g Q
relationships and investigate how SNPs influence protein "‘g g ?EO 8::; g & °
concentrations in plasma—a biofluid extensively used in both .'T: =
research and clinical settings. B . ) %
In this study, we employed targeted mass spectrometry using 2 -4 2 g 3
liquid chromatography-selected reaction monitoring (LC- _'_g 23 9 8 B %
SRM) to quantitatively evaluate SAAVs in nondepleted 2 =00 T
human plasma, validating our findings via genotyping (Figure @
1). This method offers high specificity and versatility compared é ,§ I N i
to immunoassays, which require extremely specific antibodies. A e 8 LY T 9 9 9
recent review of methodological advancements in SAAV g § = g 9 S 3 ig ég Bg
detection and quantitation24 highlighted the growing impor- b g :% 2B 20 Mz 2 8]
tance of proteomic approaches in characterizing these proteo- = S A = o T g~ E ~
forms. Previous studies within disease contexts have investigated § 9y
multiple isoforms of complement factor H (CFH) in plasma 4 E =
from an aging cohort,”® analyzed WT and variant sequences b ~E g
from CFH, complement C5, and C7 in depleted plasma from an = S =
: 26 . . . < e & J
obesity cohort,”™ and studied SAAVs from pancreatic patients = 59 % 2
serum using targeted and discovery proteomics approaches.”’” < &3 I E 3
Building on these efforts, our work seeks to elucidate SNP § § o] § g é
impacts on WT concentrations in “healthy” physiological states. 5 S5 Lé E =
We characterized WT and variant peptides and mapped their zr g £ 2 5 &
genetic variety. A multiplexed LC-SRM assay was developed to ’ BB E 3 &
quantify nine targets, consisting of four WT and five variant )
peptides, in nondepleted plasma from 70 healthy individuals. §~ =
This study underscores the potential of targeted proteomics as a iy . g o
complementary approach to genomics, enabling a greater & % ;) g
functional understanding of SNPs in physiological contexts. % 2 Q § y
&, &2 Z 9
2. MATERIALS AND METHODS ;‘:’o % o g 2 E %
gt
2.1. Peptides, Probes, and Chemicals f f;: g § % g é
All peptides were synthesized and purchased from Vivitide [now : ; = E 3 &
Biosynth] (Gardner, MA). Internal standard peptides (crude purity) .‘8 > o
with heavy isotope labels on C-terminal lysine (K) or arginine (R) were é-‘ ,-5 5 —_ =
purchased for assay development. High-purity (>99%) light standard 9 o g = 8 ©
peptides were also purchased to calibrate the heavy standards. All 5 = E, E:- ) 5 é
cysteine residues were carbamidomethylated. Urea, dithiothreitol = : £ g et = s
(DTT), iodoacetamide (IAA), ammonium bicarbonate (NH,HCO;,), @ 3 %fg b c; §°
trifluoroacetic acid (TFA), and formic acid (FA) were obtained from = § §0 2 £ £
Sigma (St. Louis, MO). LC/MS-grade acetonitrile (ACN) was H A o C & ¥
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Figure 1. Rationale and study design. Complementary targeted proteomics (LC-SRM) and real-time PCR (RT-PCR) genotyping workflows to assess

WT/SAAV pairs in human plasma.

obtained from Thermo Fisher Scientific (Waltham, MA), and
sequencing grade trypsin was obtained from Promega (Madison, WI).

For genotyping, custom Tagman probes were synthesized and
purchased from Thermo Fisher Scientific (Waltham, MA). Each
custom probe was designed with primers to recognize one pair of wild-
type/SNP nucleotide. Any known nontarget SNPs within the range of
detection of the sequence were masked. The assay names and identifiers
are as follows: CFB_R32Q: AN2XRUJ; CFB_R32W: AN33KEG;
CLU_N317H: AN7D9JC; FETUB_K360R: AN9H239;
KNG1_L212P: AN49EYE (Table S8). Positive control DNA sequence
templates were synthesized and purchased from Integrated DNA
Technologies (Coralville, IA) (Table S9). DNeasy Blood and Tissue
Kits for DNA Isolation was purchased from Qiagen (Hilden,
Germany).

2.2. Plasma Samples

Individual and pooled commercially available human plasma
(K2EDTA anticoagulant) were purchased from BiolVT (HU-
MANPLK2-9981-D, Westbury, NY). These samples were from healthy
donors and confirmed to be negative for pathogens or infections. A total
of 70 plasma samples from healthy donors (age: 18—74 years; 49%
female, 51% male; ethnicity: 34% Black, 22% Caucasian, 43% Hispanic,
1% other) were used in this study. The demographic information for
each individual is provided in Table SI.

The analysis of the deidentified samples in this study was qualified as
non-human subjects research by the Institutional Review Board (IRB)
at Pacific Northwest National Laboratory.

2.3. Proteomic Sample Preparation

All human plasma samples used in this study were nondepleted. Briefly,
S uL of the plasma sample was added to each well containing 45 uL of 8
Mureain S0 mM NH,HCO, (ABC). Then, proteins were reduced with
10 mM DTT and incubated for 30 min at 37 °C, 1200 rpm, followed by
alkylation with 40 mM IAA and incubation in the dark for 1 h at 37 °C,
1200 rpm. Samples were diluted 6-fold by adding S0 mM ABC
containing CaCl, (1 mM final concentration) and digested with trypsin
at an enzyme-to-substrate ratio of 1 ug of trypsin per 50 pug (1:50) of
total protein. The mixture was incubated for 6 h at 37 °C, 1200 rpm
after which digestion was quenched by acidifying the samples to a 0.1%
TFA final concentration. Afterward, peptides were desalted by C18
SPE. C18 SPE cartridges were pre-washed with 100% MeOH and
conditioned with 0.1% TFA. Peptide digests were loaded onto
cartridges, washed with 95:5 H,0:ACN and 0.1% TFA, and eluted
into new 1.5 mL tubes with 80:20 ACN:H,0, 0.1% TFA. The samples
were concentrated, and BCA measurements were taken to estimate
peptide concentration. The samples were then stored at —80 °C until
needed.

For increased sample preparation throughput, a 96-well plate-based
digestion was used. Multiple external QC samples were randomized in
wells across the plate to ensure the reproducibility of the entire
workflow. We followed previously estabhshed protocol for digestion
and cleanup outlined in the earlier paragraph For SPE cleanup, the
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Strata c18-E SPE 96-well plate (Phenomenex, CA) was used. After
processing, the samples were stored at —80 °C until needed.

A mix of nine heavy internal standards was prepared and spiked into
every sample at the same concentrations right before the MS analysis
(except as stated otherwise). The individual optimized concentrations
of each target peptide are shown in Table S2.

2.4. LC-SRM

The LC-SRM analysis was performed with a nanoACQUITY UPLC
system (Waters Corporation, Milford, MA) interfaced to a TSQ Altis
Triple Quadrupole mass spectrometer equipped with a nano-ESI
source (Thermo Scientific). An injection volume of 2 yL was used for
the separation usinga BEH C18 nanoACQUITY column (100 gmi.d.x
100 mm, 1.7 ym, 130 A, Waters). Mobile phase A was 0.1% FA in water,
and mobile phase B was 0.1% FA in ACN. The LC gradient started at
1% B with a flow rate of 500 nL/min, ramped up 1—6% B in 4—S min,
6—13% B in 5—20 min, 13—22% B in 20—35 min, 22—40% B in 35—40
min, and 40—95% B in 40—42 min, maintained 95% B in 42—47 min,
ramped up a 1 nL/min flow rate in 47—47.5 min with 95% B, decreased
95—50% B in 47.5—48 min, ramped up 50—95% B in 48—49 min,
decreased 95—1% B in 49—50 min, and maintained 1% B at a 500 nL/
min flow rate in 50—59 min. The TSQ Altis QQQ mass spectrometer
was operated in positive ion mode with the ESI voltage set to 2100 V
and a capillary inlet temperature of 350 °C. Tube lens voltages were
obtained from automatic tuning and calibration without further
optimization. Both Q1 and Q3 were set at a unit resolution of 0.7
fwhm, and Q2 gas pressure was 1.5 mTorr.

To select peptide transitions, a crude heavy peptide mixture at 250
and 500 fmol/uL was created by equally mixing stock solutions of the
heavy peptides. These transitions were analyzed by LC-SRM. The SRM
method used was generated with the aid of Skyline. We performed an in
silico digestion to generate all possible y-ion transitions and predicted
collision energies to build an SRM method. The heavy peptide mixtures
were spiked into human peptide digests and analyzed by LC-SRM to
assess any potential matrix effect or interference.

2.5. DNA Isolation and SNP Genotyping

Frozen human plasma samples were thawed, and genomic DNA was
isolated from 200 L volumes with the QIAmp DNA Blood Mini Kit
(Qiagen, Hilden, Germany), accord1n§ to the manufacturer’s
instructions and as described previously.”” The elution volume was
30 uL. The quality and quantity of genomic DNA samples were
assessed by a Nano Drop 2000 Spectrophotometer (Thermo Fisher
Scientific) and stored at —80 °C until needed.

DNA samples were evaluated by real-time PCR using Tagman
genotyping assays (Table S8) (Thermo Fisher Scientific). Each
reaction was a total of 10 uL volume comprising 3 uL of sample
genomic DNA (gDNA), 0.5 L of Tagman probe—primer mix, S uL of
TaqPath ProAmp Master Mix (Cat # - A30866), and 1.5 uL of water.
gDNA was amplified using 50 cycles (denaturation at 95 °C for 15 s and
annealing/extension at 60 °C for 60 s) on the StepOnePlus Real-Time
PCR System. Reactions without DNA were used as a negative control,
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Figure 2. Linearity, response factor, and LLOQ assessment. An example of a dilution curve series for the Clusterin wild-type (WT) peptide (A) and its
variant peptide (B). The expanded plots for the 0.2% to 5% human plasma dilution range are displayed below their respective full-scale curves. Black
data points represent the peak area ratio (left y-axis), while orange data points correspond to the response factor (right y-axis). The LLOQ is identified
as the final data point, where the response factor remains within the defined boundaries before deviating outside the acceptable range.

and reactions containing the synthesized DNA sequence for each target
were used as positive controls (Table S9). The genotyping calls were
reported as homozygous allele 1 or allele 2, heterozygous allele 1/2, or
no amplification based on the reporter dye signal intensity normalized
to ROX, passive reference dye.

2.6. Data Analysis

For SRM, generated raw data files were analyzed in Skyline. All spectra
were manually inspected to ensure accurate peak detection and
integration based on retention time and relative intensity ratios
between light and heavy peptides. Light-to-heavy (L/H) peak area
ratios were used to quantify the target peptides. These ratios were
calibrated using high-purity light standards to obtain final readout
endogenous peptide concentrations (ug/mL).

For PCR, fluorescent intensities of the reporter dyes were analyzed
using StepOne Software v2.3. Allelic discrimination plots were
generated based on the varying amplifications of each target, in
addition to their alignment with the positive control reactions.

Regression analysis, grouped statistical comparisons, and image/plot
generation were carried out using GraphPad Prism 10.6.0. WT versus
variant concentrations comparisons were performed with two-way
ANOVA and corrected for multiple comparisons with the Benjamini,
Krieger, and Yekutieli method. Only groups with at least n = 3 were
included in comparisons.

3. RESULTS

3.1. Target Peptide Selection and Identification

The proteins of interest (CFB, CLU, FETUB, and KNG1) were
selected from an initial pool of 55 A2CPS candidates using a
systematic selection strategy based on variant detection criteria
(Supporting Information Figure S1). Tryptic peptides were
selected from the Peptide Atlas database including those
containing SAAVs that maintained ideal tryptic properties
(e.g., length between 7 and 2S5 amino acids, absence of post-
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translational modifications (PTMs), and consistent cleavage
sites between WT and SAAV forms). Table 1 summarizes the
genotype frequencies, codon changes, SNP IDs, and associa-
tions with biological traits or diseases from UniProt,
1000Genomes, and Genome-Wide Association Study
(GWAS) databases along with relevant literature. We also
verified peptide uniqueness with neXtProt’s checker tool to
ensure specificity for both WT and variant forms.*’ These SNPs
were found at relatively high frequencies in the population,
ranging from 6% to 18%, except for KNG1 K360R, which occurs
at 0.2%.

For SRM identification, we utilized in silico digestion via
Skyline to develop an SRM method (see LC-SRM in Materials
and Methods). Unique precursor ions, fragmentation patterns,
and retention times allowed us to distinguish the chromato-
graphic peaks for each target (Figure S2 and Table S3). We
initially screened the top S to 6 transitions in approximately 0.5
ug of digested peptides from commercially pooled human
plasma, and the top three were selected for the final assay (Table
S3). Heavy standard peptide concentrations were optimized for
the signal intensity and L/H ratio (Table S2). Detecting variant
targets in pooled samples can be tricky due to frequency
variations. Our targets, however, consistently exhibited L/H
ratios exceeding 0.002 (CV < 20%), enabling further assay
development with these samples.

3.2. SRM Assay Qualification

The assay was characterized following guidance, with minor
modifications, from the Clinical Proteomics Tumor Analysis
Consortium (CPTAC).>" To achieve this, several tests were
performed to assess digestion efficiency, linearity, response
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Table 2. Assay qualification metrics used in SRM assay development”

Intra-day Inter-day ~ Imprecision  Stability ~ Reproducibility of 96-well
LLOQ  variability  variability (CVioat) (cv) semiautomatic sample
Protein Target peptide Linearity (ug/mL) (CV) (%) (CV) (%) (%) (%) preparation (CV) (%)
Complement TPWSLARPQGSCSLEGVEIK 0.99918 0.077 11.70 14.58 18.69 5.53 19.09
Factor B
(CEB)
TPWSLAQPQGSCSLEGVEIK 0.99758 0.314 11.28 16.22 19.76 4.06 15.90
TPWSLAWPQGSCSLEGVEIK 0.99900 1.782 10.7§ 16.71 19.87 5.53 18.85
Clusterin EILSVDCSTNNPSQAK 0.99996 0.023 11.75 14.34 18.53 S.44 13.86
(CLU)
EILSVDCSTNHPSQAK 0.99929 0.029 11.00 13.43 17.36 292 15.73
Fetuin B LVVLPFPK 0.99986 0.002 11.14 12.50 16.74 S.10 17.34
(FETUB)
LVVLPFPR 0.99971 0.001 10.41 13.68 17.19 10.86 17.12
Kininogen ENFLFLTPDCK 0.99963 0.486 10.07 15.05 18.11 4.97 14.92
(KNG1)
ENFPFLTPDCK 0.99985 0.010 11.65 15.53 19.41 7.69 14.38

“This table outlines the metrics used to evaluate the performance of the SRM assay. Linearity was assessed through linear regression (r*) values,
while the lower limit of quantification (LLOQ) was determined using both linear regression and response factor analysis. Repeatability was
evaluated by measuring intra- and inter-day variation, which were combined to calculate total imprecision. Stability was assessed by monitoring
peptide integrity over time, and reproducibility was determined through a plate-based digestion approach to validate the processing workflow.
Variation across measurements was quantified using the coefficient of variation (CV).

factor, lower limit of quantification (LLOQ), stability, and
reproducibility.

heavy peptide mix (Supporting Information Table S2). A
blank sample, consisting of heavy peptides without human

a. Assessment of trypsin digestion efficiency: A digestion peptides, was used as a negative control to account for

time-course experiment was performed to evaluate
whether trypsin digestion influenced quantification of
WT and variant peptide pairs. Plasma samples were
processed and incubated with trypsin for 30 min, 1 h, 2 h,
6 h, and overnight. At each time point, trypsin activity was
quenched, and peptide digests were analyzed. All peptides
exhibited relatively stable ratios across the digestion
period, except for the CFB-WT peptide
TPWSLARPQGSCSLEGVEIK, which decreased pro-
gressively over time (Figure S3). Furthermore, two
semi-tryptic fragments generated at the R—P site showed
correspondingly increasing signal intensities, indicating a
digestion-dependent cleavage and semi-tryptic suscepti-
bility of this peptide. To correct for the semi-tryptic loss of
the CFB-WT peptide during digestion, a dual heavy-
peptide spike-in experiment was performed on §
replicates of pooled plasma and S individual samples.
Heavy peptides were spiked-in before (predigestion) and
after (postdigestion) our standard 6 h digestion.
Comparison of pre- and post-digestion L/H ratios
provided an estimated average correction factor of
8.0054 (Table S4), indicating that uncorrected concen-
trations were underestimated by ~8-fold. The results
indicate that while the full-length wild-type peptide
TPWSLARPQGSCSLEGVEIK is not ideal for direct
quantification due to the partial loss during digestion, the
correction factor can be applied to estimate CFB-WT
concentrations in individual samples.

. Linearity, response factor, and LLOQ determination: An
8-point dilution series was used to evaluate the assay’s
linearity and LLOQ. Digested human plasma peptides
were diluted into the Equine plasma peptide matrix at
concentrations of 100%, 20%, 10%, 5%, 2%, 1%, 0.5%, and
0.2% (dilution ratios of 1:0, 1:5, 1:10, 1:20, 1:50, 1:100,
1:200, and 1:500, respectively). The total peptide
concentration in all samples was 0.5 ug/uL, and each
sample was spiked with a consistent concentration of
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potential interference. For the WT peptide of KNG1, the
Equine matrix contains a matching sequence, which
necessitated an additional dilution series in a Cavia
peptide matrix for accurate linearity assessment specific to
this peptide. All peptides demonstrated strong linearity,
with strong correlation coefficients (r* > 0.99) between
the measured ratios and peptide concentrations (Figure 2,
Table 2, and Figure $4). To further evaluate data integrity,
response factors were calculated to account for differences
in the mass spectrometer’s response across varying sample
concentrations.”” Acceptable response factors range
between 0.8 and 1.2, reflecting a detector’s response as
reasonably close to the ideal of 1. Across a concentration
range from 100% to 2% human plasma peptides, all target
peptides exhibited a proportional response, with four
peptides maintaining proportionality even below the 2%
threshold. Using the linearity assessment and the response
factor criteria, the LLOQ_ was determined for each
individual peptide.

. Imprecision: To evaluate variability and reproducibility of

the assay, a S X 5 imprecision study was performed. In this
study, five replicate samples were analyzed each day for
five consecutive days. On each day, human peptides were
divided into five replicates and spiked with a consistent
concentration of heavy internal standard mix. The
coefficient of variation (CV) was calculated to assess
imprecision both within a single day (intra-day CV) and
across all S days (inter-day CV). As expected, the inter-
day CV values were generally higher than the intra-day
CV values, reflecting the additional variability introduced
by multiple assay preparations across days compared to
measurements from a single preparation. Despite these
differences, intra-day, inter-day, and total imprecision CV
values for all peptides remained below 20% (Table 2).

. Stability: The stability of the assay was evaluated under

varying storage durations, conditions, and freeze—thaw
cycles. A total of 16 sample replicates spiked with heavy
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Figure 3. Variant characterization and zygosity analysis in 70 healthy human plasma samples. Characterization of WT and SAAV peptides, including
their quantitative distribution patterns by concentrations (A—D). Subpopulations were further classified into homozygous and heterozygous groups
(E—H). Statistical comparisons between groups are provided in Supporting Information Table S6.

peptides were prepared. For short-term stability, four vials
were stored in an autosampler at 4 °C and analyzed at
three time points: immediately (0 h), 24 h, and 48 h. For
long-term stability, the remaining 12 vials were stored at
—80 °C. At week 1, eight vials were thawed at room
temperature for 1 h. Of these, four vials were analyzed
after one freeze—thaw cycle, while the other four were
refrozen at —80 °C. At week 2, the refrozen vials from
week 1 were thawed for 1 h and analyzed after two freeze—
thaw cycles. Finally, at week 4, the last four vials were
thawed to room temperature and analyzed after their first
freeze—thaw cycle. The stability assessment confirmed
that the peptides remained stable, with coefficients of
variation (CV) below 20% across all tested storage
conditions, time points, and freeze—thaw cycles (Table
2).

e. Reproducibility of semi-automated plate-based sample

preparation: To enable high-throughput quantification
for this assay, we utilized a 96-well plate incorporating
automated digestion and SPE cleanup for sample
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preparation. Commercially available pooled plasma
samples were used for quality control and distributed
across the processing plate as 18 technical replicates.
These replicates were analyzed at the end of the assay to
assess reproducibility. One sample was excluded from the
analysis due to measurements falling outside the normal
distribution range. SRM measurements from the
remaining 17 pooled QC samples demonstrated good
reproducibility, with coefficient of variation (CV) values
below 20% across all target peptides. These results
indicate reliability in the entire sample preparation and
processing workflow (Table 2).

. Quantification of protein concentration: To estimate the

actual protein content in the plasma samples, an 8-point
calibration curve was generated for each peptide. High-
purity (>99%) light synthetic peptides at the following
concentrations: 250, 50, 25, 10, 5, 2.5, 1, and 0.5 fmol/uL.
These light peptides were spiked into a Shewanella
oneidensis proteome digest matrix, along with consistent
amounts of heavy peptides, and analyzed by LC-SRM. All
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peptides exhibited strong linearity, with strong correlation
coefficients (r* > 0.99) between the measured ratios and
pure light peptide concentrations (Figure S5). The curves
were then used to adjust the L/H ratios obtained during
sample analysis and estimate the protein concentration for
each target peptide.

3.3. Measurements of Variants in a Healthy Population of
70 Individual Plasma Samples

To explore the concentration differences between WT and
SAAV peptide pairs, we analyzed 70 plasma samples from
healthy individuals. Because the SAAV peptides represent
germline polymorphisms, their quantification in a healthy
plasma matrix offers valuable insight into baseline expression
levels and typical biological behavior. For each protein, we
distinguished and quantified our WT and SAAV forms.
Quantitative distribution patterns of WT and SAAV peptides
are displayed in Figure 3A—D, with subpopulations further
categorized into homozygous and heterozygous groups in
Figure 3E-F. A demographic breakdown of the sizes of these
subpopulations is provided in Table SS. Importantly, all peptide
forms were accounted for across the 70 individuals, ensuring no
missing data. However, the KNG1 L212P peptide was not
detected in any sample, likely due to its low occurrence rate
(<0.2%). Notably, sensitivity during assay optimization
confirmed that the peptide could be reliably detected in pooled
plasma and diluted matrices down to 2% plasma, indicating
biological rarity rather than technical limitations.

In the quantitative assessment (summarized in Table S6), WT
peptide concentrations were significantly lower in heterozygous
individuals compared with homozygous individuals. For
homozygous SAAV subpopulations, sample sizes were small
across all targets, making it challenging to draw conclusive
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comparisons to homozygous WT individuals. However, CFB
R32W was an exception, with four homozygous R32W
individuals, though concentrations were not significantly
different from the homozygous WT individuals.

Among heterozygous individuals, allele-specific differences
were observed in the protein concentration levels. The measured
ratios of WT to SAAV peptide combinations revealed distinct
quantitative relationships: CFB WT/R32Q (1:0.26 + 0.12, n =
12), CFB WT/R32W (1:1.06 + 0.41, n = 20), CFB R32Q/
R32W (1:4.39 + 0.925, n = 7), CLU WT/N317H (1:0.83 +
0.52, n = 8), and FETUB WT/K360R (1:0.92 + 0.24, n = 13).
When the sum of all peptide forms for each target was evaluated,
trends in overall protein concentration levels varied. CLU
displayed no difference, FETUB showed a moderate increase in
the heterozygous individuals, while CFB saw a decrease in
individuals expressing the R32Q variant. Additionally, the
analysis revealed individuals heterozygous for both SAAV forms
arising from the same genetic codon (e.g, CFB R32Q and
R32W). This unique genotype was observed in 10% of the
population, highlighting the prevalence of complex zygosity
patterns.

3.4.Validation of Targeted Assay Identification of WT/SAAV
Pairs

To confirm that our targeted proteomics assay accurately
identified WT/SAAV peptide pairs, we employed two
independent validation approaches: comparison to data from
the 1000Genomes Project and a PCR-based SNP genotyping
assay.z"?’3

We first compared the results of our proteomics analysis to
population-level genotype data from the 1000Genomes data-
base.” Using SNP IDs and nucleotide change information

(Table 1), we queried the database for the occurrence of each
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variant in the population. The variant frequencies identified by
our proteomics assay were consistent with those reported in the
1000Genomes data set (Figure S6 and Table S7). Notably, our
proteomics method provided additional resolution, enabling the
detection of heterozygous-only populations as in the case of
CFB R32Q and R32W heterozygous genotype.

To experimentally validate our results, we performed a real-
time PCR-based SNP genotyping assay using genomic DNA
extracted from the same plasma of 70 individuals. Genomic
DNA was extracted, yielding an average concentration of 4 ng/
uL. Custom probes specific to each WT/SAAV pair were
synthesized to target DNA regions containing either the WT or
SNP alleles. Negative controls (reactions without DNA) and
positive controls (reactions with synthetic DNA sequence for
each target) were used to ensure assay specificity. ARn, referring
to the change in the fluorescence signal for a given reporter dye,
was used to distinguish genotypes, discriminating SNP allele
reporter dyes (y-axis) from WT allele reporter dyes (x-axis).
Heterozygous alleles were represented by intermediate ARn for
both dyes, creating a cluster in the middle of the plot, clearly
separating them from homozygous WT and homozygous SAAV
(Figure 4). Noteworthy, the results from this assay showed a
99.5% accuracy match with our targeted proteomics data, with
only three mismatches identified (one each for CFB R32Q, CFB
R32W, and CLU N317H).

While the PCR assay confirmed the presence of the SNP
alleles, it was not possible to quantify DNA levels due to the low
yield of circulating DNA from plasma. As a result, variations in
the amount of input DNA for PCRs were not standardized.
Despite this limitation, using the same plasma samples for both
proteomic analysis and DNA extraction ensures direct align-
ment between protein-level quantitation and genotypic
validation, minimizing discrepancies introduced by sample
source variability. The strong concordance between the SNP
genotyping results and proteomics readouts affirms the accuracy
and specificity of our targeted proteomics assay for distinguish-
ing WT/SAAV pairs.

In addition to the orthogonal DNA level validation, we further
contextualized our protein level measurements by examining
transcript level allelic effects using GTEx portal-derived
Normalized Effect Sizes (NES) for each variant (Figure $7).**
The NES values provided population-scale estimates of allele-
associated changes in liver mRNA abundance, which we
compared with the f coefficients derived from our plasma
protein concentrations. The directionalities of variant effects as
positive (increased abundance) on CLU and FETUB were
aligned, but those of CFB were reversed, suggesting that the
CFB may be influenced by regulatory processes downstream of
transcription. This divergence is consistent with the fact that
complement proteins are likely subject to hepatic secretion
dynamics, alternative processing, and differential turnover, any
of which could decouple plasma protein levels from tran-

iy 35,36
script.

4. DISCUSSION

In this study, we developed and applied a multiplex targeted
proteomics workflow for the detection and quantification of WT
and SAAV peptide pairs. By classifying individuals based on
genotype and accounting for all peptide forms, we achieved a
comprehensive assessment of total protein abundance. Our
findings reveal that SAAVs can significantly influence protein
abundance and distribution, providing new insights into
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genotype-dependent protein regulation and the downstream
effects of SNPs on the protein level.

Our targeted assay demonstrated distinct differences in
protein behavior between genotypes. In healthy individuals,
heterozygous populations exhibited reduced WT peptide
concentrations relative to homozygous WT populations, leading
to decreased population-level protein concentrations for certain
targets. By contrast, summed peptide concentrations (WT and
SAAVs combined) revealed significantly reduced or elevated
total protein levels in heterozygous individuals, as observed for
proteins such as CFB and FETUB, respectively. Quantification
of allele-specific contributions further highlighted the distinct
roles of WT and SAAV species in shaping overall protein
abundance. Amino acid substitutions resulting from genetic
variation can alter protein structure, stability, abundance, and
PTMs, ultimately impacting biological processes such as protein
folding, cellular turnover, and function.”” ™%

While high-throughput genomic and transcriptomic methods
(e.g, microarrays and next-generation sequencing) have
enabled large-scale measurements of allele-specific expression,
they lack the resolution needed to quantify the downstream
proteomic effects of genetic variants."” Changes in peptide
abundance, structure, or PTMs cannot be inferred solely from
genomic data.*! Existing proteomics approaches using isoform-
specific antibodies face significant challenges with cross-
reactivity, development cost, and scalability.”* Additionally,
large-scale discovery proteomics often overlooks variants, as
spectral searches primarily rely on databases focused on
canonical sequences.””*” In contrast, our MS-based targeted
proteomics assay provides a quantitative, precise platform for
measuring allele-specific WT and SAAV peptides in non-
depleted plasma and capturing functional consequences of SNPs
at the protein level. This capability streamlines assay develop-
ment while enabling the robust detection of clinically relevant
biomarkers. Our PCR validation at 99.5% accuracy provides
orthogonal confirmation of assay specificity. Furthermore,
leveraging high-pressure, high-resolution separations (e.g.,
PRISM-SRM) has enabled our group to quantify genetic
variants at sub ug/mL levels in prostate cancer cell lines,"
highlighting the versatility of this approach for broader clinical
applications.

Despite its advantages, our current assay has certain
limitations due to its peptide-centric concept. First, the current
assay is limited to the selection of tryptic peptides, which
restricts the method’s application to targets that are predictable
and measurable by trypsin digestion. Differences in trypsin
digestion efficiency between SAAV and wild-type peptides may
also lead to allelic imbalances, such as the significant imbalance
observed in CFB R32Q and R32W which may be technical and/
or biological. In our study, digestion time-course experiments
revealed that the CFB WT peptide is unusually susceptible to
semitryptic cleavage at the R—P bond—an exception to Keil’s
rule—and this systematic loss required application of an
empirically derived correction factor to estimate WT concen-
trations.** Further validation experiments, such as recombinant
protein digestion studies or spiked synthetic controls, could help
confirm whether these observations stem from digestion biases.
For candidates that do not provide suitable tryptic peptides for
detection, alternative enzymes (e.g., Glu-C) could be consid-
ered. Additionally, co-modifications such as PTMs can
complicate peptide-level quantification, emphasizing the need
for refined workflows to untangle these overlapping signals.*
Another challenge stems from the sequence homology within
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the proteome. Variant peptide sequences that appear elsewhere
may generate off-target quantification, leading to inflated
concentration readings. Complementary methods, such as top-
down proteomics, can address this limitation by analyzing intact
proteins.*® For example, Jager et al. successfully used top-down
proteomics to distinguish alpha-1-antitrypsin variants in serum,
avoiding potential interference from homologous sequences
while measuring protein abundance.*” Similarly, peptide-centric
strategies like parallel reaction monitoring (PRM) with heavy,
stable isotope-labeled concatemers have demonstrated the
ability to precisely quantify peptide variants.**

Integrating RNA level information with peptide-level
measurements offers additional insight into the origins of the
allele specific abundance differences. In our data set, transcript-
level NES values aligned with protein-level trends for CLU and
FETUB, whereas CFB displayed the opposite directional
pattern, indicating that transcriptional regulation alone does
not fully exéplain its variant-associated protein behavior in
circulation.’® This divergence suggests that allele-specific
abundance reflects regulatory inputs acting beyond transcription
alone, including translational, post-translational, and digestion-
related influences.> Looking forward, integrating RNA-level
comparisons with SRM measurements in more controlled
systems—such as single-organ or single-cell-type models—may
help distinguish transcription-driven differences from tissue
mixing or plasma-specific regulatory influences. These advance-
ments highlight the potential of combining orthogonal
approaches to overcome the inherent challenges of peptide-
level quantification and to more fully resolve the biological
significance of SAAVs.

For broader applications, PRM and data-independent
acquisition (DIA) could enhance the scope and throughput of
proteogenomic analyses. PRM enables high-resolution detec-
tion of fragment ions, improvin§ specificity for co-modified or
overlapping peptide sequences, ° while DIA allows unbiased
quantification in complex matrices, enabling broader profiling of
noncanonical peptides, including SAAVs.”® Both approaches
complement LC-SRM workflows, particularly in studying
proteins, where allelic imbalance poses a unique challenge for
quantification. Furthermore, expanding the spectral search
spaces to include SAAVs or noncanonical sequences could
improve precision by accounting for expanding variant data-
bases.”' Incorporating more robust search libraries, coupled
with technological adaptations, will be important for the
scalability of proteogenetic research and its translation into
clinical settings.

The ability to resolve WT/SAAV pairs in nondepleted plasma
provides new opportunities for mechanistic and clinical studies.
Its application can identify genotype-specific expression patterns
across phenotypically distinct populations. Among the targets
we studied, the CFB showed notable differences, with two
SAAVs (R32Q and R32W) originating from the same codon but
displaying dramatically different biological behaviors. Both
variants have been implicated in protective roles against
ARMD."”"® The coexistence of both SAAVs may also involve
linkage disequilibrium (LD) within this genetic region.52’53 LD
describes the tendency for certain SNPs to be inherited together,
which could explain the frequent detection of heterozygous
individuals for both variants in our study (10% of the
individuals). Understanding whether LD contributes to variant
co-inheritance and its implications for phenotypes like ARMD
could uncover novel insights into genotype—phenotype
relationships and possible mechanisms. To explore potential
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mechanisms, an ex vivo study using mouse explants demon-
strated that CFB variant proteins exhibited reduced angiogenic
activity compared to the WT model.”* Additionally, a separate
study that purified plasma CFB variant proteins revealed
decreased capacity to form convertase and amplify complement
activation.”> These findings suggest that the variants may
influence regulatory mechanisms, potentially contributing to the
pathogenesis of ARMD. However, the quantitative allelic
imbalances observed in this study remain descriptive. Future
studies focused on transcriptional, translational, and post-
translational mechanisms are needed to uncover direct
mechanistic insights into these imbalances and their impact on
protein function.

5. CONCLUSION

This study demonstrates how a multiplex targeted proteomics
workflow can quantitatively resolve WT and SAAV peptides
directly in nondepleted human plasma. By integrating SRM-
based peptide measurements with genotypic classification, we
characterized allele-specific protein abundance patterns across
multiple targets and revealed how common germline variants
shape circulating protein levels in healthy individuals. The assay
showed strong analytical performance, enabling precise
quantification of variant and wild-type peptide pairs and
distinguishing zygosity-dependent differences in protein abun-
dance. These findings illustrate the value of targeted proteomics
for profiling genetic variants at the protein level in circulation
and provide a practical framework for expanding proteogenomic
analyses in both research and clinical contexts.
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S6), numerical comparison of allele-specific occurrence
frequencies between targeted MS detection and the
1000genomes database (Table S7), primer—probe
reporter and sequence information for SNP genotyping
(Table S8), and synthesized DNA sequences used as
positive controls (Table S9) (PDF)

Tables 1 to 2, and S1 to S9 are also available in excel
format (XLSX)
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