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Immunoassay-based quantification
of full-length peptidylglycine
alpha-amidating monooxygenase
in human plasma

Yulia llina*™, Paul Kaufmann?, Olle Melander??, Michaela Press?, Katrin Thuene® &
Andreas Bergmann?

A one-step sandwich chemiluminescence immunometric assay (LIA) was developed for the
quantification of bifunctional peptidylglycine-a-amidating monooxygenase (PAM) in human plasma
(PAM-LIA). PAM is responsible for the activation of more than half of known peptide hormones
through C-terminal a-amidation. The assay employed antibodies targeting specific catalytic
PAM-subunits, peptidylglycine alpha-hydroxylating monooxygenase (PHM) and peptidyl-alpha-
hydroxyglycine alpha-amidating lyase (PAL), to ensure detection of full-length PAM. The PAM-LIA
assay was calibrated with a human recombinant PAM enzyme and achieved a detection limit of

189 pg/mL and a quantification limit of 250 pg/mL. The assay demonstrated good inter-assay (6.7%)
and intra-assay (2.2%) variabilities. It exhibited linearity when accessed by gradual dilution or
random mixing of plasma samples. The accuracy of the PAM-LIA was determined to be 94.7% through
spiking recovery experiments, and the signal recovery after substance interference was 94-96%. The
analyte showed 96% stability after six freeze-thaw cycles. The assay showed strong correlation with
matched EDTA and serum samples, as well as matched EDTA and Li-Heparin samples. Additionally,

a high correlation was observed between a-amidating activity and PAM-LIA. Finally, the PAM-LIA
assay was successfully applied to a sub-cohort of a Swedish population-based study, comprising 4850
individuals, confirming its suitability for routine high throughput screening.

One of the major groups of intercellular agents for cell-to-cell communications are peptides, acting both as
paracrine and endocrine signaling agents and playing a role in a vast range of physiological and pathophysiologi-
cal processes. All peptide hormones are synthesized as large protein precursors and require well-orchestrated
series of proteolytic processing and post-translational modifications in order to gain their full biologic activity.
One such modification is C-terminal a-amidation, a reaction essential for half of the known peptide hormones
and it is catalyzed by a bifunctional enzyme peptidylglycine alpha amidating monooxygenase (PAM)"2. PAM
is a monopeptide, comprising two functional subunits with distinct catalytic activities, a peptidylglycine alpha-
hydroxylating monooxygenase (PHM) and a peptidyl-alpha-hydroxyglycine alpha-amidating lyase (PAL) (Fig. 1,
inset right)>*. Both catalytic domains work sequentially in order to convert a peptide intermediate into its active
alpha-amidated form. In the first step, C-terminal glycine of the peptide hormone precursor is a-hydroxylated
by PHM upon binding to its ascorbate reduced copper active site>®. In the next step, zinc-dependent PAL subu-
nit cleaves the glyoxylate from the peptidyl-a-hydroxyglycine previously generated by PHM’, which leads to a
formation of the c-terminal a-amine group and full activation of the peptide hormone (Fig. 1).

Encoded by a single copy gene with more than 160 kb of DNA comprising 25 exons, human PAM exists in at
least six different isoforms, including membrane bound and soluble variants, as well as single monofunctional
PHM and PAL enzymes®. Along with alternative splicing, the latter can also be attributed to a tissue-specific
endoproteolytic cleavage of protease sensitive linker between two catalytic domains. Initially isolated from the
bovine neurointermediate pituitary lobe*!°, the majority of the PAM activity was associated with separate PHM
and PAL catalytic domains. In contrast, in bovine atrium and rat medullary thyroid carcinoma purified PAM
was present as an intact bifunctional enzyme of a 113-kDa and 75-kDa, respectively!''-13.
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Figure 1. Schematic representation of PAM-LIA assay. Detection of full-length PAM is achieved in one-step
protocol by capturing the PHM-subunit and detecting the PAL subunit, depicted as surfaces in navy blue and
orange, respectively. The simplified reaction mechanism of C-terminal a-amidation is shown in the right inset.

PAM is indispensable for life and is the only known enzyme to catalyze the C-terminal a-amidation®. It was
demonstrated, that PAM double knock-out in mice and fruits flies is lethal in the first week of gestation or early
larval stage, respectively, leading to a complete depletion of amidated peptide hormones!*'*. Furthermore, the
Drosophila nemy mutants, which encode defective redox enzymes (cytochrome B561 homologue), a required
cofactor for PHM activity, showed decreased levels of amidated peptides and learning and memory deficits'.
PAM is expressed in most mammalian cell types with the highest PAM activity in pituitary and hypothalamus®"’.
In human, the modulation in PAM activity has long been linked to the presence or potential development of the
diverse human pathologies*'®. The increased a-amidating activity was found in several tumors, including the
medullary thyroid carcinoma, neuroendocrine and pancreatic endocrine tumors, and also was associated with
multiple sclerosis, post-polio syndrome and many others'®-*%. Multiple PAM mutations resulting in reduced
activity were shown to be associated with an increased risk of type 2 diabetes, possibly by affecting insulin granule
packaging and release from p-cells*®*>.When measured in CSF of the Alzheimer’s patients, the PAM activity
was significantly reduced in comparison to the healthy individuals®. According to the recent findings, also in
plasma the reduced PAM activity was associated with higher risk of AD development 7 years prior the diagnosis?.
The elevated a-amidating activity was correlated with higher incidence of heart failure and heart fibrillation,
as well as untreated systolic and diastolic hypertension?. In addition to its primary function of catalyzing the
C-terminal amidation of numerous peptide hormones, Back et al. has demonstrated that PAM is also necessary
for the formation of atrial secretory granules®. Studies using knockout mice that lack cardiomyocyte PAM have
shown a decrease in the content of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) despite
the fact that these peptides do not require a-amidation. Thus, due to its essential role in regulation of versatile
physiological and pathophysiological functions, PAM was suggested to be significant therapeutic target and
biomarker for various human clinical conditions®.

To this day the most common way to quantify PAM enzyme is by measuring its activity. Most of these meth-
ods are unapplicable for the routine large-scale applications, since the quantification of the a-amidated products
require time-consuming analytical chromatography or other substrate/product separation methods (e.g. with
ethyl-acetate) for each sample?®**-34. One other drawback is the utilization of the synthetic radiolabeled tri- or
quadropeptides as a substrate?®**~*%, To our knowledge, there are only few activity assays, which utilize the
unmodified naturally occurring full-length peptide hormone precursor as a substrate?®**. Finally, the quanti-
fication of PAM activity is usually accessed under optimal co-factor concentration, such as copper and ascor-
bate, which may differ from their actual concentrations in vivo and possibly artificially elevate the determined
PAM activity. While the activity-based quantification of PAM has been explored, the information regarding the
direct measurement of PAM enzyme concentration is scarce in the existing literature®®. Commercially available
ELISA assays for PAM quantification lack information regarding the specificity of the capturing and detecting
antibodies. This limitation becomes particularly disadvantageous when attempting to distinguish between the
full-length enzyme and single subunits. Another drawback is the lack of information addressing the correlation
between PAM enzyme activity and its concentration, which might hinder the transferability of findings gained
from activity-based measurements into quantitative estimations of enzyme load.

Here we present the one-step chemiluminescence immunometric assay, which allows to determine the con-
centration of bifunctional PAM enzyme in human plasma (PAM-LIA). Conformational capture and developing
antibodies were directed against PHM and PAL subunit, respectively, enabling the detection of the full-length
enzyme variant. The PAM-LIA assay is designed in 96-well microtiter plate-based format, requires a small sample
volume of 20 pL for single determination, short incubation time and operates within a wide calibration range
of 0.25-723 ng/mL. Our immunoassay enables high-throughput screening of a large number of samples within
a short timeframe. To demonstrate the efficiency of PAM-LIA assay as well as possible application of PAM as a
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predictive biomarker for several cardiovascular events, we measured PAM concentration in a sub-cohort of 4850
study subjects from a Swedish population-based study, the Malmo Preventive Project.

Results

PAM-LIA is a one-step high throughput microtiter plate-based chemiluminescence immunometric assay for the
quantitative detection of full-length PAM in human with the capture and detection antibodies being specifically
directed against PAL and PHM subunits, respectively (Fig. 1). No cross-reactivity was measured when a single
recombinant PAL or PHM were used as the analytes. Synthetic bifunctional PAM lacking the protease sensitive
linker between PAL and PHM subunits was used as the calibrator, covering a linear concentration range up to
723.4 ng/mL. The PAM-LIA reached its saturation plateau above 1000 ng/mL, and a high-dose hook effect started
at concentrations above 6 pg/mL.

Technical performance of the PAM-LIA was summarized in Table 1. The average intra-assay CV was 2.2%
[1.3-3.8%] and the average inter-assay CV was 6.7% [2.8-12.9%]. The LOD and LOQ were 189 pg/mL and
250 pg/mL, respectively, as interpolated from a dose-response curve (Fig. 2A). The assay linearity was access by
dilution and by mixing. In the first case, the average deviation between the measured and targeted concentra-
tions for the sample with starting PAM concentration of 91.2 ng/mL, 323.5 ng/mL and 684.7 ng/mL were 13.2%
[8.9-7.9%], 1.2% [3.7-8.2%] and 5.2% [0.4-8.8%], respectively (Fig. SIA-C). In the second case, the determined
concentration of PAM deviated from the expected concentration on average by 4.9% [0.7-10.2%], calculated
from n=19 pool samples (Fig. S1D). The accuracy of the PAM-LIA assay was determined by spiking of analyte-
depleted EDTA plasma with a known concentration of recombinant PAM and was in the range of 90.3-99.2%
(Fig. S1E). All assay characteristics fulfilled the acceptance criteria of £20% CV.

Confounding factors used for the substance interference studies are listed in the Table S1. These included
typical plasma components, analgesics, anticoagulants, antibiotics, antibacterial and anti-inflammatory agents,
antioxidants and others. The average signal recovery in two EDTA plasma pools after supplementation with
confounding factors was 94% [88-103%] and 96% [92-101%] for low (contained 54.7 ng/mL endogenous PAM)
and high (spiked with 364.6 ng/mL recombinant PAM) EDTA plasma pools, respectively.

The ex vivo analyte stability in six native EDTA plasma samples, collected from healthy reported individu-
als, was determined (Fig. S2A). The average concentration of full-length PAM was 88.2 ng/mL [74.7-102.5 ng/
mL]. After the sixth freeze-thaw cycle the concentration of PAM reduced on average by 4.3% [2.2-7.1%], when
compared to the PAM concentration measured in the non-frozen samples.

The accepted operational temperature range of PAM-LIA assay was determined between 18 °C and
32 °C (Fig. S2B). The PAM concentrations, determined at 18 °C, 20 °C, 25 °C, 28 °C or 32 °C, yielded 96.2%
[92.3-100.6%] of the PAM value determined at 22 °C, which was the operational temperature of the standard
assay protocol.

Since assay parameters such as precision, linearity and analyte stability were determined in EDTA plasma, it is
a preferred matrix for the PAM-LIA assay. However, a strong correlation of 0.98 (p <0.0001) and 0.84 (p <0.0001)
between matched Li-Heparin and EDTA plasma (Fig. 2C) and matched serum and EDTA plasma (Fig. S3A),

Calibrator range 0-723.4 ng/mL
High-dose hook 6000 ng/mL
Temperature operational range 18-32°C
Limit of detection 189 pg/mL
Limit of quantification 250 pg/mL

Recovery (MW) from expected (%) £ recovery range (%)

Inter-assay CV

6.7% [2.8-12.3%]

Intra-assay CV/

2.2% [1.3-3.8%]

Linearity (dilutional recovery)

2.0-91.2 ng/mL

86.8% [82.1-91.1%]

1.2-323.5 ng/mL

98.8% [91.8-103.7%]

1.2-694.7 ng/mL

94.8% [91.2-100.4%]

Linearity (mixing recovery)

96.5% [86.6-109.5%]

Accuracy (spiking recovery)

94.7% [90.3-99.2%]

Analytical specificity (substance interference study)

Low pool samples: 94% [88-103%]

High pool samples: 96% [92-101%]

Ex vivo analyte stability (freeze—thaw analysis)

Average (+SD) % recovery after up to 6 freeze-thaw cycles (averaged from 6
samples): 96% + 1%

Correlation studies

matched EDTA/Li-Heparin: r=0.98 p<0.0001

matched EDTA/serum: r=0.84 p <0.0001

PAM amidating activity/PAM concentration: r=0.86 p<0.0001

Table 1. Analytical performance characteristics of PAM-LIA assay.
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Figure 2. (A) The dose-response curve of the calibrator (squares) and interassay precision profile (circles).
LoQ was calculated from the precision profile function (solid line) at a CV value equal to 20%. Each point
represents a mean of 16 measurements; (B) Frequency distribution of PAM (ng/mL), measured in serum

in 4850 individuals (sub-cohort of the Malmo Preventive Project). The median PAM concentration and the
95% CI (dotted line) were calculated from the fitted normal distribution curve (solid line). The data failed

the D’Angostino and Pearson normality test. Non-parametric Spearman correlation of PAM concentration,
determined in the PAM-LIA assay, measured between matched EDTA plasma and Li-Heparin (C). The
correlation between PAM concentration (in ng/mL), determined in the PAM-LIA assay, and PAM amidating
activity (in ug/L*h) (D), measured as described in Kaufmann et al. 2021. n being the number of matched pairs,
r representing the correlation coefficient and p-value for statistical significance. The 95% confidence interval is
shown as dotted lines.

respectively, was observed. Additionally, a significant correlation between the plasmatic amidating activity in
Li-Heparin and the PAM concentration measured in matched EDTA plasma was shown. In a small cohort of
n=69, the correlation coefficient was r=0.86 (p <0.0001) (Fig. 2D). This correlation was further confirmed in a
larger cohort of n=4850 with r=0.71 (p <0.0001) (Fig. S3B).

In addition to measuring PAM concentrations in human plasma and serum, the assay was found to be suitable
for use with rat, porcine and ape plasma. The average PAM concentrations in these samples were determined
to be 7.1 ng/mL (measured in a plasma pool of n=3 animals), 8.42 ng/mL (n=3) and 143.0 ng/mL (n=11),
respectively.

The distribution of PAM concentration in serum samples from a sub MPP cohort of n=4850 individuals is
presented in Fig. 2B. The mean PAM-LIA value was 81.0 ng/mL [SD =20.7]. The median PAM concentration was
79.5 ng/mL, with an interquartile range (IQR) of 67.1-93.1 ng/mL. The 10th and 90th percentiles were 56.3 and
107.2 ng/mL, respectively. The 2.5th, 97.5th, and 99th percentiles were 44.7 ng/mL, 124.8 ng/mL, and 136.5 ng/
mL, respectively. The normal distribution of PAM concentration failed the test for normality (D’Agostino Pearson
omnibus test).

Furthermore, PAM concentration was divided into quartiles and correlated with clinical baseline parameters
such as age, BMI, cholesterol, glucose levels, etc. (Table 2). The results of this analysis indicate that there is a sig-
nificant correlation between increasing levels of PAM and age (p <0.0001), BMI (p < 0.0001), systolic (p=0.0002)
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A 40-

Q1 Q2 Q3 Q4

n=1218 n=1208 n=1207 n=1217 p value
Range (ng/mL) 9.5-67.1 67.2-79.5 79.6-93.0 93.1-242.4 nd
mean PAM in ng/mL (SD) 56.7 (8.3) 73.6 (3.6) 85.8 (4.0) 108.1 (14.2)
Age in years (SD) 68.8 (6.3) 69.3 (6.3) 69.6 (6.0) 70.2 (6.4) <0.0001
Gender, n male (%) 858 (69.4) 854 (69.0) 845 (68.3) 837 (73.7) n.d
BMI in kg/m? (SD) 26.7 (3.8) 26.9 (4.0) 27.1 (4.5) 27.5 (4.5) <0.0001
Systolic blood pressure in mmHg (SD) 144.0 (20.1) | 144.9 (20.0) | 145.1(20.0) | 147.5(21.6) | 0.0001
Diastolic blood pressure in mmHg (SD) 83.0 (10.4) 83.3(10.6) 83.7 (10.6) 84.6 (11.6) 0.0039
Glucose in mmol/L (SD) 5.89 (1.8) 5.80 (1.5) 5.84 (1.3) 5.83 (1.3) 0.0163
Diabetes mellitus, n (%) 203 (16.7) 162 (13.4) 192 (15.9) 207 (17.0) n.s
LDL in mmol/L (SD) 3.60 (1.0) 3.59 (1.0) 3.63 (1.0) 3.64 (1.0) n.s
HDL in mmol/L (SD) 1.38 (0.4) 1.40 (0.4) 1.36 (0.4) 1.38 (0.4) n.s
Cholesterol in mmol/L (SD) 5.53 (1.1) 5.53 (1.1) 5.57 (1.1) 5.60 (1.1) n.s
Triglyceride in mmol/L (SD) 1.20 (0.6) 1.20 (0.6) 1.26 (0.7) 1.28 (0.6) <0.0001

Table 2. Baseline clinical characteristics according to quartiles (Q). n.a. not applicable, n.s. not significant.

and diastolic blood pressure (p =0.0019), and triglyceride levels (p =0.0008). However, there were no significant
correlations found between gender, glucose, LDL, HDL, and total cholesterol levels and PAM protein.

Finally, we evaluated the predictive value of PAM-LIA in relation to the incidence of heart failure (HF),
atrial fibrillation (AF), and major adverse cardiovascular events (MACE) in a sub cohort of MPP, excluding
individuals with pre-existing coronary event and stroke. The results indicated that a PAM concentration above
the median value was associated with a higher incidence for HE, AF and MACE. Specifically, individuals with
PAM concentrations below 93 ng/mL had a lower incidence of HF (HR =0.73, p=0.024) and AF (HR=0.71,
p<0.0001), while those with PAM concentrations below 79.5 ng/mL had a lower incidence of MACE (HR =0.82,
p=0.0149) (Fig. 3).

Discussion

The described one-step sandwich chemiluminescence immunometric assay (PAM-LIA) offers significant advan-
tages over currently applied methods for measuring the level of PAM in bodily fluids. Firstly, most validated
methods for measuring PAM levels involve time-consuming and non-scalable methods, which employ the quan-
tification of product formation. Secondly, measuring PAM activity often requires optimal substrate conditions,
which may not accurately reflect in vivo conditions. In contrast, the PAM-LIA assay directly measures the protein
concentration, which may offer more accurate insights into the in vivo status of the enzyme.

The current assay set-up enables the measurement of the full-length PAM by targeting the PAL subunit
through capturing antibodies and detecting the PHM subunit. PAM protein is expressed in various isoforms,
including different variants of the full-length protein as well as single subunits, depending on the tissue. To obtain
a more comprehensive view of PAM’s expression profile, different permutation of capture and tracer antibodies
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Figure 3. The 16-year follow-up Kaplan-Meier survival curves (Cox Proportional Hazards Model) for low
versus high PAM concentration, using cutoffs of 93 ng/mL for incident atrial fibrillation (AF), (A) and incident
heart failure (HF), (B) and 79.5 ng/mL for incident major adverse cardiovascular events (MACE), (C). n is the
number of subjects (MPP sub-cohort with no history of cardiovascular disease), HR* for hazard ratio (fully
adjusted Cox regression with respect to age, gender, BMI, systolic blood pressure, diastolic blood pressure,
glucose, diabetes, LDL, HDL, total cholesterol, and triglycerides) and p-values for statistical significance.
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could be used to target either PHM or PAL alone, either as a single subunit or as part of the full-length enzyme.
By combining different assay setups, important insights into the total PAM load in different tissue extracts or
bodily fluids can be obtained.

The strong correlation between PAM concentrations measured using the PAM-LIA assay and the amidating
activity supports the assay’s reliability as a proxy for PAM activity. The assay’s compatibility with various sample
matrices, including EDTA plasma, serum, and Li-Heparin plasma, increases its versatility and utility in clinical
testing. The broad operational temperature range (18-32 °C) of the PAM-LIA assay indicates its robustness and
adaptability to varying laboratory conditions without significant impact on accuracy. The high ex vivo stability
of the PAM analyte in plasma samples, with only a 4.3% reduction in concentration after six freeze-thaw cycles,
suggests that the assay can be used with stored samples without substantial loss of accuracy.

Furthermore, the PAM-LIA assay demonstrated successful application in measuring PAM concentrations in
plasma samples from rat, porcine and ape species, highlighting its potential for use in comparative and transla-
tional research involving different mammalian models. The detection of PAM in various tissue extracts, including
porcine pituitary extract, soluble and solubilized membrane liver fraction from rat, suggests that the assay could
detect different PAM isoforms expressed in various tissues.

Among the immunoassay-based methods for direct quantification of PAM, the PAM-LIA assay has shown
several advantages when compared to previously reported methods. To our knowledge, Sturmer et al. was the first
to report the direct quantification of PAM in an immunoassay-based setup, utilizing chicken antibodies to detect
rat PAM?*®. However, it is important to note that although rat and human PAM share a high sequence similarity,
the use of such an assay setup may not be the most suitable for detecting human PAM. Our results demonstrate
a significant decline in antibody sensitivity when plasmatic rat PAM is used as an analyte.

Unlike PAM-LIA assay, the commercially available immunoassay-based kits for human PAM detection lack
information regarding the correlation between PAM concentration and PAM activity (e. g. MyBioSource, Cat#
MBS2024085), which raises questions about the validity of these assays for accurate PAM quantification. Addi-
tionally, the lack of information regarding the target of the solid- and liquid phase antibodies makes it challeng-
ing to distinguish whether the detected product is a single subunit or the full-length PAM. This ambiguity adds
further uncertainty to the quantification process.

When comparing the analytical performance characteristics of different assay setups, it becomes evident that
the PAM-LIA assay outperforms the other reported assay set-ups with respect to calibration range and range of
operational temperature, demonstrates higher precision (intra- and inter-CV), reproducibility, linearity, spiking
recovery and correlation with PAM a-amidating activity (Tab. S2). The wide calibration range of the PAM-LIA
eliminates the need for sample dilution, which is required for previously reported assays. This advantage becomes
especially significant when a large number of samples need to be analyzed. Another advantage of PAM-LIA
assay is its one-step protocol, which enables the simultaneous incubation of the target analyte with detection
and capture antibodies. In contrast, alternative immunoassays, such as the one described by Sturmer et al. or
commercially available ELISA kits, involve more intricate time-consuming procedures that require preliminary
antibody-antigen formation steps, sequential incubation of the analyte with capturing antibodies, followed by
the washing steps, and subsequent incubation with detection antibodies.

The compatibility of the one-step PAM-LIA assay with high-throughput screening processes, such as 96-well
format plates, makes it suitable for large-scale clinical automated testing and research. In a sub-cohort of 4850
individuals, we observed the correlation between PAM concentration and various clinical baseline parameters,
including SBP and DBP, suggesting its potential for identifying subpopulations at risk for specific health condi-
tions or monitoring intervention effectiveness.

Our study’s findings support the potential use of PAM as a diagnostic and prognostic biomarker for various
cardiovascular conditions, such as heart failure, atrial fibrillation, and major adverse cardiovascular events. These
results align with prior studies indicating that patients with higher incidences of HF and AF tend to exhibit
elevated PAM activity®®. Our data supports the previously proposed hypothesis that the elevated PAM levels could
have several origins. Firstly, the co-secretion of atrial natriuretic peptide (ANP) and brain natriuretic peptide
(BNP), with PAM being involved in secretory vesicles formation in the heart atrium?®. Secondly, the increased
levels of bioactive adrenomedullin secretion, a peptide hormone that is known to be elevated in patients with HE,
AF, and other cardiovascular pathologies, and which requires PAM for its activation. We have also observed sig-
nificant correlation between PAM-LIA and bioactive adrenomedullin concentration in MPP sub cohort (Fig. S$4).

Interestingly, with respect to diabetes our observations for PAM concentration correlated only partially with
the data observed for PAM activity*. Unlike for PAM-AMA, there was no significant difference in PAM con-
centration measured in subjects with prevalent DM when compared with healthy individuals (Fig. S5A). This
finding is rather surprising, as reduced PAM activity in diabetes has long been associated with several mutations
in PAM?->%7, However, our data suggests that in diabetes the concentration of PAM may be affected differ-
ently than its activity. In fact, we did not observe a significant negative correlation of PAM concentration with
glucose levels (Fig. S5B), as was observed for PAM activity in subjects with prevalent diabetes. Furthermore, no
correlation of PAM-LIA and glucose was found in subjects free of diabetes (Fig. S5C). The distinguish between
PAM activity and concentration could shed more light on the role of PAM in diabetes development, but further
investigation is needed to fully understand the underlying mechanisms.

In contrast to diabetes, PAM concentration was found to be reduced in patients with incident AD compared to
healthy individuals, as measured in a sub-cohort of MPP (Fig. S6A). Furthermore, we observed that the decreased
level of PAM served as prognostic indicator for the AD incidence, since reduction of PAM concentration was
evident as early as 7 years prior to the AD diagnosis (Fig. S6B).

AD is a complex neurodegenerative process characterized by various features, including reduced cerebral
blood flow and cognitive impairments. The most prominent hallmarks of AD are the extracellular accumula-
tion of misfolded amyloid-8 and the intracellular deposition of hyperphosphorylated tau protein in the form of
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tangles. Several peptide hormones, such as adrenomedullin®-*, pituitary adenylate cyclase-activating peptide?!,

vasoactive intestinal peptide*"*, glucagon-like peptide 1**, neuropeptide Y** etc., have been shown to effectively
attenuate the symptoms associated with AD due to their neuroprotective properties and require a-amidation
for their full biological activity. Considering this, the reduction in PAM concentration could be linked to the
progression of clinical AD, as it may lead to a decrease in the production of active peptide hormones necessary
for executing their neuroprotective function. This suggests that the impairment of PAM-mediated a-amidation
could play a role in the pathogenesis of AD.

In conclusion, the PAM-LIA assay represents a robust, reliable, and versatile method for quantifying PAM
concentrations in various sample matrices, with promising applications in clinical research and diagnostics.
Future studies should focus on validating the assay in the context of specific disease conditions. The PAM-LIA
assay provides a valuable tool for advancing the understanding of the physiological and pathological roles of
PAM and its potential as a therapeutic target.

Methods

Design and heterologous expression of immunogen constructs. Soluble PHM and PAL subu-
nits, comprising 31-377 residues (PHMj,_;,,) and 494-817 residues (PAL,y,_g;) of human PAM (UniProtKB:
P19021-1), respectively, were synthesized and separately expressed in transiently transfected human kidney 293
(HEK293) cell. Both constructs were C-terminally truncated with decahistidine tag. The overexpressed recom-
binant constructs PHMj;,_3;; and PAL,e, g, were purified by nickel affinity chromatography with >95% sample
purity as measured by capillary gel electrophoresis, and used for immunization or screening of hybridoma cells.

Antibody development. Monoclonal antibodies directed against soluble PAL and PHM subunit were
generated by a standard fusion procedure between immunized Balb/c mice spleen cells with SP2/0 myeloma
cells, describes elsewhere*#¢. The resulting hybridoma cell lines were selected based on their ability to secret
specific monoclonal antibodies against the respective immunogen. Finally, the antibodies were purified via pro-
tein A chromatography, yielding >95% sample purity as measured by capillary gel electrophoresis.

Chemiluminescence immunoassay for PAM quantification (PAM-LIA).  Solid- and liquid phase an-
tibody. 200 pL of 10 ug/mL a-PAL antibodies (2 ug/well) were dissolved in 50 mM Tris/HCI, 100 mM NaCl, pH
7.8 and applied to high-binding polystryrene microtiter plates per well and incubated for 18 h at 4-6 °C. Unbound
a-PAL antibodies were discarded. After blocking with 6.5 mmol/L of KH,PO4, 3.5 mmol/L of K,HPO,, 3% Ka-
rion, 0.5% protease free BSA, pH 6.6-6.8, the coated MTP were air dried for 20 h and stored at 4-6 °C.a-PHM
antibodies were incubated with a 1:3 molar ratio of methylacridinium N-hydroxysuccinimide ester (MACN)
(1 g/L; Invent diagnostic GmbH) for 30 min at 20 °C in the dark. After quenching the reaction with 5% 1M Tris/
HCI, pH 7.0, the MACN-labeled a-PHM antibodies were separated from the unbound MACN by gel filtration
via CentriPure P10 column (emp BIOTECH GmbH) and further purified using HPLC column (Knauer, 0.5 mL/
min flow rate). After supplementation with 5% BSA, the labeled antibodies were stored at —20 °C.

Calibration. The assay was calibrated with defined concentrations of commercially obtained recombinant PAM
(SinoBiological; cat-no.: 13624-H08H) in a range of 0-723.4 ng/mL, dissolved in 100 mM Tris/HCI, pH 8.0, 3%
protease free BSA.

Standard assay protocol. 20 pL of EDTA plasma sample/calibrator in duplicates and 200 uL assay buffer
(115 mM KH,PO,, 185 mM K,HPO,, 100 mM NaCl, 10 mM EDTA, 0.1% w/v unspecified bovine IgG, 0.02%
w/v unspecified murine IgG, 50 mM amastatin HCI, 100 pM leupeptin hemisulfate, 0,5% protease free BSA,
pH 7,0), containing 50 ng/mL liquid phase antibodies (10 ng/well), were applied to a microtiter 96-well plate
(Greiner Bio-One International AG), coated with solid phase antibodies. The incubation for 3 h at 22 °C under
agitation of 600 rpm followed (Titramax 101, Heidolph Instruments GmbH & CO. KG). Unbound labeled anti-
bodies were removed by washing 5 times with 350 pL standard washing buffer (sphingotec GmbH). Chemilu-
minescence emission was detected for 1 s with Centro LB 960 microtiter plate luminescence reader (Berthold
Technologies).

Assay performance study. The inter-assay precision was determined from twelve EDTA plasma samples, com-
prising seven samples with different concentration spectrum of endogenous PAM (range 0.65-15.6 ng/mL) and
five samples spiked with recombinant PAM (range 51.1-305.9 ng/mL). Prior the measurements samples were
subdivided into aliquots and stored at — 80 °C. The measurements were performed over the period of 5 days with
three runs per day in a total of 15 independent assays, conducted by three operators. For one run one microtiter
plate was used for calibrators and samples, each in duplicates. The limit of quantification (LoQ), defined as the
concentration of PAM that can be reliably measured with a coefficient of variation (CV) of 20%, was determined
using GraphPad Prism 8.4.3. To this end, twelve EDTA plasma samples were selected, covering a concentration
range of 75.3 pg/mL to 305.9 ng/mL. Each sample was measured in duplicates by three different operators in
15 independent assays. The CV (%) was calculated for each measurement and plotted against the correspond-
ing PAM concentration. The LoQ value was then determined by interpolating from dose-response curve and
represented the PAM concentration at which the CV reached 20%. The limit of detection (LoD) was determined
by Analyse-it software, utilizing 55 independent measurements of plasma samples depleted from PAM (limit of
blank, LoB), and 32 samples with a low analyte concentration ranging between 114 and 308 pg/mL. Nonpara-
metric estimation of normal quantile with an error of 5% was used (Fig. S7).
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The intra-assay precision was determined by concentration measurement of three EDTA samples with PAM
concentration of 1.4 ng/mL, 66 ng/mL and 117 ng/mL. PAM concentration in each sample was determined as
16-times iteration within of a single assay.

Spiking recovery (accuracy) was assessed by adding known concentrations (50 ng/mL, 100 ng/mL, 250 ng/
mL, and 500 ng/mL) of synthetic full-length PAM (SinoBiological) to the analyte-depleted EDTA plasma (zero-
matrix) and comparing the detected PAM level to expected concentrations. Each concentration was measured in
quadruplicate. To generate zero-matrix, EDTA plasma was incubated with a-PAL and a-PHM antibodies, coupled
to a ultralink hydrazine resin (ThermoFischer Scientific), for 4 h at 4-6 °C. The remaining PAM concertation in
the analyte free matrix was < 250 pg/mL, when measured in PAM-LIA assay under standard protocol conditions.

For dilution recovery (linearity), three pools of EDTA plasma were 10% stepwise diluted with analyte-low
matrix. Plasma pool concentrations were 674.7 ng/mL and 323.5 ng/mL, when spiked with recombinant PAM,
and 91.2 ng/mL, containing the endogenous PAM of several self-reported healthy individuals. The zero-matrix
was generated as described in spiking recovery experiments.

For mixing recovery, eight EDTA plasma samples with predetermined PAM concentration in a range between
1.7 and 481.1 ng/mL were mixed in a 1 to 1 ratio in random manner, resulting in total of 19 combined pools. The
deviation between the expected and measured PAM concentration was determined.

To access the substrate interference, two EDTA plasma pools (low EDTA plasma pool with 54.7 ng/mL
endogenous PAM; high EDTA plasma pool spiked with 365 ng/mL recombinant PAM) were mixed with 32
substances in a significant molar excess in respect to analyte (Tab. S1), incubated for 1 h at RT and measured
according to a standard assay protocol. The samples were measured in quadruplicate. Recovery calculations
were corrected for the effect of volume increase after supplementation and deviations to the not supplemented
samples were calculated.

To determine the freeze-thaw stability under ex vivo conditions, the six EDTA-plasma samples from self-
reported healthy individuals underwent up to 6 freeze-thaw cycles. The samples were stored at —80 °C for at
least 24 h prior the following freeze—thaw cycle to occur.

To access the operative temperature range, eight EDTA plasma samples in a range between 1,8 ng/mL to
466.4 ng/mL were measured in duplicate according to a standard assay protocol at 18 °C, 20 °C, 22 °C, 25 °C,
28 °C, 32 °C. The PAM concentration determined at 22 °C was set as a reference point.

The acceptance criterion for all technical assay parameters was +20% CV from the original or expected
concentration.

Correlation studies. To determine the matrix effect on PAM concentration, PAM-LIA was measured in
matched EDTA plasma and serum samples, as well as in matched EDTA plasma and Li-Heparin samples from
31 and 70 healthy self-reported individuals, respectively. Additionally, PAM amidating activity were measured
in Li-Heparin samples, in order to investigate the correlation between the soluble PAM activity and PAM con-
certation. PAM activity was measured in house as described in Kaufmann et al.?%. Correlations were calculated
as Spearman rank correlation. p values <0.05 were considered significant.

MPP study population. For normal distribution and other baseline characteristics of PAM concentration
in healthy population, the sub cohort of randomly selected 4850 individuals from the Swedish single-center
prospective population based study (Malmé Preventive Project, MPP*’) were measured in serum. Previously,
detailed descriptions were provided for the methods used to assess baseline cardiovascular risk factors and for
linking records with the Swedish national inpatient and cause of death registries to retrieve endpoints related to
the incidence of major adverse cardiovascular events (MACE), atrial fibrillation (AF) and congestive heart fail-
ure (HF)*-*". Written informed consent was obtained from all participants and/or their legal guardians before
entering MPP-RES. The study was approved by The Regional Ethical Review board at Lund University, Sweden
(LU 244-02) and complied with the Helsinki Declaration (IRB=2009/633).

The baseline levels of PAM-LIA in the MPP were expressed in quartiles, with quartile 1, 2, 3 and 4 comprising
the PAM-LIA values of 9.5-67.1 ng/mL, 67.2-79.5 ng/mL, 79.6-93.0 ng7mL, 93.1-242.2 ng/mL, respectively.
Multiple comparisons of baseline clinical characteristics (e.g. age, gender, LDL, HDL, cholesterol, glucose etc.)
according to PAM quartiles were performed using one-way ANOVA. In order to assess the incidence of HE,
AF, and MACE during the 16-year follow-up period with respect to PAM concentration, the Cox Proportional
Hazards Model was used. The individuals with prevalent coronary event and stroke were excluded. The model
was adjusted for baseline risk factors including age, gender, BMI, systolic blood pressure, diastolic blood pres-
sure, glucose, diabetes, LDL, HDL, total cholesterol, and triglycerides. The incidence of Alzheimer’s disease
was accessed during the 7-year follow-up period in MPP sub-cohort, comprising n= 3886 individuals (Cox
Proportional Hazards Model). The individuals with prevalent AD were excluded. The cut-off value of 88.2 ng/
mL were used. The model was adjusted for baseline risk factors as described above.

Statistical analysis. All statistical analysis were carried out with GraphPrism 8.4.3 and Analyse-it software.
Graphics were prepared using Chimera®'. Distribution was tested with the D’Agostino-Pearson omnibus test.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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