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III. Zusammenfassung

II1. Zusammenfassung

Das Renin-Angiotensin-Aldosteron System ist von zentraler physiologischer Bedeutung, wobei
die Aspartyl-Protease Renin als Geschwindigkeit bestimmender Schritt bei der Aktivierung der
Kaskade angesehen wird. Da das Wissen zu Renin und seiner Vorstufe Prorenin bei Kindern
limitiert ist, wurde einfilhrend zu dieser Arbeit eine systematische Literaturrecherche
entsprechend der PRISMA Methode durchgefiihrt. Aus den 15 identifizierten und
eingeschlossenen pédiatrischen Studie lies eine altersabhiingige Abnahme von Renin und
Prorenin schlussfolgern. Der Review zeigte aullerdem, dass bisher verbreitet eingesetzte
Immunoassays sich dadurch charakterisieren, dass sie anfdllig fiir Variationen bei der
Durchfiihrung sind. Vor allem aber diskriminieren sie nicht ausreichend zwischen Renin und
Prorenin, sodass es durch die vom Hersteller angegebenen Kreuz-Reaktivitit von bis zu 50%
falsche Renin Werte gemessen werden konnen. Obwohl die Fliissigchromatographie gekoppelt
an einen Massenspektrometer (LC-MS) hier eine vielversprechende Alternative darstellt, sind
in der Literatur bisher keine Quantifizierungsansitze zur Bestimmung von Renin und Prorenin
beschrieben. Deshalb wurde ein neuer Hybrid-Assay unter Verwendung der
Massenspektrometrie mit einer vorgeschalteten Immunoaufreinigung fiir humanes Renin
entwickelt und etabliert. Der hierbei genutzte experimentelle Ansatz des Design of Experiments
(DOE), der im Gegensatz zum ,ein Faktor nach dem anderen Faktor‘-Ansatz (engl.: OFAT) in
der Bioanalytik noch nicht weit verbreitet ist, erlaubte neben der Reduktion der Versuche vor
allem eine systematische Austestung und Kombination der Parameter bei der
Proteinquantifizierung. Hierauf aufbauend wurde im Nachgang ebenfalls mit Unterstiitzung des
DOE Ansatzes eine eigenstindige Methode fiir Prorenin entwickelt, die sich durch ein
beschleunigtes Verdauverfahren mittels eines organisch-wéssrigem Mediums auszeichnete und
verglichen mit den konventionell tryptischen ,Ubernacht Verdau‘ die Analytik dieser Proteine
innerhalb eines Labortages ermoglichte. Obwohl durch diesen LC-MS Ansatz nun beide
Substanzen verldsslich voneinander unterschieden und bestimmt werden koénnen, bedurfte es
einer nachgeschalteten Assayoptimierung, bei der besonders nicht-spezifische Bindung an
Verbrauchsmaterialien als Faktor fiir unzureichende Sensitivitét flir die Erfassung endogener
Konzentrationen ausgemacht werden konnte. Die erfolgreiche Adressierung dieser Punkte
haben maligeblich zur verbesserten Empfindlichkeit des Assays beigetragen. Nach einer
erfolgreichen Verifikation der optimierten, schlanken und schnelldurchfiihrbaren
Hybridmethode steht nun ein Quantifizierungsansatz zur Verfligung, der nun maB3geblich dazu
beitragen krankheitensbedingte Verdnderungen der Konzentrationen von Prorenin und aktivem

Renin in adulten als auch in vulnerablen Populationsgruppen besser zu erfassen.
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IV. Summary

IV. Summary

The renin-angiotensin-aldosterone system is of central physiological importance because the
aspartyl protease renin is thought to be the rate-determining step of a signaling cascade.
Knowledge regarding renin and its precursor prorenin in children is limited; therefore, a
systematic literature search, performed according to the PRISMA method, represents the
introduction to this work. From 15 identified pediatric studies included in this systematic
analysis, an age-related decrease in renin and prorenin levels was identified.

The review also showed that commonly used immunoassays are characterized by high degrees
of performance variations. Most importantly, they do not discriminate sufficiently between
renin and prorenin, so that up to 50% of the active renin might be detected falsely. Although
this value appears to be low, when prorenin concentrations are high, this cross-reactivity can
significantly distort the true active renin values. Although liquid chromatography-mass
spectrometry (LC-MS) is a promising alternative to immunoassays, no LC-MS approaches for
the determination of renin and prorenin have been described in the literature thus far. Therefore,
a new hybrid assay using high-resolution MS, combined with the upstream immuno-
purification of human renin, has been developed and established in this thesis. The design of
experiments (DOE) approach, which was not widely applied in the field of bioanalytical
research compared to the ‘one-factor at a time’ approach (OFAT), was applied to reduce the
necessary number of experiments, and a systematic testing approach was used to optimize the
combination of parameters to achieve high sensitivity protein quantification. Based on the DOE
approach, an independent method for prorenin identification was subsequently developed,
which is characterized by an accelerated digestion process using an organic-aqueous medium.
Compared to the conventionally used ‘over-night’ digestion, the duration of the protein’s
analysis was reduced to a routine laboratory day. Although this MS-based approach allows for
the reliable differentiation and determination of both substances, downstream assay
optimization was necessary to reduce non-specific binding to consumables and the injection
medium, which were determined to represent factors influencing the insufficient sensitivity for
endogenous protein detection. By addressing these issues and performing statistical analyses of
the injection solvent composition, assay sensitivity was significantly improved. The successful
verification of the optimized, lean, and fast hybrid method has resulted in the availability of an
MS-based quantification approach for the reliable differentiation and detection of endogenous
renin and prorenin levels and which can significantly contribute to the detection of renin-

associated diseases in adults and vulnerable populations.
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Introduction

1. Introduction

1.1 The physiology of active renin and prorenin

Renin was first extracted from rabbit renal tissue, discovered by Tigerstedt and Bergman in
1898, who identified the involvement of renin in blood pressure regulation by studying the
effects of exogenous renin administration (Tigerstedt and Bergman 1898). Since then, the renin-
angiotensin-aldosterone system (RAAS) has been identified, which represents a common drug

target for the treatment of several diseases.
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Figure 1-1 Modified RAAS showing the role played by active renin role in the cascade and the activation of
prorenin into a fully active enzyme. The active and bound prorenin can also initiate the classical RAAS, as shown
on the left, while also inducing cellular activation, leading to fibrosis and cardiac remodeling like the angiotensin
1l-receptor type I’s intracellular cascade (ACE: angiotensin-converting enzyme).

The classic RAAS cascade begins with the enhanced release of active renin from
juxtaglomerular cells. This enzyme cleaves a decapeptide (angiotensin I) with high specificity
from angiotensinogen, which is released by the liver into blood plasma. The further processing
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of angiotensin I into angiotensin II by angiotensin-converting enzyme (ACE) occurs in the
lungs generates one of the most potent endogenous vasoconstrictors, angiotensin II (Schroten
et al. 2012). The activation of this cascade improves blood perfusion in the kidneys and
maintains kidney functions. In addition to the classical RAAS, the inactive precursor is also
involved in angiotensinogen cleavage, which leads to the same cascade activation as active
renin. This activation is triggered by the specific binding of prorenin to the prorenin receptor,
which exists in both membrane-bound and soluble forms (Nguyen et al. 2002). Both pathways
end with the activation of the angiotensin II-receptor type 1, which induces an intracellular
response (Fig. 1-1).

Renin and prorenin are aspartic proteases with unique characteristics compared with other
aspartic proteases, such as pepsinogen, which displays optimal activity under acidic conditions,
whereas renin and prorenin display optimal catalytic abilities at pH 7.4 due to their residence
in human plasma.

The synthesis of renin and prorenin occur primarily in the juxtaglomerular cells of the kidney,
where the encoded DNA is transcribed into mRNA and translated by ribosomes into pre-
prorenin, which is translocated to the endoplasmic reticulum and Golgi apparatus to undergo
further maturation into prorenin through the cleavage of the signal peptide that was essential

for translocation (Schweda et al. 2007) (Fig. 1-2).

I Constitutive pathway >
Pre- Prorenm GOlgl
appar atus
R1bosome
Tagging for regulated -
pathway / - \\
Proconvertase
. Cathepsins
\ ‘
Prorenin Nucleus Glycosylation

I Regulated pathway >

Figure 1-2 Renin and prorenin synthesis and release. This figure was modified and recreated with permission
from Schweda et al. (2007). Renin DNA is transcribed into messenger RNA (mRNA), which is then translated in
the endoplasmic reticulum (ER) to form pre-prorenin. The cleavage of the signal peptide occurs after exiting the
ER. In the Golgi apparatus, prorenin becomes glycosylated, which is essential for further processing. Although
the unglycosylated prorenin is released directly into the bloodstream, the tagged prorenin is cleaved in dense-core
vesicles, where a lower pH supports the pro-segment unfolding.
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Two amino acids (both asparagine residues) are found in the glycosylated form that act as a
type of marker for the further cellular processing of prorenin to renin (Hsueh and Baxter 1991).
The conversion from prorenin to active renin is not completely understood, but the activation
can be performed by various enzymes found in lysosomes (Xa et al. 2014). Before cleaving the
pro-segment, the 43-amino-acid-long polypeptide must be unfolded from the active site to allow
for the steric accessibility of lytic enzymes to the pro-segment. In vitro studies have suggested
that cathepsin B may represent a favorable candidate for prorenin activation due to its co-
localization in lysosomes and their optimal proteolytical activity at pH 5 (Neves et al. 1996).
Furthermore, kallikrein might also be able to activate prorenin, but this enzyme does not reside
directly next to the juxtaglomerular cells; therefore, activation performed by this enzyme might
occur during ex vivo reactions (Derkx et al. 1987b). Non-proteolytic activation represents
another potential option of the ex vivo maturation of prorenin due to exposure to acidic
environments or low temperatures (Pitarresi et al. 1992). Cold-induced activation, also known
as cryoactivation, has been identified in stored blood plasma and might lead to the proteolytical
conversion of prorenin into active renin by plasmin and kallikrein, which may be activated due
to the inactivation of their inhibitory counterparts (Campbell et al. 2009).

The mature active renin consists of 340 amino acids, typically form -sheet tertiary structures,
contributing to the tight formation of two homologous lobes, which make mature renin very
stable and resistant to proteolytic enzymes. In addition to fully catalytically active renin,
prorenin, which still contains the pro-segment on the C-terminus that becomes folded in the
mature form of renin, can also be released into the blood plasma (Sielecki et al. 1989) (Fig. 1-
3).

After endogenous synthesis and processing, the juxtaglomerular cells secrete both active renin
and prorenin, but the amount of active renin secreted by the juxtaglomerular cells represents
only approximately 25% of the total renin concentration found in blood plasma (Schroten et al.
2012) (Fig. 1-2). In contrast to active renin, prorenin production is controlled by gene regulation
and the chronic stimulation of the RAAS, which can also influence the conversion of prorenin
to active renin. Prorenin can be secreted by other tissues, including the eyes, mast cells, ovaries,
uterus, placenta, amniotic fluid, testis, and submandibular glands, which contributes to the 5 to
10-fold increased levels of plasma prorenin compared with active renin (Krop and Danser 2008;

Sealey et al. 1986).
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Prorenin

Active renin

Pro-segment (pro-part) 24 -66:
-LPTDTTTFKRIFLKRMPSIRESLKERGVDMARLGPEWSQPMEKR-

Chain (mature-part) 67 - 406:
LTLGNTTSSVILTNYMDTQYYGEIGIGTPPQTFKVVEDTGSSNVWVPSS
KCSRLYTACVYHKLFDASDSSSYKHNGTELTLRYSTGTVSGFLSQDIIT
VGGITVTQMFGEVTEMPALPFMLAEFDGVVGMGFIEQAIGRVTPIFDNII
SQGVLKEDVFSFYYNR SQSLGGQIVLGGSDPQHYEGNFHYINLIK
TGVWQIQMKGVSVGSSTLLCEDGCLALVDTGASYISGSTSSIEKLMEAL

Chain (mature-part) 67 - 406:

LTLGNTTSSVILTNYMDTQY YGEIGIGTPPQTFKVVFDTGSSNVWVPSS
KCSRLYTACVYHKLFDASDSSSYKHNGTELTLRYSTGTVSGFLSQDIIT
VGGITVTQMFGEVTEMPALPFMLAEFDGVVGMGFIEQAIGRVTPIFDNII
SQGVLKEDVFSFYYNR SQSLGGQIVLGGSDPQHYEGNFHYINLIK
TGVWQIQMKGVSVGSSTLLCEDGCLALVDTGASYISGSTSSIEKLMEAL

GAKKRLFDYVVKCNEGPTLPDISFHLGGKEYTLTSADYVFQESYSSKKL
CTLAIHAMDIPPPTGPTWALGATFIRKFYTEFDRRNNRIGFALAR

GAKKRLFDYVVKCNEGPTLPDISFHLGGKEYTLTSADY VFQESYSSKK
LCTLAIHAMDIPPPTGPTWALGATFIRKFYTEFDRRNNRIGFALAR

Figure 1-3 Amino acid sequences and 3D structures of prorenin and active renin obtained from the UniProt
database (Entry number P00797 RENI HUMAN) and PDB databank (modified with PyYMOL 2.2.1). The green
3D structure represents the mature part, whereas the light blue structure represents the pro-segment, and the red
spheres show the catalytical center. The cleavage site of the pro-segment by prorenin processing enzymes is
marked in red (two basic amino acids). Bold and green letters represent the active site (amino acids important for
the catalytic conversion of angiotensinogen). Yellow letters represent the missing amino acids in the second
isoform of the chain (mature-part).

The secretion of prorenin and renin from the juxtaglomerular cells occurs through a special
mechanism known as the 'calcium paradox.' Typically, vesicles open due to calcium influx, but
in the case of prorenin/renin, the mechanism appears to operate in the opposite manner. Because
renin is the key rate-limiting enzyme in the RAAS cascade, renin is regulated by a feedback
mechanism involving angiotensin II, which is an end product produced by the renin cleavage
of angiotensinogen. Angiotensin II can induce a calcium-influx, causing artery vasoconstriction
and negatively regulating renin release. Additionally, the stimulation of prorenin and active
renin secretion are also influenced by nitric oxide (NO), intrarenal arterial pressure, electrolytes,
and B-adrenergic receptor action (Schweda et al. 2007).

Released prorenin and active renin may act as enzymes by cleaving angiotensinogen, resulting
in increased blood pressure and water and electrolyte retention, which makes renin an attractive
target for pharmacological intervention. However, these enzymes interact with their own

receptor, called the prorenin receptor (PRR), which initiates the activation of specific

intracellular cascades (Nguyen 2011). Although prorenin, but not active renin, appears to play
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a role in pregnancy through interactions with female hormones (Derkx et al. 1987a), recent
studies have also reported the ability of renin to interact with the immune system by cleaving
the complement factor C3 (Trudu et al. 2013).

As the counterpart to secretion, the degradation of renin and prorenin is regulated by the
mannose 6-phosphate receptor, which contributes to renin uptake by Kupffer cells in the liver
and directs renin toward lysosomal degradation (Kim et al. 1988).

Many mechanisms that regulate renin release and activation remain unresolved and can affect
the precise measurement of prorenin and active renin caused by the pro-segment. In addition to
known uncertainties associated with the ex vivo processing of prorenin into active renin, the
discovery of the prorenin receptor (PRR), which can also activate the catalytic properties of
prorenin and can be found in both membrane-bound and plasma soluble forms, could also

influence the precise determination of both proteins.



Introduction

1.2 Plasma renin and prorenin are associated with cardiovascular diseases

The activation of the RAAS is a key element associated with heart failure diseases. Because the
failing heart is unable to supply the body with sufficient blood and oxygen, the sympathicus
attempts to compensate for the failing heart by releasing catecholamines and activating [3-
receptors on juxtaglomerular cells, which induces increased active renin synthesis and secretion
into blood. In addition to B-receptor-triggered activation, the decreased blood is detected.
Various health factors, including obesity and dilated cardiomyopathy, can also trigger the
activation of the RAAS cascade (Rossano et al. 2016).

If the RAAS is continuously activated, pathophysiological processes evolve due to increased
levels of vasoconstriction, resulting in permanent hypertension. Because the heart is then forced
to pump against higher pressure, malignant structural changes, such as arterial stiffness and
cardiac fibrosis, can occur (Jia et al. 2018).

Heart failure therapy typically targets various components of the RAAS, such as ACE-
inhibitors (ACE-Is), which block the conversion of angiotensin I into the potent vasoconstrictor
angiotensin II, and B-blockers are used to inhibit the complete activation of the RAAS. In
response to ACE-I therapy, renin release increases in an attempt to compensate for the reduction
in angiotensin II. Renin not only acts as an enzyme but also activates the prorenin receptor and

initiates a signaling cascade that leads to hypertrophy and myocardial fibrosis (Fig. 1-4).

In the pediatric population, active renin has been identified at high levels in plasma after birth.
The pathology of heart failure in children differs from that in adults, characterized by dilated,
hypertrophic, and restrictive cardiomyopathies. Dilated cardiomyopathies are caused primarily
by genetic disorders or are secondary to inflammatory diseases, such as myocarditis. In
addition, malformations, such as left-to-right shunts, have been identified as the sources of
cardiac malfunctions (Buchhorn et al. 2003; Lipshultz et al. 2019). During left ventricle dilation
and systolic dysfunction, the heart is unable to supply the tissue with sufficient oxygen. The
incidence of cardiomyopathies in children is estimated to be 1 case per 100,000 person-years
(Lipshultz et al. 2019); however, the true prevalence remains unknown. As in adults, in
children, the heart attempts to compensate for its inability to supply organs with oxygen,
triggering neurohumoral and RAAS activation.

To counteract these worsening conditions, B-blockers, such as propranolol, have been
demonstrated to be promising therapeutic alternatives. Neurohumoral activation becomes

blocked, leading to decreased blood pressure due to the inhibition of -receptors on the kidneys
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and the heart (Buchhorn et al. 2001a). Further promising therapeutics include ACE-Is, which
downregulate RAAS-associated pathophysiology. These drugs are widely used off-label
because of a lack of studies performed in children. The treatment of pediatric heart failure by
ACE-Is has been shown to have a beneficial impact, reducing mortality and morbidity (Momma
2006). The key enzymes prorenin and renin can worsen pediatric heart failure caused by
continuously activated RAAS. Therefore, better understanding the physiological levels and
maturation effects, in addition to disease-induced adaptations that occur in both proteins, may

allow for the development of better therapeutic interventions.

Failing heart

Baroreceptor triggered activation of the
sympathicus

Release of catecholamines

B-receptor stimulation on the
juxtaglomerular cells

l
Enhanced processing of
prorenin to active renin and
release into the blood stream

Cardiac remodeling
- Ang Il depended (ATi-R)
- PRR mediated |

RAAS cascade

T -vasoconstriction T
Blood pressure . .1
- sodium and water retention

Figure 1-4 Illustration of heart kidney axis. The failing heart induces several humoral effects, which affect heart
hypotrophy and fibrosis (Ang I1: angiotensin II; AT-R: angiotensin Il receptor type I).
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1.3 Challenges in Pediatric research

Several obstacles must be overcome when conducting pediatric research; therefore, only limited
studies have been reported investigating the humoral parameters of healthy and diseased
children (Chiaruttini et al. 2018). The effects of a disease or its treatment on humoral parameters
remain difficult to analyze, typically limited to the personal experience of experts and
knowledge gained from animal studies (Tassinari et al. 2011). However, the pediatric
population should not be viewed as 'small' adults because pediatric metabolism differs from
that in adults. Pediatric ontogeny is marked by multiple stages, and various maturation
processes must be considered if therapeutic or diagnostic procedures are necessary.
Developmental changes are associated with alterations in the distributions of water and body
fat. Higher extracellular water contents and lower body fat are characteristic immediately after
birth, which changes with age until they reach similar percentages at approximately six months
of life. Furthermore, the enzymatic capacity varies from the first hours and mouths after birth
until 10 years of age. The different distributions of metabolizing enzymes affect the elimination
of endogenous substances (e.g., bilirubin) and must be considered if drugs are administered.
Additionally, renal function is not fully developed during early years, which affects the
clearance capabilities of the kidneys. Only after the age of six do the kidneys become nearly
completely developed and can be compared to adult organs (Kearns et al. 2003). Renal
morphological changes occur during the first 35 weeks of gestation, including the development
of additional kidney structures, known as nephrogenesis, which are essential for blood filtration
and clearance. These maturation processes are strongly correlated with the glomerular filtration
rate, which increases with age and blood pressure (Gomez et al. 1999). Gastrointestinal function
shows a different ontogeny through changes in the secretion and production of gastrointestinal
fluids and enzymes. Each stage of development is associated with a specific distribution of
various factors and activities. For example, hydrochloric acid production remains low until
adulthood, whereas bile acid secretion and glutathione conjugation have been measured at
higher levels in some pediatric age groups than in adults. Furthermore, body composition also
changes with maturation (Kearns et al. 2003).

The regulatory authorities typically subcategorize the developmental stages from neonates to
adolescents into separate subgroups. Neonates are subset into pre-term and full-term neonates
(0-27 days), whereas the older pediatric populations are subdivided into infants (1-23 months),
children (2-11 years), and adolescents (12—18 years) (European Medicines Agency 2009).
These subdivisions were defined by the European Medicines Agency (EMA) and regulate the
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conductance of pediatric research. Only a few projects (e.g., Labeling enalapril from neonates
to adolescents; LENA) have succeeded in collecting high-quality data for diseased pediatric
collectives (Bajcetic et al. 2019; Feickert et al. 2020; Makowski et al. 2020).

Due to ethical constraints, the volumes of body liquids that are allowed to be sampled are
limited. Because blood is the most important carrier of humoral parameters, and due to the
potential, the pharmacokinetic effects of drugs during pharmacological interventions,
constraints have been established to ensure patient safety. Limitations on blood volume
collection are strongly correlated with patient risk and must be evaluated for each pediatric
subgroup individually. To avoid any complications associated with blood withdrawal, illnesses
should also be considered. Therefore, the limits for blood sampling have been established as
3% of total blood volume within a single month and at 1% for a single sampling (European
Commission Expert group on clinical trials 2017). These constraints significantly narrow the
bioanalytical measurements that can be performed, particularly if multiple time points must be
analyzed to assess pharmacokinetic and pharmacodynamic parameters of drug treatments.
Small blood volume assays that use less than 50 pL or assays that allow the reuse of obtained
plasma are important tools that must be developed to extract all necessary information regarding
humoral and pharmacodynamic parameters for the assessment of drug efficacy and safety
(Feickert et al. 2020). Because every pediatric subgroup has a limited withdrawable blood
volume, and pediatric studies are typically only conducted once (European Commission Expert
group on clinical trials 2017), specific and reliable assay procedures Are essential for ensuring

the acquisition of meaningful data and better insights into disease, maturation, and physiology.
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1.4 Bioanalytic methods for endogenous proteins

1.4.1 Ligand-binding assays in clinical assessments

Karl Landsteiner was the first to demonstrate that antibodies derived from immunized animals
could be used to capture endogenous human proteins. Following this discovery, Rosalyn
Sussman Yalow and Solomon Berson developed the first radioimmunoassay (RIA) in 1959,
which allowed for the detection and quantification of human insulin (Yalow and Berson 1959).
These findings were breakthroughs, enabling insights into various biological systems. The use
of ligand-binding assays has rapidly gained importance for clinical applications.

This technology has evolved over time, and radioactive iodine was replaced with
chemiluminescent chemicals and enzymatic reactions triggered by horseradish peroxidase,
alkaline phosphatase, or glucose oxidase. Enzymes coupled with secondary antibodies are able
to process a chemiluminescent substance, inducing the release of a photon that can be detected
by a photometer (Lequin 2005), allowing for the use of enzyme-linked immunosorbent assays

for a broad range of research and clinical purposes (Fig. 1-5).

Detection antibody

Active renin

Capture Antibody

Figure 1-5 Illustration of a sandwich enzyme-linked immunosorbent assay that can be used to quantify active
renin using capturing antibodies for the affinity purification of active renin and the use of detection antibodies
conjugated with horseradish peroxidase to catalyze a photometric rection.

The development of an immunoassay is very costly and time-intensive and can take at least half
a year. Because this technology has been applied for several purposes, various limitations have
been identified, indicating that endogenous substances with similar structures cannot be
differentiated, which can result in inaccurate results, including the false estimation of blood

plasma concentrations. A good example of the cross-reactivity problems associated with active
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renin immunoassays occurs when prorenin concentrations in plasma are especially high, as
measured by Yoshida et al. (1,097 pg/mL), combined with a low level of active renin (12
pg/mL), as measured in patients with coronary artery disease (Yoshida et al. 2015). Because
the typical cross-reactivity ranges from 0.4% to 0.7% (Bioassays 2016), in systems with high
levels of prorenin, as much as 7.7 pg/mL of measured active renin could represent cross-reacted
inactive prorenin, suggesting the potential for large overestimations of active renin in the

presence of large concentrations of prorenin.

1.4.2 Liquid chromatography

The high-performance liquid chromatography (HPLC) technique has been used to separate
chemical compounds with different physicochemical properties. Small molecules typically
show a limited number of interactions due to their small sizes and limited chemical groups. In
contrast, biological molecules, including peptides, occur in various sizes (based on the amino
acid number) and feature various chemical subgroups, including amines, aromatic, carboxylic,
aliphatic, hydroxy, and thiol groups (as amino acid side chains) that may occur in only one
peptide, making chromatographic analysis challenging. In addition to various structural
properties, many endogenous peptides are low-abundance peptides that can be enriched by
HPLC.

A typical reversed-phased HPLC consists of two pumps, in which one pump delivers an
aqueous solvent, referred to as mobile phase A, and the second pump delivers an organic
solvent, described as mobile phase B. Both solvents pass through a degassing unit that
eliminates gaseous bubbles. The pumps can be either isocratic or binary pumps. [socratic pumps
maintain a constant ratio between phase A and B during the measurement, whereas binary
pumps allow for the programming of gradients to separate the analytes (Mladek and Kromidas
2014) (Fig.1-6).

Interactions occur between the stationary phase and the mobile phase. The stationary phase is
essential to ensure the good retention of the molecule and is part of the column that is placed in
an oven to regulate the temperature, which can also have a crucial impact on molecule retention.
Commonly used columns include reverse-phase and stationary-phase columns (C18), which are
suitable for peptides that contain lipophilic and hydrophilic residues. Various modifications of
the reversed-phase and stationary-phase columns can allow for more selective separations, due
to either ionic interactions (typically not suitable for MS analysis), van-der-Waals interactions,

which occur with the lipophilic side-chains of the peptide, n-n-interactions with aromatic side-
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chains, and size-exclusion stationary phases. Strong hydrophilic analytes require HILIC

(hydrophilic interaction) column or norm-phase.

Solvent valve

ST

Pump A Degassers
Pump B
! Reversed
g phase column
Autosampler

Figure 1-6 Example of an ultra-high-performance liquid chromatography setup. Shimadzu UHPLC,
consisting of two pumps, an autosampler, a solvent valve two degassers, and an oven with a reversed-phase
column.

1.4.3 Mass spectrometry

J.J. Thomas constructed the first mass spectrometer in 1910, laying the foundation of modern
analytics, which allowed for the analysis of molecules according to mass and charge. The
selectivity of this technique is due to collision-induced dissociation (CID), which produces a
unique fingerprint of the parent molecule by fragmenting it into smaller molecules. Different
types of mass spectrometers are available. The simplest mass spectrometer consists only of one
quadrupole (Q1), a source, and a detector, which allows for a precursor scan that analyzes the
various mass to charge states of the analytes. Matrix-assisted laser desorption, coupled to a time
of flight (MALDI-TOF) mass spectrometer, also displays unfragmented molecules. Collision
cells are used for fragmentation (Q2z) and the generation of product ions, which specifies the
precursor according to 'fingerprint,’ based on specific fragmentation patterns.

A primary component of a mass spectrometer is the source, which ionizes molecules prior to
entry into the mass spectrometer. Various techniques can be used, including chemical ionization
(CI), MALDI, atmospheric pressure chemical ionization (APCI), and electrospray ionization

(ESI) (Bhardwaj and Hanley 2014).
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ESI represents a mild ionization procedure, which allows for the measurement of peptides and
proteins. Before the development of ESI, most ionization techniques were too 'destructive' for
biomolecule ionization. ESI is capable of ionizing even large molecules, allowing for intact
proteins to be analyzed. The ESI source connects HPLC with the mass spectrometer. lonization
occurs under atmospheric pressure and is supported by the capillary voltage, temperature, and
gases (Douglass 2014).

Tandem mass spectrometers have become important tools for routine analytics, especially the
triple quadrupole (QqQ), which is applied to various approved regulatory methods.

In addition to typical QqQ mass spectrometers that are used during routine analyses, hybrid
mass spectrometer, such as QTOFs, which utilize TOF instead of the Qs, allows for the
performance of proteomics experiments designed to identify new biomarkers with high mass
accuracy (<5 ppm mass error). Especially in tryptic digestion experiments, these instruments

facilitate the precise peptide mapping of the digested protein (Switzar et al. 2011).
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Figure 1-7 Illustration of a possible peptide fragmentation scheme following collision-induced dissociation

(CID) by Fohlman et al. The a, b, ¢ fragments are derived from the amino terminus, and the x, y, z fragments
appear from the carboxyl terminus. R, Rz, R3, and R4 represent different amino acid side chains.

Peptides show specific fragmentation schemes under low-collision-energy conditions, which
were described by Fohlman et al. (Roepstorff and Fohlman 1984) (Fig. 1-7). For peptides that
are generated by tryptic digestion, the principal occurring fragments are y-ions, caused by

positively charged amino acids at the carboxy-terminal end (Tang et al. 1992).

13



Introduction

| | Detector

Collison

Source cell

ToF
analyzer

Figure 1-8 Graphical illustration of a high-resolution mass spectrometer. Sciex TripleTOF 6600® with
SWATH acquisitions and very high mass precision. This mass spectrometer consists of an ESI source for analyte
ionization, a QJet, a Qo quadrupole for ion focusing, the Qi for mass filtering, the Q: as the collision cell for
fragmentation, a time-of-flight mass analyzer, and a detector (ToF': time-of-flight).

Collisions can be used for the de novo analysis of the amino acid peptide compositions.
Additionally, the product ion mode consists of a narrow Q1 window for a specific mass to charge
units, which are then fragmented by the collision cell (Qz), resulting in the production of ions
that serve as fingerprints for a specific precursor.

Proteomic experiments performed to analyze the structures and sequences of multiple
simultaneous proteins can be conducted using either data-dependent acquisition (DDA)
techniques or data-independent acquisition (DIA) techniques. To perform DIA analysis, the
tripleTOF (Fig. 1-8) can also be applied to SWATH (sequential window of all theoretical mass
spectra) experiments, which can use the Qi mass filter to identify a window of mass ranges,
which can be adjusted for each experiment. Fast scanning QTOF instruments allow for the rapid
scanning of each sequential window, which fragments all precursors that enter the collision cell,
followed by a time of flight mass analyzer, which processes the signal at a high resolution.
These data can then be interpreted with the help of advanced software and libraries for the
discovery of new proteins or peptide biomarkers (Ludwig et al. 2018).

This SWATH acquisition technique also allows for the modification analysis of one or two
proteins by focusing on peptide mapping that involves modification to amino acid integrity or

missed cleavages by the protease.
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1.4.4 Protein analysis by hybrid ligand binding liquid chromatography coupled to mass
spectrometry assays

Immunoassays show a good purification ability in complex matrix, they face the problem cross-
reactivity caused by the detection part.

Another quantitative and qualitative method is offered by mass spectrometry. This technique
which is usually coupled to high performance liquid chromatography allows a precise and
specific measurement of analytes. To make proteins measurable by mass spectrometry requires
a reliable sample preparation. Typical bottom-up determination of protein is described by a
surrogate peptide approach which represents a part of a unique structure within the protein.
Protein analysis by liquid chromatography coupled to mass spectrometry is becoming an
important tool for discovery and quantification. The current focus is not only set on developing
analytical methods for therapeutic proteins (Peng et al. 2015; Iwamoto et al. 2016), but is also
emerging in biomarker research (Torsetnes et al. 2013; Zhang et al. 2017).

Recent developments in the field of liquid chromatography coupled with mass spectrometry
(LC-MS) empowers this technique for the detection and discovery of endogenous substances
(Bringans et al. 2017). However, due to their high molecular weight, most endogenous proteins
can only be identified by mass spectrometry following proteolytic digestion (Fig 1-9). While
there have been successes in the quantification of high-abundance proteins by using e.g.
protein-cleavage isotope dilution mass spectrometry (PC-IDMS) (Keith Williams and
Muddiman 2009; Pan et al. 2010; Loziuk et al. 2013; Andrews Kingon et al. 2013), the direct
determination of low-abundance proteins by LC-MS remains challenging (Pan et al. 2010). The
complexity of the digested sample results in substantial matrix effects, causing ion suppression
that subsequently impedes the reliable determination of physiological concentration levels of
low-abundance proteins (Picotti et al. 2007). Combining the advantages of immunoassays and
LC-MS appears to be a promising tool in overcoming this obstacle (Ackermann and Berna
2007). Using immunocapture before LC-MS detection is known as a hybrid approach which is
interposed with proteolytic digestion when it comes to the measurement of proteins instead of
peptides.

Two approaches are feasible at this stage. The first approach is known as SISCAPA
characterized by initial digestion followed by the addition of stable isotope-labeled peptide of
the unique surrogate before immunocapture (Anderson et al. 2004), while in the second
procedure the complete protein antigen is captured before digestion. While the first approach
requires the availability of expensive, individually developed and high-affinity antibodies

against cleaved surrogates and their isotope-labeled standards, the second approach is less
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expensive and can be established by applying commonly available antibodies against full-
length proteins (Nelson et al. 2004; Nicol et al. 2008; Kilpatrick and Bunk 2009). This is
advantageous, as the downstream protease cleaves only the captured protein into smaller
peptide surrogates, and not the entire matrix. However, the process becomes more challenging

if the protein of interest is resistant to cleavage by proteases.

Figure 1-9 Proteolytical digestion of a renin by the serine protease trypsin which cleaves after lysine and
arginine residues by incorporating water via nucleophilic addition followed by a breaking peptidyl bond. The
aspartic acid residue is essential to bind the lysine via ionic interaction while the serine residue is important to
catalyze the carbonyl group and allow a nucleophilic addition of water (blue: trypsin; Ri: protein chain 67-113;
R:: protein chain 120-406, Ser: serine; Asp: aspartic acid).
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1.4.5 Internal Standard

Every analytical procedure is associated with variations caused by differences in sample
pretreatment and sample storage, including LC and MS. To avoid assay imprecision, a standard
must be applied throughout the analysis.

An internal standard is an important analyte which can be used to normalize variations
introduced by differences in assay procedures or environmental factors. Internal standards are
typically either stable isotope-labeled internal standards (SIL-ISs), which are recommended by
FDA guidelines, or structural analogs. The optimal internal standard is a SIL-IS, which displays
the same physicochemical properties as the analyte being quantified. In the case of small
molecules, a deuterated internal standard is widely applied and has been shown to be useful in
a variety of quantitative assays. Deuterated internal standards for larger molecules, such as
proteins and peptides, are not suitable due to possible proton exchanges, and in the case of
multi-deuterated peptides, can impact LC by shifting the retention time. Multiple approaches
have been considered feasible for synthesizing or generating internal standards for use during

peptide and protein analyses.

Figure 1-10 Guanidation of renin’s lysine residues, utilizing O-methylisourea and alkaline media. 7%e lysine
residues react with O-methylisourea to a structure called homoarginine, which induces a mass increase of 42 Da.
Proteolytical cleavage is also performed with trypsin. The aspartic acid residue binds to homoarginine via ionic
interactions (blue: trypsin; Ri: protein chain 67-113; Rz: protein chain 120-406, Ser: serine; Asp: aspartic acid).
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However, when a hybrid assay is performed that relies on immunoaffinity as the first
purification step, the optimal internal standard is a heavy-labeled protein with incorporated
nitrogen (’N) or carbon ('*C) isotopes. However, despite the benefits of such an internal
standard, the production of labeled full-length proteins is currently limited and costly. Another
option, described by Yang et al., utilized O-methylisourea for the guanidation of a protein’s
lysine residues into homoarginine (Yang et al. 2014). However, long reaction periods and the
need for harsh chemicals, such as NaOH, might destroy the protein structure. In addition to
causing potential stability issues, the complete guanidation of all lysine residues may not be

possible due to accessibility problems (Fig. 1-10).

Figure 1-11 Proteolytical cleavage of renin and the labeling of the C-terminal 30 carboxy group with the
help of trypsin during proteolytical cleavage. The aspartic acid residue is essential for binding the lysine via ionic
interaction (blue: trypsin; Ri: protein chain 67-113; Rz: protein chain 120-406, Ser: serine; Asp: aspartic acid).

As a more ‘affordable’ labeling procedure, the use of '3 0-water can be used to incorporate one
or two 80 molecules into the c-terminal carboxyl group of lysine, using trypsin, resulting in a
mass shift of 2 Da, if one 30 is bound to the carboxy structure, or 4 Da if two '30 are integrated
(Havli§ and Shevchenko 2004). In addition to the enzymatic integration of the !'80-isotope,
acidic conditions obtained through the use of hydrochloric acid can also be used to promote the
incorporation of '*0 into carboxy groups under cool conditions (15°C) (Havli§ and Shevchenko

2004) (Fig. 1-11).
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Factor Xz

1.5 Design of experiments in LC-MS applications

LC and MS are dependent on several settings that can impact instrument performance and
contribute to signal intensity. The effects of specific settings are even more pronounced when
these techniques are applied to the quantification of low-abundance proteins. Investigating only
one factor at a time (OFAT) or one variable at a time (OVAT) might not lead to the
identification of an optimal outcome because both individual effects and also interactive effects
must be considered, which are unlikely to be discovered by adjusting single factors while
leaving the others unchanged (Hecht et al. 2016; Ganorkar and Shirkhedkar 2017) (Fig. 1-12).
Statistical experimental design allows information to be obtained while performing fewer
experiments, which is referred to as the ‘Design of Experiments’ (DOE) approach. The ‘Design
of experiment’ term was first described by Fisher in 1937, based on his primary work examining
statistical methods in 1925. However, the idea originates from the agricultural field, introduced
by John Lawes when he analyzed artificial fertilizer in 1843. After gaining the industry’s
attention, DOE approaches have been integrated into industrial and manufacturing production
development, leading to new methods, including response surface modeling and design
optimality (Niedz and Evens 2016). The further development of DOE models has made this
statistical approach accessible to research through the use of powerful computers.

The DOE approach is implemented into the Quality by Quality (QbD) approach, which is also
part of ‘Good Manufacturing Practice’ (GMP). Recent drafts for DOE implementation have
been included in Bioanalytics by USP and ICH.

@
Factor Xz

e 0o e 00

Factor X3 Factor X3

Figure 1-12 Comparison of One factor at time approach vs. exemplary DOE D-optimal model. The OFAT
approach does not yield the ‘best’ optimum approaches, whereas the DOE experiments show the best outcome
(the figure was recreated with the permission of catalysisconsulting.co.uk).
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1.5.1 Full factorial model

Depending on the number of factors and their distributions, the choice of suitable DOE models
is essential for a reliable outcome. If the knowledge of a factor’s impact is limited, a standard
screening model may be performed. The estimated number of experiments is equivalent to 2
runs, where k represents the number of enclosed factors, which represents a full factorial design
(Fig. 1-13). This orthogonal model uses lower and upper levels in the design matrix to

investigate crucial parameters.

FACTOR 1 FACTOR 2 FACTOR 3

(X7) (X2) (X3)
1 -1 -1 1
2 +1 -1 -1
3 -1 +1 -1
4 +1 +1 -1
5 +1 -1 +1
6 +1 -1 +1
7 -1 +1 +1
8 +1 +1 +1

Figure 1-13 Example of a full factorial design matrix shown by a cube, which represents all settings to be
analyzed, which may influence the response (k=3; simple illustration without replicates).

This model is used to investigate potential factors that affect the chosen responses. Additionally,
a center point, which is typically a known condition, is added, and all experiments should be
performed in replicate to ensure good reproducibility (Triefenbach 2008).

The resulting yield (Y) that is affected by the coefficient  can be illustrated using the following

formula:

Y = ﬂO + ﬁlxl + ﬁlxl + IBZXZ + B3X3 + ﬁlZXIXZ + BZ3X2X3 + 3123X1X2X3 t+e

Equation 1-1 Calculation for full factorial yield calculated by the addition of the product of coefficient p
multiplied by the factor X.
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1.5.2 D-optimal model

After investigating possible interactions, response surface modeling can then be used to perform
method optimization. For example, if a process consists of 5 factors, a full factorial design
would result in 23 = 64 + 3 center points = 67*3 (if each condition is measured in triplicate) =
201 total experiments. Computer-based design, such as the D-optimal design, allows for the
generation of model experiments that may be difficult to investigate using standard models.
Depending on the experimental educts, this approach could result in a costly investigation.
Therefore, a D-optimal model represents a superior alternative for the analysis of an optimal
setpoint. The same process can be analyzed by 90 experiments and save material. This model
also generates investigative points between the limits and center points given by the processes
(Fig.1-14). Another benefit to the use of D-optimal design is that both quantitative and
qualitative factors influence the response(s), which may result in certain enzyme activity being
difficult to investigate using linear models because their activity optima might have a very

narrow parameter setting; therefore, a D-optimal model is a good choice.

FACTOR 1 FACTOR 2 FACTOR 3

(X7) (X2) (X3)
1 -1 -1 1
2 +1 -0.5 -1
3 -1 +1 -1
4 +1 +0.5 -0.5
5 +1 -1 +0.5
6 +1 -1 +1

Figure 1-14 Example of a D-optimal design matrix generated by a computer algorithm with a reduced number
of experiments (simple illustration without replicates).

The D-optimal analysis uses a quadratic variable, which is shown in the formula below:

Y =By + b1 X1 + 11Xy + B2 X5 + B3 X5 + ,311X12 +e€

Equation 1-2 Calculation for D-optimal response surface yield calculated by the addition of the product of
coefficient B multiplied by factor X and the quadratic term X-.
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To estimate the model quality before performing the experiments, G-Efficiency is used, which
compares the calculated D-optimal model to a full factorial design. Values above 0.6 indicate a
high-quality model (Equation 1-3).

Another parameter is the condition number, which evaluates a model’s sphericity and symmetry

(Triefenbach 2008; Ganorkar and Shirkhedkar 2017).

P
= 0, _—
Gosr = 100% x (n v (X))

Equation 1-3 Calculation of the G-Efficiency; p is the number of coefficients; n is the number of runs, d_(max)is
the largest variance prediction, and X is the model matrix (Eriksson et al. 2008).

The regression fit is performed by using multiple linear regression (MLR) or partial least
squares regression (PLS), depending on the model and the responses. The results are fitted into
the applicable model, and an estimation of model validity, referred to as the goodness of fit
analysis, is determined by calculating an R? value to estimate the model fit and a Q? value to
appraise the predictive power of the model. Overall, the difference between R? and Q? indicates

whether a design is appropriate.

In summary, the chemometric approach may be used to improve assay procedure steps, such as
sample pretreatment (denaturation, alkylation, and tryptic digestion), accelerating proteolytical
cleavage, the evaluation of the peptide suitability for quantification purposes, and instrumental
setting optimization to achieve the most robust method and high sensitivity. The benefit to
protein analytics is a manageable number of experiments and increased knowledge regarding

protein characteristics and behaviors under various conditions.
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1.6 Objectives

The overall aim of this thesis was to develop a reliable assay to determine the plasma
concentration of prorenin and active renin using a hybrid approach to overcome the limitations

of immunoassays, which represent the current state-of-the-art for routine analyses here.

First, current knowledge regarding plasma prorenin and active renin concentrations associated
with cardiovascular and diabetes-related diseases had to be compiled through a systematic
literature review. The main focus was to examine existing knowledge regarding the plasma
levels of these proteins in children, who are characterized by large variations dependent on
many factors, including age. The applied bioanalytical procedures should also be summarized
and analyzed to identify the advantages and disadvantages of all currently utilized approaches

(chapter 2; pp.25-43).

Second, the development of a hybrid immunocapture LC-HRMS assay for human renin should
overcome the limitation associated with known cross-reactivity in immunoassays. Therefore, a
sub aim was the development of an assay that could be applied to routine laboratory testing
strategies to allow the implementation of a lean and an easy-to-apply procedure (chapter 3;
pp.43-67). Further development included the selective quantification method for prorenin
determination by LC-HRMS, which needed to be able to differentiate between active renin and
prorenin. Optimizations had to be performed to confirm that endogenous levels of both proteins
were measurable (chapter 4; pp.68-98). The applicability of the established assay should be
verified to affirm the accuracy and precision of the hybrid approach (Fig.1-15; chapter 5; pp.99-
113).

By addressing the above-mentioned objectives, the determination and differentiation of
prorenin and active renin by the aimed assay will facilitate the role and effect of ‘true’ active
renin in diseased and healthy populations. Additionally, the role of prorenin and active renin’s

ratio can be investigated by this assay for evaluating its diagnostic value.
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Investigating the knowledge of prorenin and active renin determination

Systematic review of prorenin and Burdman et al. (2020)
active renin levels in pediatrics Clinical Chemistry
Identification of plasma levels in and Laboratory
pediatrics Medicine

Evaluation of advantages and DOI: 10.1515/cclm-
disadvantages of existing assays 2020-0857

Overcoming active renin’s cross-reactivity by LC-MS

First-time development of a hybrid

immunocapture LC-MS assay for Burdman et al. (2019)
reliable determination of active renin Journal of
DOE-driven optimization to enable Chromatography B
active renin measurements by LC- DOI: 10.1016/j.jchro
MS mb.2019.121856
Applicability in human plasma

Determination of prorenin and its differentiation to active renin

¢ Analysis of unique signature
peptides for prorenin
Development of an easy-to-apply Burdman et al. (2020)
LC-MS assay using D-optimal Rapid o
design tailored to prorenin Communications in
Enabling a reliable differentiation Mass Spectrometry
between prorenin and active renin DOI: 10.1002/rcm.89
Investigation of signature peptide’s 32
stability to ensure LC-MS assays
robustness

Enhancing assay sensitivity and robustness for the determination
of endogenous prorenin and active renin levels

DOE-driven optimization of consumables and injection
solvent compositions

Facilitating the determination of endogenous levels in
human plasma

Verification of the developed assay and proof-of concept

Determination of the calibration range and its accuracy
and precision in human plasma

Investigation of a suitable internal standard
Proof-of-concept for human endogenous levels and
cryoactivation analysis in human plasma

Figure 1-15 Overview of the objectives (LC-MS: liquid chromatography coupled to mass spectrometry;, DOE:
design of experiments; DOI: digital object identifier).
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2. Prorenin and renin levels in pediatrics: a bioanalytical review

This chapter had been published in the peer-reviewed journal: ‘Clinical Chemistry and
Laboratory Medicine’ with the title ‘Prorenin and active renin levels in paediatrics: a

bioanalytical review.” (doi: 10.1515/cclm-2020-0857).

2.1 Background and aim

Renin is a key enzyme in the renin-angiotensin-aldosterone system (RAAS) cascade. It initiates
the system by cleaving the liver-produced angiotensinogen to angiotensin I, which itself is
converted to angiotensin II by angiotensin-converting-enzyme. The octapeptide angiotensin II
is a strong vasoconstrictor that, for example, elevates blood pressure by activating the AT1-
receptor. However, the RAAS not only influences blood pressure and electrolyte homeostasis
but also promotes maturation of the kidney as well as cardiac remodeling (Schroten et al. 2012).
Apart from its proteolytic activity, renin has recently been the focus of research as receptor
substrate that activates intra-cellular cascades via the (pro)renin receptor (Nguyen 2011).
Owing to its central functionality, altered renin levels are associated with a broad range of
diseases. Low plasma renin levels are associated with primary hyperaldosteronism (Berge et al.
2015), whereas renin levels were found to be elevated in patients with cardiovascular diseases
(Tomaschitz et al. 2011) and liver cirrhosis (Paternostro et al. 2017) or extremely elevated in
renal cancer diseases including Grawitz tumor, Wilms tumor and pheochromocytoma (Maas et
al. 2007; Stoicescu et al. 2011). Correlation of renin levels with disease has been primarily
shown in adults and data in children is limited. The limited understanding of renin levels in
children also indirectly highlights the limited knowledge about the RAAS in children.
Compared to the catalytically-active renin, prorenin (the precursor of active renin) circulates in
plasma at a five- to ten-fold higher concentration (Ichihara et al. 2009). Prorenin is
differentiated from renin by a 43 amino acid pro-segment, which covers the catalytic site.
Prorenin has been reported to have opposing characteristics, with either direct vasodilative
properties, or contrary functions (such as cardiac remodeling) due to its binding to the prorenin
receptor (Schroten et al. 2012). In adults, an increased prorenin level is assumed to correlate
with microvascular diseases caused by diabetes mellitus (Nguyen et al. 2014). Prorenin’s
function in the RAAS remains incompletely understood, and has been barely investigated in

the pediatric population.
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Moreover, the available data for both proteins in the pediatric population is rare and
inconsistent, which highlights the need for a comprehensive evaluation of the maturing RAAS
to facilitate future progress in pediatric care in all age groups. This review aims to illustrate the

current knowledge of prorenin and renin levels in healthy and diseased children.

2.2 Methods: Literature search conducted

A literature search was performed in accordance with the PRISMA statement (Fig. 2-1) and
focused on bioanalytical measurements in plasma, excluding tissue level estimation. The search
was conducted in the MEDLINE database via PubMed and Google Scholar between December
2019 and April 2020. Overall, 213 findings were screened of which 15 publications were finally
classified as relevant for this review. The population of interest were children from the neonatal
stage up to adolescence. Studies that reported plasma prorenin, measured directly or indirectly,
and plasma active renin concentration were included. Studies presenting solely plasma renin
activity was excluded from this review. Further publications, which reported plasma renin
values but used unselective immunoassays unable to distinguish between prorenin and renin,

were also excluded.

Pubmed search:

MeSH terms:

*  Plasma prorenin
Plasma renin
Children

Not plasma renin activity (PRA)
Filter human

N~

Records screened
(n=213)

~~

Record excluded
(n=67)

+ Abstracts or titles did not match

Full-text articles excluded
(n=141)

Full-text articles
assessed for eligibility

—
—

Figure 2-1 PRISMA scheme of the conducted literature search for active renin and prorenin levels in

pediatrics.

+ plasma prorenin level for healthy
and diseased children (n=3)

« plasma active renin level for
healthy children (n= 10)

+ Plasma active renin levels for

diseased children (n=7)

26

(n=146) « Different marker measured (n = 36)
* No English or no full-text (n = 46)
—_ - —_ { 5 * Pharmacekinetic data (n =1)
Additional records identified — : « Imprecise data (n = 11)
through other sources Studies finally included + PRAassay (n= 15)
( ) (n-15) = (Pro)renin receptor (n=1)
n=13 - + Adults (n = 28)
Studies included: « Total renin assays (n=1)
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2.3 Results and Discussion

2.3.1 Bioanalytical determination of renin and prorenin

Bioanalytical investigations of active renin and prorenin levels have historically been
performed by immunoassay. Current immunoassays quantify active renin directly using
antibodies targeting the catalytic active site (Campbell et al. 2009). However, differentiation
between renin and prorenin is still challenging due to their similarity. Inappropriate sample
handling procedures have been reported to result in catalytic or non-catalytic activation of
prorenin, making a spurious detection by renin-specific antibodies possible (Campbell et al.
2009).
Nevertheless, the direct renin assay is frequently used intentionally for prorenin quantification
by unfolding the pro-segment and allowing the renin antibody to bind at the active site (Tu et
al. 2012). Therefore, the concentration of prorenin can be determined by three different
techniques:
1. Indirect determination with an immunoassay targeted against active renin, with an initial
measurement of plasma active renin level followed by the catalytic activation of prorenin by
incubation with immobilized trypsin at 4 °C for 72 h. A second assay then determines the
level of prorenin in its captured activated form (Campbell et al. 2009).
2. Indirect determination by renin inhibitor (aliskiren or remikiren) treatment for 24 or 42 h
at 4 °C, which leads to the unfolding of the pro-segment. After the first and second pre-
treatment, open prorenin is determined as ‘active renin’ and calculated back to determine
prorenin concentration.
3. Direct prorenin estimation, using a selective antibody against the pro-segment (Krop et
al. 2011). This allows direct measurement of prorenin by antibodies that capture the unique
regions of prorenin without prior catalytic conversion.
In studies estimating pediatric prorenin level, immunoradiometric assays from the Nichols
Institute were widely used (Tables 2-2, 2-3, 2-4). These assays used antibodies against either
the catalytic site of active renin or the open form of prorenin. As described above, the
measurement of inactive prorenin was achieved by a prior activation to active renin with trypsin
(Campbell et al. 2009) which allowed prorenin levels to be calculated by subtraction of active
renin from total renin. This method is very time consuming (incubation at 4 °C overnight), and
can lead to stresses on the samples and inaccurate measurement due to possible degradation of

the active renin form.
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Aliskiren induced prorenin activation is more beneficial because the pre-treatment procedure is
shorter (48h) compared to trypsin activation (72h) (Krop et al. 2011). Additionally, a potential
degradation which is also described in the literature of the mature part of renin can be avoided
by using aliskiren instead of trypsin (Blazy et al. 1989). In contrast, the benefit of trypsin
activation, compared to aliskiren, is that it does not affect the immunoreactivity of active renin
(Krop et al. 2011). Typical assay duration was from lh (direct prorenin ELISA) to 5h
(Diagnostic Pasteur) and 24 h for the Nichols Institute assay (Table 2-1).

High procedure periods were shown to promote prorenin unfolding and subsequently the risk
of false detection of prorenin as active renin. The Nichols assay had a duration of 24 hours
which shows also the highest cross-reactivity to open form prorenin issued by the unspecific
capturing antibody. By using specific antibodies for capturing and detection the prorenin
unfolding might be avoided leading to more precise measurements.

The direct active renin assays report a very low cross-reactivity if exogenous prorenin is spiked
to the sample. Nevertheless, even if the detection of the prorenin form by the assay is low, it
can still lead to inaccuracies due to the higher abundance of prorenin compared to renin (five-
to ten-fold in healthy adults). Abundance of prorenin is especially elevated in the diseased
population. For example, a study conducted by Yoshida et al. measured a high level of prorenin
in plasma (1097 pg/mL) and a low level of active renin (12 pg/mL) for patients with coronary
artery disease (Yoshida et al. 2015). A typical cross-reactivity ranges from 0.4% to 0.7%
(Bioassays 2016) which would mean that 7.7 pg/mL of the measured active renin is the inactive
prorenin. Compared to the estimated renin levels, more than half of the active renin could be
measured inaccurately by overestimating the correct value.

The comparability of these three possible methods to determine prorenin level is debatable, as
they have different assay procedures and different reactants within the assay kits including
calibration standards. The applied standards being used to calibrate the assays differ
substantially as a WHO standard for human prorenin is currently lacking. The lack of
standardization leads to quantification differences with a magnitude up to 10-fold (Krop et al.

2011).
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Table 2-1 Immunoassay applied for the determination of active renin and prorenin within the identified pediatric studies. Immunoassay applied for the determination of
active renin and prorenin within the identified pediatric studies (IRMA: immunoradiometric assay; ELISA: enzyme-linked immunosorbent assay).

Immunoassay Assay Capture antibody Detection antibody Detection Range, Cross- Duration, Sample
type pg/mL reactivity h volume, pL
(prorenin)

Active renin IRMA  Renin and prorenin Catalytic site Radioisotopic 0-640 n.a. 5 250
(Diagnostic Pasteur) of active renin

Active renin IRMA  Renin and prorenin Catalytical site Radioisotopic 0-900 0.3-2% 24 200
(Nichols Institute) (biotin labelled) of active renin

Active renin (DSL 25100) IRMA n.a. n.a. Radioisotopic 5-500 n.a. 3 200

Active renin (Renin Il IRMA  Renin and prorenin Catalytic site Radioisotopic 1-320 0.4% 3 300
generation kit, Cisbo) of active renin

Active renin (Sanofi IRMA  Not specified Not specified Radioisotopic 5-300 n.a. 5 300
diagnostic Pasteur)

Prorenin (Molecular ELISA Specific Specific Photometric  20-10,000 n.a. 1 100
Innovation) for prorenin for prorenin

IRMA, immunoradiometric assay; ELISA, enzyme-linked immunosorbent assay; n.a., not available.
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In the past, sample handling had also been described as a crucial aspect for reliable
quantification of active renin and prorenin. For example, Campbell et al. recommended fast
sample processing at room temperature and immediate freezing to avoid prorenin unfolding and
capture by the anti-renin antibody (Lamarre-Cliche et al. 2005; Campbell et al. 2009). In
contrast, Glinicki et al. could not prove an impact of the temperature during sampling on the
plasma active renin levels (Glinicki et al. 2015). However, there is still a risk of cryoactivation
by slow freezing and long storage at 4 °C or by long storage at ambient temperature (Campbell
et al. 2009). Moreover, the sampling condition at the bedside, the patient’s condition at the
blood collection time (circadian rhythm or posture) and the medication can impact the measured

levels (Lamarre-Cliche et al. 2005).

2.3.2 Correlation of disease with prorenin or renin levels

Typical mean active renin levels in plasma are 16.3 pg/mL [95% CI: 13.7-19.4] in healthy
adults (Tu et al. 2012). These levels have been shown to alter substantially under diverse
pathological conditions. An increased median concentration of 46.8 pg/mL [interquartile range,
IQR: 31.8-91.8 pg/mL] was observed in patients with myocardial infarction (Tomaschitz et al.
2011). Additionally, high active renin levels are associated with heart failure due to RAAS
activation by the sympathicus (Buchhorn et al. 2001a). In contrast, a decrease in active renin
has been observed in individuals with primary hyperaldosteronism (mean 3.8 pg/mL) (Nguyen
et al. 2014). The use of the aldosterone-active renin ratio (ARR) which is used to diagnose
primary hyperaldosteronism and was implement into an international guideline (Funder et al.
2016), was also found to be beneficial in hypertension, which showed a correlation between
elevated ARR and high blood pressure that might evolve to cardiac remodeling if it is untreated
(Abdel Ghafar 2019). Besides the cardiovascular risk of a high level of active plasma renin, it
is also associated with liver cirrhosis and higher mortality in patients with an elevated median
plasma renin concentration of 123.8 pg/mL [95% CI: 28.8-2348.4] (Paternostro et al. 2017).
There is also a variation in reported concentrations (median [IQR]) based on ethnicity (white
men: 18 pg/mL [12.8-25.3]; black men: 10.9 pg/mL [6.6-17.9]) and gender (white men: 12.5
pg/mL [10.6—14.6]; white women: 9.7 pg/mL [8.2—11.5]) (Nguyen et al. 2014). As described
previously by Tarek et al. (Abdel Ghafar 2019), the genetic variability through the ethnical
groups within the CYP11B2 (-344C/T) allele and the polymorphism on the angiotensinogen
coding gene are correlated with the different levels of RAAS components. This mutation affects

therefore also the difference in renin and prorenin levels in different ethnic groups. Elevated
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plasma levels of active renin’s precursor prorenin above 1,100 pg/mL have been significantly
correlated with cardiovascular diseases like coronary artery disease (CAD) (Yoshida et al.
2015). Prorenin levels were more accurate than the previously-used plasma renin activity
measurements (Yoshida et al. 2015). Up to ten-fold lower plasma prorenin levels were also
associated with ovarian failure (plasma prorenin concentration of 93.6 pg/mL vs 263.4-624
pg/mL for healthy pregnant women) (Derkx et al. 1987a). The aldosterone-active-renin-ratio
(ARR) has been proposed to be replaced by the aldosterone-prorenin-ratio (APR), which
showed a better diagnostic performance and reproducibility in a study by Berge et al. in 2015
(Berge et al. 2015). Prorenin measurement may have a better performance due to its reduced
variability and continuous release. The aldosterone-to-prorenin ratio could also differentiate
between two aldosterone-induced suppressions, aldosterone-producing adenoma (APR median
of 24 pmol/L per pg/mL [IQR: 11.5-50.9]) and idiopathic hyperaldosteronism (APR median of
11.8 pmol/L per pg/mL [IQR: 7.7-17.6]) (Berge et al. 2015). Another monitoring and predictive
use for prorenin levels has been shown in diabetes mellitus type I with microvascular
complications such as microalbuminuria (386.4 pg/mL [262.2-570] for patients with diabetes
and microvascular complications vs a median of 141 pg/mL [IQR: 82.2-241.8] for patients with
diabetes without microvascular complications) (Nguyen et al. 2014) or proliferative retinopathy
(median of 249.6 pg/mL [95% CI: 60.6—1,026]) (Franken et al. 1990). There is also evidence
in the pediatric population that shows a correlation between albumin excretion and elevated
plasma prorenin levels (Chiarelli et al. 2001). Elevated prorenin levels were described as the
consequence of renal lesions and abnormal enzyme processing (Franken et al. 1990; Allen et
al. 1996).

Both increased renin and prorenin levels indicate an activated RAAS, which is shown, for
example, by increased blood pressure. This hemodynamic change, due to the two proteins, is
commonly associated with accelerated vascular complications including macrovascular
disease, retinopathy, and nephropathy. Although hypertension is often considered a
manifestation of cardiovascular or diabetic renal disease, it is relevant also in exacerbating or
promoting diabetic vascular complications. Overall, the measurement of active renin is
implicated in clinical studies which affect the RAAS directly (renin inhibitors, ACE inhibitors)
or indirectly (B-Blockers) (Buchhorn et al. 1998). While active renin is used as a RAAS activity
marker in research, its precursor prorenin may gain attention regarding the differentiation of
primary hyperaldosteronism (Berge et al. 2015) and diabetes mellitus related complications
(Daneman et al. 1994). Similar to the natriuretic peptide ANP, prorenin and active renin has

shown their potential in research and clinical investigations (Gangnus and Burckhardt 2019).
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However, since the available data on renin and prorenin levels in children is especially limited,
the usefulness as a routine biomarker cannot be assessed yet and require careful consideration.
In the past, researchers showed for other markers (e.g. troponin (Harris and Gossett 2016)) that
the potential use as a biomarker cannot be or only limited derived from adults to specific
pediatric age groups. A meaningful statement requires data collection in larger cohorts and over
longer periods as it was proved for NT-proBNP, which is nowadays embedded into a pediatric

guideline (Rickers et al.; Cantinotti et al. 2014).

2.3.3 The link between age and bioanalytical plasma renin levels in healthy children

In this review, active renin levels in plasma were compared between nine different pediatric
studies dating from 1989 to 2014. The bioanalytical measurements were made mainly using
immunoradiometric assays (IRMA) from three suppliers (Nichols Institute, Cisbo and
Diagnostic Systems). These assays used antibodies targeting the catalytic site of active renin.
One study used an in-house assay with limited details provided. The immunoassay used and
further details are shown in Table 2-2.

The pediatric population requires critical investigation of the published data, which is not only
influenced by gender and body weight but also by different age-dependent stages of
development, as kidney maturation and gonadal development influence the RAAS (Schiitz et
al. 1996). For the presentation of data within this review, the age classification as defined by

the European Medicines Agency was used, if applicable.

Newborns

Two investigations specifically enrolled the youngest age group. The study by Kruger et al.
showed high variability in renin levels in 82 newborns (birth until 7 days) with a range of 5.6—
351.8 pg/mL (Fig. 2-2; Table 2-1) (Kruger et al. 1996). Vaginally-delivered children had higher
renin concentrations and higher variability than newborns from caesarean section deliveries
(mean [range]: 102.4 pg/mL [22.4-350.8] vs 59.5 pg/mL [42.7-86.9], respectively). This study
also indicated that the active renin levels were very high at birth and declined rapidly in the first
few hours and days. Additionally, Blazy et al. identified a mean £+ SD concentration of 226 +
58 pg/mL in their population (16 h to 1 month of age) (Blazy et al. 1989).
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Infants and toddlers

The first study with healthy children was conducted by Ohyama et al. who reported active renin
concentrations (mean + SD) of 71.6 = 10.4 pg/mL for boys and 72 + 15.4 pg/mL for girls
between 1 month to 1 year of age (Ohyama et al. 1989). Blazy et al. measured concentrations
(mean + SD) of 133 + 28 pg/mL to 226 + 58 pg/mL active renin in children from 16 hours to
one month old (Blazy et al. 1989) within the same age range and by applying the same assay as
Ohyama et al. A study conducted by Martinerie et al. with children 39 weeks of age showed
similar levels (mean + SD: 78.8 + 9.6 pg/mL) as Ohyama et al., albeit using another assay
(Table 2-1; Fig. 2-2) (Martinerie et al. 2009). In contrast, Krueger et al. reported lower levels
using the Nichols Institute IRMA, with mean renin concentration of 24.5 pg/mL (infants 2
weeks to 3 months) and 32.7 pg/mL (infants 4 months to 1 year) (Table 2-2). These values were
confirmed in 2006 by Sigirci et al., who also reported levels that were very low compared to
the older studies (23.4 +21.3 pg/mL) that used different assays (Table 2-1) (Sigirci et al. 2006).
These variations in published studies make it challenging to describe accurate pathological
active renin concentrations in the young pediatric age groups.

A direct comparison and therefore estimation of developmental changes and maturation can be
derived from data from the study by Blazy et al. Within this study the mean renin concentration
halved between the youngest age group (16 h to 1 month; 226 pg/mL, n =17) and infants with
an age of 1 month to 1 year (133 pg/mL, n = 11). However, this study still reported much higher
concentrations compared to Ohyama (Ohyama et al. 1989). As both studies used the same assay,
the altered values might be caused by differences in genetic background, which was also
reported as a reason for the lower active renin levels in Black Americans compared to White

Americans (Tu et al. 2012).

Children

After the first year, there was a rapid decline in renin concentration across all studies (Table 2-
1, Fig. 2-2). However, the age-range of the subsets were often broader and consequently, the
age-related changes are difficult to estimate because the authors did not subdivide their study
population by age group (Fig. 2-2). This decreasing renin level was reported by Hjortdal et al.,
who found a median renin concentration of 20.4 pg/mL [IQR: 16.2-24.6] for children from 6
to 16 years of age (Hjortdal et al. 2000). While most other authors published comparable

concentration levels, higher values for children at the age of 10 + 1 years were observed by
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Mabhler et al. in 2012, with renin concentrations of (mean + SD) 136 + 37 pg/mL for girls and
117 + 37 pg/mL for boys (Mahler et al. 2012). The lowest measured concentrations were
reported by Shamsuzzaman et al. (median 12.3 pg/mL [IQR: 10.8—13.9], age 5-14 years) (Table
2-1; Fig. 2-2) (Shamsuzzaman et al. 2015).

Adolescents

Data specifically in adolescents was presented in three studies. Ohyama et al. reported (mean +
SD) 27.5 £ 2.5 pg/mL renin in 32 adolescents, Kruger et al. reported (mean) 19.1 pg/mL and
Sigirci et al. reported (mean + SD) 11.8 = 7.6 pg/mL in their subsets. These values are
comparable to reported mean plasma renin concentrations in healthy adults of 16.3 pg/mL [95%
CI: 13.7-19.4] (Tu et al. 2012). In summary, an age-related decline in renin concentration

across all pediatric age groups and in comparison to healthy adults is observed.
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Figure 2-2 Graphical illustration of plasma active renin concentrations from seven studies in healthy children.
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Table 2-2 Overview of active renin levels in healthy children (mean + SD or mean (range) and median [IQR];
all uU or mU values were converted to pg/mL by a factor of 0.6).

Authors Assay Population Active Renin, pg/mL
Blazy et al. IRMA (Diagnostics Pasteur) 16 h-1 month (n=17) 226 + 58
1 month-1 year (n=11) 133+ 28
1-5 years (n=10) 52+9
5-16 years (n=19) 377
Ohyama et al. IRMA (Diagnostics Pasteur) 0-1 year (n=22 female) 71.6 +10.4 (9);
0-1 year (n=20 male) 72 £ 15.4 (3)
1-2 years (n=16) 51.4 + 8.7
3-5 years (n=17) 42.4+ 5.9
6-8 years (=25) 35.6 + 4.6
9-11 years (n=17) 38.2+ 4.2
12-16 years (n=32) 27.5+ 2.5
Kruger et al. IRMA active renin; 38-42 weeks
(Nichols Institute diagnostics) Vaginal delivery (n=33) 102.42 (22.38-350.76)
Caesarean section (n=7) 59.46 (42.72-86.94)
2-4 days (n=28) 54,54 (6.24-351.84)
5-7 days (n=14) 19.5(5.64-107.52)
2 weeks—3 months (n=11) 24.48 (9.3-62.34)
4 months-1 year (n=19) 32.7 (9.96-86.7)
1-3 years (n=15) 27.78(12.66-55.86)
2-5 years (n=11) 29.1(15.84-52.92)
5-7 years (n=25) 30.96 (9.48-60.48)
7-11 years (n=33) 23.1(10.68-61.74)
11-15 years (n=65) 22.62(8.82-76.14)
15-18 years (n=20) 19.14 (9.78-41.34)
Hjortdal et al. IRMA active renin 6-16 years (n=33) 20.4 (16.2-24.6)

Nlcolaldou et al.

Sigircl et al.

Martinerie et al.

Mahler et al.

Shamsuzzaman
et al.

(Nichols Institute diagnostics)
IRMA active renin

(Nichols Institute diagnostics)
IRMA active renin

DSL-25100 (Beckman Coulter)

RIA renin Ill generation kit (Cisblo)
IRMA active renin

DSL-25100 (Beckman Coulter)
RIA (selfmade)

8.10 + 2.83 years (12 boys/2 girls, n=14)

5 days-1 year (n=35)

1-6 years (n=48)

6—12 years (n=50)

12-16 years (n=37)

39weeks5+1d

11.1 + 1.1 years (boys n=10)

10.0 + 1.0 years (girls n=10)

5-14 years (normal weight control, n=52)
5-14 years (normal-osa, n=47)

5-14 years (overweight control, n=27)
5-14 years (overweight-osa, n=47)

34.1+£19.42

23.4 1213
17.2+ 9.4
18.5+ 9.7
11.8+7.6
78.8+ 9.6

117 + 37
136 + 41
12.3(10.8-13.9)
13.3(11.6-15.3)
12.3(10.2-14.7)
14.3 (12.5-16.4)

All pU or mU values were converted to pg/mL by a factor of 0.6. IRMA, immunoradiometric assay; RIA,

radioimmuno assay

2.3.4 Active renin levels in the cardiovascular diseased pediatric population

In the cardiovascular diseased pediatric population, the neurohumoral activation results in the

RAAS response, which is associated with malignant structural remodeling. High levels of active

renin seem to be the cause of the activity of the juxtaglomerular mediated renin secretion

(Buchhorn et al. 2001c¢). Since RAAS blockers are also used for pediatric illnesses, monitoring

of the pharmacodynamic parameters is useful to estimate the effect of the medication on RAAS

proteins, (e.g. aliskiren therapy) (Campbell et al. 2009). Only limited data was found in five

studies from 1995 to 2003 in children with cardiovascular diseases such as congestive heart
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failure (Table 2-3). Four studies from Buchhorn et al. have reported active renin concentrations
(mean + SD) of 170.4 + 191.4 pg/mL; 202 + 141.6 pg/mL and 202 + 138 pg/mL with
propranolol treatment and 636.6 + 461.4 pg/mL; 422 + 294 pg/mL and 405.6 + 235.8 pg/mL
with digoxin and diuretic treatment for children 4-6 months old in the first study; 3—13 weeks
old in the second study and about 7 months to 8 years old in the third study, respectively (Schiitz
et al. 1996; Buchhorn et al. 2001¢; Buchhorn et al. 2001b; Buchhorn et al. 2001a; Buchhorn et
al. 2003). Compared to the study by Krueger et al. in healthy subjects, these values are increased
five-fold even under beta-blocker treatment (mean of 170.4 pg/mL for the propranolol group
vs 32.7 pg/mL for healthy children of the same age), which should reduce the renin releasing
effect via beta-receptors on the juxtaglomerular cells (Blumenfeld et al. 1999). Both studies
used the same radioimmunoassay from the Nichols Institute which limits the variability due to
different assay procedures; therefore, the correlation might be primarily due to a
pathophysiological induced increase in renin concentration.

Another study also demonstrated high levels of active renin in children with congenital cardiac
malformations. These plasma levels were adjusted to the respiratory rate, which showed a major
influence on the active renin (mean + SD: 106.2 + 136.2 pg/mL for 4—-6 months of age with a
respiratory rate below 50 min'! vs 544.2 +392.4 pg/mL for 1-5 months of age with a respiratory
rate below 60 min') (Fig. 2-2) (Buchhorn et al. 2001a). If compared to the study with healthy
children of the same age and performed by the same assay, the plasma renin levels are
substantially higher (Table 2-1 and 2-2).

In diseases such as glomerulonephritis and insulin-dependent diabetes mellitus, the reported
active renin concentrations did not show any increase if compared to values obtained in a

healthy population (Daneman et al. 1994; Hjortdal et al. 2000).
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Figure 2-3 Graphical illustration of plasma active renin concentrations from children with cardiovascular and diabetes disease.
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Table 2-3 Overview of studies involving diseased children which measured active renin plasma levels (mean
+ 8D and median [IQR]; all uU or mU values were converted to pg/mL by a factor of 0.6).

Authors Assay Population Active renin, Disease
pg/mL
Hjortdal et al. IRMA active renin (Nichols  4-22 years 109.2 (18.6-160.2) Heart failure
Institute diagnostics) (TCPC, n=12)
4-22 years 49.2 (23.4-121.2)
(BDG, n=8)

4-22 years (TCPC + BDG, n=20)

77.4(20.4-153.6)

Buchhorn et al. IRMA active renin (Nichols 6.0 £ 1.1 months (n=9 propranolol) 170.4 £ 191.4  Congestive cardiac failure
Institute diagnostics) 4.1 + 1.6 months (n=8, 636.6 + 461.4
digoxin/dluretics)
Buchhorn et al. IRMA active renin (Nichols  Respiratory rate (min *1): 106.2 + 136.2 Congenital cardiac
Institute diagnostics) 6 + 2 months (n=16, <50) malformations
4 + 2 months (n=9, 50-60) 223.8 + 406.2
3 + 2 months (n=9, <60) 544.2 + 392.4
Buchhorn et al. IRMA active renin (Nichols 4.8 + 3.1 months, (n=12 135 +129 Congenital heart disease
Institute diagnostics) CHD control)
2.6 + 1.9 months (n = 14 digoxin/ 405.6 + 235.8
dluretics)
3.7 + 1.7 months (n=9 propanolol) 202.2 +138
Buchhorn et al. IRMA active renin (Nichols 9.2 + 4.5 weeks (n=10 propranolol) 202 + 141.6  Congestive cardiac failure
Institute diagnostics) 5.3 + 2.4 weeks (n=10, digoxin/ 422.4 + 294
diuretlcs)
Nlcolaldou et al. IRMA active renin (Nichols  7.44 + 2.82 years (14 boys/ 17.72+ 9.8 Poststreptococcal
Institute diagnostics) 4 girls, n=18) glomerulonephritis
Daneman et al. IRMA (Sanofi Pasteur) 16 + 0.4 years (n=5; with 40 + 4.6  Insulin-depended
microalbuminuria) diabetes mellitus
15.9 + 0.3 (n=25; without 33.6+ 4.7

microalbuminuria)

All pU or mU values were converted to pg/mL by a factor of 0.6. IRMA, immunoradiometric assay; TCPC, total

cavopulmonary connection; BDG, bidirectional Glenn anastomosis; CHD, congenital heart disease.

2.3.5 Insights into plasma prorenin levels in children

Prorenin concentration is not frequently determined in children. The limited data available
consist of two studies in healthy children, (Table 2-4, Fig. 2-3). A study from 1989 reported
calculated prorenin concentrations of (mean + SD) 765 + 106 pg/mL for healthy children from
16 hours to 1 month of age and 284 + 4 pg/mL for neonates from 1 month to 1 year of age. Here
a decline in prorenin is indicated which halved the plasma concentration and indicates the
maturation of tissues in the newborn (Blazy et al. 1989). However, a recent 2017 study (Terada
et al. 2017) measured more than 10-fold higher levels in plasma than Blazy et al. reported in
1989. Prorenin levels were determined by the direct prorenin assay (antibody against the pro-
segment) (Fig. 2-3). This limited and highly variable plasma prorenin data make a reliable
conclusion on concentration levels in children currently impossible. Further studies reporting

reliable data sets are necessary. A possible explanation for the differences in values reported in
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the current literature could be the degradation of activated renin or incomplete activation of all
prorenin in plasma.

The 2017 study also differentiated prorenin levels between pre-term (less than 37 weeks of
gestational age) and full-term (more than 39 weeks of gestational age) newborns, and showed
a significant 3-fold difference in prorenin concentration (mean = SD: 6000 + 840 pg/mL for
pre-term neonates and 2130 + 250 pg/mL for full-term neonates) (Table 2-4) (Terada et al.
2017).

Similar to reported levels in adult patients, Daneman et al. showed that prorenin levels in
adolescents with insulin-depended diabetes and microalbuminuria have significantly elevated
compared to adolescents without microalbuminuria (mean + SD: 226.4 + 13.6 pg/mL vs 168.5
+ 10.1 pg/mL) (Fig. 2-3) (Daneman et al. 1994).

Interestingly, the reported ratio between active renin and prorenin also changed with age: it was
3.4 in the youngest group (16h — 1 month), then it decreased to 2.1 (1 month to 1 year) caused
by different changes in renin and prorenin (renin is decreased twofold; prorenin threefold); after
a year it increased to 5.6 and held at this ratio until adolescence (Table 2-4).

The pediatric population shows high variability in plasma levels among the different age
groups. Compared to studies in adults, the release of prorenin and renin is differently triggered
and caused by kidney development, which is also affected by birth delivery (Kruger et al. 1998;
Terada et al. 2017). Animals models showed that renin and prorenin are not only restricted to
the juxtaglomerular cells but are also released by intrarenal arteries resulting in high prorenin
and renin levels in newborns. These cells lose their ability to release renin and prorenin in older

rodents that might explain partially the observed age-depended differences (Gomez et al. 1989).
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Figure 2-4 Plasma prorenin concentrations of healthy and diabetic children (/DDM: insulin-depended diabetes mellitus) collected from three studies.
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Table 2-4 Prorenin and active renin plasma levels in healthy and diabetic children, measured by three studies (mean + SD)

Authors Assay Population Active Renin, Prorenin, pg/mL Conversion
pg/mL
Blazy IRMA 16 h—1 month (n=17) 226 + 58 765+ 106 Trypsin
et al. (Diagnostics Pasteur) 1 month-1 year (n=11) 133 + 28 284 + 4
1-5 years (n=10) 52+9 289+ 30
5-16 years (n=19) 37+7 217 + 27
Terada ELISA (Molecular 32.58 + 0.52 weeks (preterm, n=57) na 6,000 + 840 No conversion
etal, Innovation) 36.58 + 0.52 weeks (preterm 28 days, n=57) 3,610 + 820
37.99 + 0.10 weeks (full-term, n=67) 2,130 + 250
41 99 + 0.10 weeks (full-term 28 days, n=67) 2,040 + 1,410
Daneman IRMA (Sanofi 16 + 0.4 years (n=5; insulin-depended diabetes 40 £ 4.6 226.4 +13.6 Trypsin
et al. Pasteur) mellitus with microalbuminuria)
15.9 + 0.3 (n=25; insulin-depentdend diabetes 33.6 £ 4.7 168.5 + 10.1

mellitus without microalbuminuria)

IRMA, immunoradiometric assay; ELISA, enzyme-linked immunosorbent assay.
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Limitations

This review may include language bias as only publications available in English were included.
Additionally, inclusion criteria that were not specifically mentioned in the title or abstract could
lead to the exclusion of potential publications. Incomplete reported data (e.g. unspecific age,
concentration units, assays, health status of participants) was excluded, resulting in a more

precise dataset.

2.4 Conclusion

The available data on plasma renin and prorenin concentrations in healthy and diseased children
are limited. Sample handling is still a crucial step, which might particularly affect measured
active renin concentrations due to conformational changes of its precursor prorenin. In the
extant studies in the literature, an age-dependent decline of renin plasma concentration was
observed in newborns compared to adolescents. A fast decline, especially during the first year
of life, was reported. A reliable assessment for prorenin levels in the maturating population is
yet not possible due to the low number of available publications. However, prorenin might be
a specific marker of microalbuminuria within a diabetes pediatric group. More studies are
necessary to determine the value of prorenin and renin ratios, which might play a predictive

role not only in diabetic patients.
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3. Innovative mass spectrometry based determination of human

active renin

This chapter had been published in the peer-reviewed journal: ‘Journal of chromatography B’
with the title ‘A concept to make low-abundance endogenous renin accessible to mass
spectrometry: A multistep experimental design approach’ (doi:

10.1016/j.jchromb.2019.121856).

3.1 Background and aim

One of these low-abundance and proteolytical-resistant proteins is human renin, which is
present in low picogram-per-milliliter levels in healthy adults (Ichihara et al. 2009). Its
precursor, prorenin, is specifically cleaved in lysosomes by proteolytic enzymes where the
mature part (renin) can withstand the harsh environment (Xa et al. 2014). Renin is the key
enzyme in the renin-angiotensin-aldosterone system (RAAS), which affects not only blood
pressure but also glucose metabolism and electrolyte and fluid hemostasis. Consequently, renin
plays an important role in diagnosis and pharmacotherapy (Valabhji et al. 2001; Paternostro et
al. 2017).

Commonly in proteomic analysis, the one-factor-at-a-time (OFAT) approach, in which every
factor impacting the procedure is analyzed separately, is widely applied. In the case of human
renin, this approach would be inappropriate due to the large number of factors requiring
assessment (Hecht et al. 2016), the large numbers of necessary experiments, and the fact that
keeping one factor constant might not lead to the best conditions. Therefore, the statistical
planning of experiments utilizing a quality-by-design approach called Design of Experiments
(DOE) appears to be a more powerful tool for the evaluation of optimal assay conditions. The
DOE combines all factors of relevance and facilitates the evaluation of optimal assay setting
within a manageable amount of experiments. Its advantages were proven in optimizing absolute
quantitation methods like AQUA (Shuford et al. 2012a; Loziuk et al. 2013) but showed also
usefulness in analyzing instrumental settings to improve protein coverage or unique peptide
discovery (Andrews et al. 2011).

This study aimed to develop a tailored procedure for the reliable measurement of endogenous
human renin by an immunocapture LC-HRMS assay with a label-free determination. Key
processes were comprehensively investigated by focusing on optimal yield while attempting to

shorten the procedure duration.
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Figure 3-1 Bottom-up approach of protein characterization and surrogate peptide quantification. /) First,
the denaturation and reduction of the disulfide bridges, 2) the alkylation of the free cysteine thiol groups to avoid
refolding; 3) proteolytical digestion by modified trypsin; 4) Unique surrogates

3.2 Methods

3.2.1 Materials and methods

Human recombinant renin was obtained from Cayman Chemicals (Ann Arbor, USA). Two
different lots (lot no. 0516032 and 050726) with a certified purity of > 85% and > 86%,
respectively, were investigated. TCPK-threated modified trypsin and Dynabeads® Protein G
kit was purchased from Thermo-Scientific (Rockford, USA). Tris-(2-carboxyethyl)-phosphine,
bis(sulfosuccinimidyl)suberate (> 95%), dithiothreitol, sodium deoxycholate (> 99%), urea (>
99.5%), and ammonium bicarbonate (>99.5%) were supplied by Sigma-Aldrich (Taufkirchen,
Germany).

Mixed-mode anion-exchange solid-phase extraction plates (Oasis® MAX pElution) and
RapiGest® were purchased from Waters (Milford, USA). Anti-renin antibodies were obtained

from DRG Instruments GmbH (Marburg, Germany). Methanol optima® (LC-MS grade) and
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dimethyl sulfoxide (p.a.) were supplied by Fisher Chemicals (Geel, Belgium). Water (LC-MS
grade) was provided by Riedel-de Haen (Seelze, Germany), while formic acid (98%, p.a.) and
acetonitrile (UHPLC grade) were provided by Applichem (Darmstadt, Germany).

Finally, human blood plasma was collected from a healthy male volunteer in S-Monovette®

K3 EDTA tubes (Sarstedt, Nuembrecht, Germany).

3.2.2 In-silico simulation of tryptic digestion

The online tool Prospector® (v 5.22.1, University of California) was used for the in-silico
simulation aiming to imitate digestion and to identify unique fragments of renin for LC-MS
determination. The simulation was conducted using the human renin amino acid sequence listed
in the UniProt® database (entry number P00797). By utilizing Prospector®, the in-silico
protein digestion was performed by “peptide/protein utility MS-Digest” selection. Moreover,
the simulation was initiated by “custom protein sequences” with digest selection of trypsin set
to zero missed cleavages. The peptide mass between 400 and 1500 Da was enclosed and
multiple charges were reported for the generated peptide with a minimum of five amino acids.
The uniqueness of the predicted amino acid sequences was verified using the BLAST® search
at the UniProt® website. The surrogate was only considered for bioanalytical method

development if an amino acid sequence was exclusive for a tryptic peptide of renin.
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Aim
* Determination of active renin in human plasma
* Hybrid approach using immobilized antibodies and LC-HRMS
* Optimizing factors influencing denaturation, alkylation, digestion
* Reducing sample pretreatment time

Conduct

1) Identification of unique tryptic peptides by in-silico approach

* Prospector in-silico digestion identified active renin tryptic peptides
* BLAST® confirmed the uniqueness of the selected peptides

2) Evaluations of optimal conditions using Design of Experiments
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3) Applicability of optimal conditions in human plasma

* Enabled determination of human active renin by hybrid approach
* Five fold reduction of sample procedure time

Figure 3-2 Flow diagram for sample pre-treatment and tryptic digestion. This workflow shows the aims and
the conduct which was performed in this work in subdivided steps: In-silico analysis, DOE design investigation
the impact of each factor, data acquisition using LC-MS and data analysis.

3.2.3 Design of Experiments

The MODDE pro®© software program (MKS Instruments AB, Malmd, Sweden, version 12.0)
was used to design and evaluate the experiments. The procedure was divided into three parts,

each one separately addressing the denaturation, alkylation, and digestion processes (Fig.3-1).
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Based on the factors that were selected for these three processes, different models were chosen

(Fig.3-2).

3.2.3.1 Full factorial design of Denaturation and Alkylation experiments of active renin

A full factorial design was applied for evaluating the impact of parameters and settings within
the denaturation and reduction steps. This two-level interaction model was planned by setting
six factors, three center points, and two replicates each. A total of 201 runs of the experiment

were required.

Denaturation of active renin’s tertiary structure

Using the full factorial model, RapiGest® concentration (1% - 3%), sodium deoxycholate, urea,
dithiothreitol (DTT), Tris(2-carboxyethyl)phosphine (TCEP), incubation temperature (20 °C -
80 °C), incubation time (20 minutes - 80 minutes), and vortexing speed (0 rpm - 1000 rpm)
were all investigated in relation to denaturing efficiency. Sodium deoxycholate, urea and the
reducing agents (TCEP and DTT) were set as qualitative factors at fixed concentrations.

For the experiments on denaturation efficiency, the alkylation and digestion were fixed to the
following settings. Alkylation was performed by treating the samples with 300 mM of
iodoacetamide for 25 minutes in the dark. Next, the samples were pre-digested for two hours
with 100 ng trypsin followed by digestion with an additional 100 ng trypsin for 16 h before
being quenched with 1 pL formic acid. The samples were subsequently analyzed by LC-HRMS
as described in Sections 3.2.4.2 and 3.2.4.3.

Alkylation of renin’s cysteine residues

The second step of sample pretreatment involved the alkylation of the cysteine thiol groups to
avoid refolding of the protein’s tertiary structure. 300 mM A A was used as the alkylation agent.
The evaluation of the most relevant factor influencing the alkylation performance resulted in
54 experiments, which consisted of three center-point points and analyzed each sample in
triplicate. This design was also a full factorial two-level screening design. While the
concentration of IAA was kept constant, other parameters were set as quantitative factors. The

temperature was varied between 10 °C and 40 °C, time was altered between five minutes and
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60 minutes, and the vortexing speed was analyzed between 0 rpm and 800 rpm. Moreover, the
usefulness of a quenching step with 300 mM DTT was evaluated.

The digestion step was again fixed at two hours of pre-digestion with 100 ng trypsin, followed
by digestion with an additional 100 ng trypsin for 16 h before being quenched with 1 pL formic
acid. The samples were subsequently analyzed by LC-HRMS, as described in Sections 3.2.4.2
and 3.2.4.3.

3.2.3.2 D-optimal design of renin’s digestion procedure

Based on the multiplicity of factors within the digestion procedure, a D-optimal model was
applied in order to reduce both the number of experiments to 90 and the overall cost. To allow
for sufficient comparison with the full factorial design, the G-efficiency was aimed to be >0.6.
Subsequently, the model fit (R?) and the Q? value, which estimates the predictive value of the
design, had to be >0.5. Moreover, the appraisal of the overall model goodness-of-fit was defined
by the difference between Q? and R?, which had to be below 0.3 to estimate an appropriate
design.

500 pL of human plasma was spiked with 20 ng of the human recombinant renin, followed by
immunocapture using immobilized anti-renin antibodies (1 pg antibodies/sample). The
immobilization of anti-renin antibodies was meant for solid support by applying magnetic
Dynabeads® protein G. Incubation of the human plasma samples was done for 1.5 hours using
tilting and rotating (Fig.3-3). Next, the samples were cleaned with PBST (0.01% Tween 20)
three times and were incubated in the optimized denaturation buffer and continued by
performing the alkylation. The immunocapture complex was digested by modified trypsin
protease without the elution of the antigen. The cleavage was optimized using the following
settings: the temperature varied between 15 °C and 70 °C, vortexing speed varied from 0 to 800
rpm, time ranged from six minutes to 30 hours, and pre-digestion (from zero to four hours) was
conducted with half of the remaining trypsin added per run. The trypsin concentration altered
between 50 ng and 1000 ng.

The samples were subsequently analyzed by LC-HRMS, as described in Sections 3.2.4.2 and
3.2.43.
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Figure 3-3 Immunocapture with magnetic beads immobilized antibodies as first purification step. /)
Dynabeads® Protein G bind anti human renin mouse IgG1 mAbs; 2) Crosslinking of Dynabeads Protein G and
IgGl mAbs; 3) 500ul of thawed human plasma was prepared and spiked with human recombinant renin; 4) The
spiked plasma was incubated with the magnetic beads coupled antibodies; 5) After the incubation the tubes were
placed on a magnet rack; 6) The plasma was discarded and the beads were washed with PBS-T buffer, 7) Elution
of the antigen with a low pH buffer.

3.2.4 Instrumentation and conditions

3.2.4.1 SPE clean-up of signature peptides

The clean-up of the digested samples was accomplished by using Oasis® MAX pElution SPE
96 well plates. The conditioning of the sorbent material was performed by using a mixture of
acetonitrile, water, and formic acid (60/40/2, v/v/v). After the subsequent equilibration step
with 5% ammonium hydroxide in water, the alkalized samples were pipetted onto the
cartridges. The samples were then washed with 5% ammonium hydroxide in water, followed
by a second washing step in 500 pL. methanol. Elution was performed three times using 100 pL
of a mixture of acetonitrile, water, and formic acid (60/38/2, v/v/v). The eluate was completely
evaporated under a gentle flow of nitrogen. For reconstitution, a mixture of 50 puL. containing

5% DMSO, 0.1% formic acid and 20% methanol in water [v/v/v] was applied.
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3.2.4.2 Liquid chromatography and the conditions applied for signature peptides separation

Chromatographic separation was achieved using a Shimadzu Nexera UHPLC system
(Shimadzu Europe, Duisburg, Germany). This liquid chromatography system consisted of a
controller (CBM 20A), two separate pumps (LC-20ADxR), two separate degassers (DGU-
20A5R and DGU-20A3 prominence), a switching valve unit (FCV-11AL), an autosampler
(SIL-30AC), and a column oven (CTO-20AC). The separation process was performed on a
Waters® XSelect CSH C18 column (1304, 3.5 pm, 3.0 mm x 150 mm).

Mobile phase A consisted of 1% DMSO plus 0.1% formic acid in MS-grade water, while
mobile phase B consisted of 1% DMSO plus 0.1% formic acid in MS-grade methanol [v/v/v].
The flow rate was set to 0.9 mL/min. The gradient started at 20% of mobile phase B and was
increased between 1 and 1.2 minutes to 40%. This was followed by a further increase to 50%
of mobile phase B after 2.25 minutes and was increased to 80% after 3 minutes. The gradient
was kept at 80% until 4 minutes had elapsed, before being reduced to 20% of mobile phase B
again. The injection volume was 10 pL, the oven temperature was set to 60 °C, and the

autosampler conditions were controlled at 15 °C.

3.2.4.3 Mass spectrometry and conditions applied to the determination of signature peptides

Mass spectrometric detection was performed using a Sciex TripleTOF 6600 (Sciex, Concord,
Canada) high-resolution mass spectrometer system with an IonDrive TurboV® electrospray
ionization source. The ion spray voltage was set to 5500 eV, curtain gas remained at 35 psi and
nebulizer gas (gas 1) and heater gas (gas 2) were adjusted to 80 psi and 60 psi, respectively,
while interface heater temperature was adjusted to 300 °C.

For signature peptide I, the transitions of 854.9 m/z to 418.2296 m/z were chosen for
quantification, while for signature peptide II, 417 m/z to 275.1550 m/z were chosen.
Corresponding declustering potential was set to 54 V and the collision energy for the selected
signature peptide I (VVFDTGSSNVWVPSSK) was adjusted to 54 eV. Regarding signature
peptide II (LMEALGAK), declustering potential was set to 68 V and collision energy was set
to 36 eV, respectively.

The system was controlled by Analyst TF 1.7.1, while data analysis was performed using

PeakView 2.2 and MultiQuant 3.0.2 (Sciex, Concord, Canada).
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3.2.5 Applicability of the hybrid approach in human plasma

As the optimizations of mass spectrometric response by the first and second DOE (denaturation
and alkylation) were conducted in a neat solution, the applicability of the entire process in
human matrix was additionally investigated. A comparison between conventional conditions
and the aforementioned modified hybrid approach was conducted. In both settings, human
blood samples spiked with 20 ng renin were analyzed. The conventional protocol consisted of
denaturation at 60 °C for 60 min with DTT and RapiGest® (2%), 25 minutes IAA alkylation at
room temperature, pre-digestion for two hours with 100 ng trypsin, and overnight digestion
with additional 100 ng trypsin. For the performance evaluation of the hybrid approach, the
optimal settings described above were applied: denaturation at 20 °C for 80 min, 1000 rpm with
1% RapiGest®, 2M urea and 150 mM DTT; alkylation at 10 °C for five minutes and 800 rpm;
digestion at 15 °C for 2.16 hours using 800 rpm vortexing speed and 1000 ng trypsin. The
investigation of the applicability of the modified approach was meant to address three aspects.
First, verification of whether the hybrid mass spectrometric assay is in general capable to
determine endogenous levels of renin; second, optimization of the required process duration to
facilitate a more efficient and less labor-intensive method; and third, to access the repeatability
of the developed hybrid approach in human matrix by three independent sample preparations
and to evaluate the between-sample variability. In compliance with international bioanalytical
guidelines, a maximum variability of 20% in signal response was regarded as acceptable. The
evaluation was conducted using blood samples donated by a healthy male volunteer. Each
approach was measured in triplicate and analyzed together on the same day by LC-HRMS as
described in section 3.2.4.2 and 3.2.4.3
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3.3 Results and discussion

3.3.1 Renin structure and Prospector® results

The complete in-silico digestion of renin resulted in 11 completely cleaved peptides that
fulfilled the criteria entered into the Prospector® tool. Two signature peptides were chosen due
to their high intensity in mass spectrometric screening. The peptide VVFDTGSSNVWVPSSK
(signature peptide 1), covering the positions from 101 to 116, determines a part of the active
center of renin. The second signature peptide, LMEALGAK (signature peptide II) covers amino
acids in positions 242 to 249, which is part of a beta-sheet structure.

The BLAST® experiment showed that both of the peptides selected are unique tryptic peptides

enabling the reliable quantification of renin.

3.3.2 Denaturation of renin’s tertiary structure

The denaturation was an essential part of the proteolytic resistant protein renin to make it better
accessible for proteolytic cleavage. Therefore, the analysis of the coefficient effects represents
the main impacting individual effects as well as the interaction effects (Fig.3-4; 3-5). After
estimating the optimal denaturing conditions, the smaller surrogate peptide signature peptide 11
was excluded from further evaluation as it could not be as effectively generated as the larger
signature peptide I. All below mentioned results focus subsequently on surrogate peptide I only.
The screening results of different RapiGest® concentrations on the signal intensity identified
the concentration of 1% RapiGest® as most promising. By incubating at 20 °C, the intensity of
signature peptide [ was 1.57e6 counts per second (cps) for 1% concentration, with no substantial
change in intensity by using more RapiGest® (-4.1% for 2 % and -8.2% of predicted cps for
3%). Using 1% of the acid-cleavable surfactant, it was indicated that the lowest analyzed
temperature resulted in a 1.6-fold enhancement (1.0e6 vs. 1.57¢6 cps for 1 % RapiGest® at 80
°C and 20 °C) of the cleaved signature peptide I, if compared to the highest incubation
temperature.

In this screening study, two additional denaturing agents were added in fixed concentration.
Sodium deoxycholate (SDC) was added at a final concentration of 4%, and urea was added at
a 2 M concentration. Each denaturant had either solubilizing or destroying capabilities to the
tertiary structure of the protein and allowed trypsin to cleave the surrogate peptide more

efficient. With increasing temperature (20 °C to 80 °C), the intensity of surrogate peptide I
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decreased. One possible reason for this could be the carbamylation of the signature peptide I
lysine residue by elevated temperatures in urea containing the denaturation buffer (Sun
Shisheng, Zhou Jian-Ying, Yang Weiming 2015). Signature peptide I showed only minor
changes in intensity by using urea as additional denaturant (11% enhancement of intensity for
SDC compared to urea) and due to urea’s lower costs and easier removing by solid-phase
extraction, it was eventually chosen as the denaturing buffer. Please also refer to Figure 3-4.
The impact of the two reducing agents, TCEP and DTT, on their denaturation power were
investigated along with their signal intensity of surrogate peptide I. At a temperature of 20 °C,
the most potent reducing agent was DTT, which was represented by much higher intensities for
both peptides when compared to TCEP (signature peptide I had 27% higher intensity). At higher
temperatures (80 °C), both reducing agents exhibited a reduction in their power (signature
peptide I: 53% higher intensity by using DTT and 22.9 % higher intensity by using TCEP at 20
°C vs. 80 °C). However, DTT showed a significant reduction in its capabilities to reduce
disulfide bridges (1.7e6 at 20 °C vs. 8.9¢5 at 80 °C) due to thermal degradation. Please refer to
Figure 3-5.

In conclusion, the average intensity was 1.5 times higher for the lowest analyzed temperature
but had the longest incubation time (1.81e6 cps at 80 minutes vs. 1.18e6 cps at 20 minutes).
The higher mixing of the samples also improved the intensities of both peptides 1.32-fold (1.4e6
cps for 1000 rpm vs. 1.1e6 cps for 300 rpm) and the prolonged incubation time was highly
effective in facilitating denaturation. Based on the interactive effects, best performing
conditions for denaturation were established at 20 °C, 80 minutes, and at 1000 rpm in a buffer

solution that contained RapiGest® 1%, urea 2 M, and 150 mM DTT (Fig.3-8).
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Figure 3-4 Interaction contour plot showing the impact of the chosen denaturation parameters (surfactant, temperatures in °C, RapiGest® in %, and reduction agents) on
the intensity of signature peptide 1. The most desired region is illustrated in red and the undesired region is indicated by blue area.
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3.3.3 Alkylation of renin’s cysteine residues

The incubation temperature was assumed to be an essential parameter in alkylating the thiol
groups of cysteine residues. However, the generation of the surrogate peptide was not
substantially improved at any temperature, except for a minor increase of 12% in intensity at
10 °C compared to 40 °C (4.4¢e6 cps at 10 °C for five minutes of incubation time vs. 3.9e6 cps
for the same incubation time at 40 °C).

Compared to low temperature (10 °C), the high vortexing speed of 800 rpm produced a 10%
higher intensity compared to the median speed (300 rpm). The predicted intensity decreased
further when vortexing was not performed (0 rpm) resulting in a decrease in intensity of
approximately 11% if compared to 800 rpm (4.5¢6 cps for 800 rpm at 10 °C vs 4.1e6 cps at 0
rpm at 10 °C). Extended time showed no significant enhancements in surrogate peptide
generation at all, while vortexing speed at higher temperatures showed similar behavior in
signature peptide generation.

The quenching step was meant to avoid overalkylation of the tryptic peptides. Altering the
temperature, vortexing speed and time showed that additional quenching was not advantageous
in generating the signature peptide I (4.17e6 cps for the quenched reaction vs. 4.19¢6 cps for
the non-quenched reaction).

In conclusion, the best conditions for alkylation were found to be at 10 °C and 800 rpm for five
minutes with no quenching. Corresponding to the coefficient effect plot, the individual effect
was only significant (0<0.05) for low temperature. Interactive effects were shown to be highly

significant for vortexing speed and temperature (Fig. 3-8).
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Figure 3-5 Interaction contour plot showing the impact of time and temperature on denaturation efficiency. The surfactant/chaotropic agents and reducing agents were kept
constant. The most desired region is illustrated in red and the undesired region is indicated by blue area (min: minutes; °C: degrees Celsius).
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3.3.4 Digestion procedure and immunocapture of active renin

In the case of renin, the direct digestion approach of the whole plasma matrix was not reasonable
due to the low abundance. Consequently, assays like PC-IDMS, which were proven as a reliable
method for protein quantification, were not suitable to develop a method for renin. A
purification of either the whole renin protein or its surrogate was important to allow the
detection and emphasized the need for an immunocapture procedure. The SISCAPA approach
seemed an ideal opportunity to allow mass spectrometric measurement but the absence of the
anti-renin surrogate specific antibody required high effort in the development of such an
antibody. Moreover, immunogenicity was identified as an issue (Whiteaker et al. 2010).
Therefore, the whole protein purification by commercially available antibodies was chosen in

this work.

3.3.5 Response surface D-optimal model evaluation

Statistical analysis was performed using a multiple linear regression model. Due to the reduced
numbers of experiments, the G-efficiency was estimated at 0.79, which fulfilled the criteria for
a representative D-optimal design. The statistical values of the ANOVA results confirmed a
good prediction of the model. Over the 90 performed experiments the Q? value was 0.916 and
the R? value was 0.950. These results fulfilled the predefined requirements and proved a good
fit as well as being a good predictive character of this model. The optimizer tool suggested a

probability of failure of 0.1% by generating the optimal settings.
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Figure 3-6 Interaction contour plot showing the impact of pre-digesting time, trypsin concentration and temperature on the digestion result. The second digestion time
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3.3.5.1 Influence of trypsin concentration

The alteration of the trypsin concentration was identified as being the most effective component
in optimizing digestion. The results for the RSM demonstrated that the best results in signal
intensity and required processing time were achieved with trypsin concentrations of 1 pg.
Trypsin concentrations greater than 1 ug were not investigated in order to avoid autolysis due
to an imbalance between the available substrate (antibody concentration 1 pg) and trypsin. The
smallest investigated amount of trypsin was 50 ng, which was not sufficient for reducing overall
procedure time. By increasing the trypsin concentration, the generation of signature peptide I
was substantially improved. The addition of 366 ng of trypsin into the sample increased
signature peptide I’s generation by 49.5%. This was further optimized by 525 ng, 683 ng and
1000 ng trypsin (73%, 97.5% and 138% signal improvement compared with 50 ng of trypsin).
By adding larger amounts of trypsin, the time factor could be reduced. High trypsin
concentrations (1pug) reduced the digestion time fivefold compared to a conventional overnight
approach (16 hours). Low trypsin concentrations yielded almost identical levels of signature
peptide generation but only after a longer period of time (30 hours digestion with 34% decrease

of intensity for 50 ng trypsin vs. 1 pug trypsin; Fig. 3-6; 3-7; 3-8).

3.3.5.2 Influence of pre-digestion step, time, and instrumental conditions

The digestion process is highly influenced by time, but also by different kinds of energy—
thermic (temperature) as well as kinetic (vortexing speed), which had a major impact on
trypsin’s performance and could not be evaluated alone. As shown by the DOE results, the
generation of the signature peptide I was strongly correlated by these factors interacting with
each other (Fig. 3-8).

Elevated temperatures (70 °C) could not enhance proteolytic cleavage. Based on the peptide’s
properties, signature peptide I was more prone to oxidation and deamidation due to containing
tryptophan and asparagine residues. Moreover, trypsin might itself be denatured at higher
temperatures. Lower temperatures (15 °C) seemed to preserve the integrity of the peptide,
whereas trypsin's highest proteolytic performance was either achieved due to higher
concentrations or a longer time. The effect of kinetic energy generated by vortexing had a higher
relevance at a temperature of 15 °C (59 % increase of the signature peptide’s intensity at 800
rpm vs. 0 rpm). At higher temperatures, this effect became negligible. During digestion, all

individual effects were significant as seen in figure 3-8. Please also refer to figure 3-6 and 3-7.
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The pre-digesting step combined with time revealed that optimal digestion was achieved after
2.16 hours of total digesting at a temperature of 15 °C and a vortexing speed of 800 rpm (Fig.
3-7). This means that the pre-digestion step is enough to generate the signature peptide I, as
only a short additional digesting time (0.1 hours) was predicted for the second digestion step.

The second digestion was subsequently skipped for the final setting.

Signature peptide I [cps]

-4

Pre-Digest [h]

Figure 3-7 A response surface plot of pre-digestion time against temperature. 7he red area is the optimal
setting for the highest generation of signature peptide 1.
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Figure 3-8 Normalized plots of the denaturation DOE for signature peptide I (1) and signature peptide II
(2), alkylation DOE (3) and digestion DOE (4) showing individual effects and interactive effects with normalized
coefficient values.(Red: reducing agent; Rapi: RapiGest,; S/C: surfactant/chaotrop, Temp: temperature; Quench:
Quenching; RPM: vortexing speed; DTT: dithiothreitol; TCEP: tris(2-carboxyethyl)phosphine; Try: trypsin, Pre:
pre-digestion).
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3.3.6 Solid-phase extraction, liquid chromatography, and mass spectrometry

Preliminary experiments had shown the superiority of mixed-mode strong-anion exchanger
material (MAX; Fig. 3-9) if compared to a mixed-mode strong-cation exchanger (MCX; Fig.
3-10). Therefore, the customized SPE protocol development based on MAX material (Fig. 3-9)
and included recommendations on peptide purification given by the vendor Waters (e.g. elution
solvent acetonitrile instead of methanol). Based on the experimental procedure including the
digestion of renin, the purification by SPE was customized for the digested tryptic peptides and
not to whole renin protein. Tryptic peptides consist of a positively charged amino acid (lysine
or arginine), therefore a strong-cation exchanger appeared reasonable. However, signature
peptide I had a weak acidic character caused by the aspartic acid residue and the c-terminal end
carboxy group. This character was used to improve enrichment, by performing the purification
with mixed-mode strong-anion sorbent material leading to an increase of sixfold signal

intensity.

Figure 3-9 Interaction with OASIS strong anion mixed mode sorbent material and signature peptide I (pH
12; Waters®)
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Figure 3-10 Interaction with OASIS strong cation mixed mode sorbent material and signature peptide I (pH
2; Waters®)

Based on the chromatographic separation results, the XSelect CSH C-18 column outperformed
the XBridge BEH C-18 by its ability to enrich the signature peptide before mass spectrometric
analysis. The optimized gradient allowed the best response and peak shape of the signature
peptide leading to a high-throughput method with a runtime of four minutes. As a supercharging
solvent, DMSO additionally improved the ionization of the peptides in the ESI source. This has
also been confirmed by other research groups in proteomics (Hahne et al. 2013).

The peptide elucidation was conducted utilizing the TripleTOF, which confirmed the identity
of the surrogate peptide by its typical y- and b-fragmentation scheme. Regarding the signature
peptide I, the PSSK fragment (y4) showed the highest abundance in enhanced ion mode and
was chosen for further determination. The mass to charge ratio for signature peptide I was 854.9

to 418.2296 m/z. Further details are depicted in Fig.3-11.
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Figure 3-11 Chromatographic separation of signature peptide I and II. (1) MS/MS data for signature peptide II (2) and signature peptide I (3) showing typical y and b-
fragment of tryptic peptides
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3.3.7 Applicability of active renin hybrid approach in human plasma

This applicability investigation was meant to investigate three aspects of the here presented
hybrid approach. First, it was verified that the hybrid mass spectrometric assay was capable of
determining human renin levels. The transferability of the developed hybrid approach to human
matrix was confirmed.

The second aim evaluating how much the required process duration can be shortened by the
hybrid approach was also answered. The applicability of the hybrid approach with optimized
sample pretreatment was assessed against a conventional approach in human plasma. While in
the conventional approach an overall pretreatment time of 20.25 hours was required to obtained
mass spectrometric responses of 4.5e4 cps, comparable results (4.4e4 cps) were achieved in
4.43 hours utilizing the here presented hybrid approach. By applying this optimized protocol,
the prolonged digestion time could be reduced fivefold without any loss in final response of
signature peptide I. It confirmed that the hybrid approach facilitated a more efficient and less
labor-intensive method.

Third, a good repeatability of the hybrid approach in human plasma was achieved. Three human
samples were independently prepared and measured separately. This triplicate resulted in a low
variability of 2.24 % (CV). The finding indicated the robustness of assay and proved that this

developed assay was capable of measuring reliable values of active renin.

3.4 Conclusion

Applying the multistep DOE approach to identify the optimal conditions for sample preparation
successfully enabled the successful determination of human active renin in plasma by a hybrid
approach of immunocapture and LC-HRMS. Moreover, the developed procedure reduced the

time taken for the total assay procedure fivefold, without any loss in the sensitivity of the assay.
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4. Human prorenin determination and differentiation to active

renin by hybrid LC-MS

Parts of this chapter had been published in the peer-reviewed journal: ‘Rapid Communications
in Mass spectrometry’ with the title ‘Human prorenin determination by hybrid immunocapture
liquid chromatography-mass spectrometry: A mixed-solvent-triggered digestion utilizing D-

optimal design’ (doi: 10.1002/rcm.8932).

4.1 Background and aim

Human prorenin, which seems to be an inactive precursor of mature renin, has gained attention
since it was discovered that its concentration is correlated with different diseases. Some studies
even suggest it as a potential biomarker, e.g. in diagnosing primary hyperaldosteronism or
diabetes-induced nephropathy (Naruse et al. 1995; Berge et al. 2015). In addition to the
pathological influence of prorenin, it also appears to have important functions, as evidenced by
its secretion in reproductive tissues like ovaries (Sealey et al. 1986). Compared to active renin,
which is usually analyzed for cardiovascular disease, prorenin is released continuously and is
not influenced by acute stimuli such as a change in body position. Concerning the structural
difference between prorenin and renin, a 43-amino-acid-long pro-segment that covers the
catalytical center is the sole structural difference between their amino acid sequences (Hsueh
and Baxter 1991; Suzuki et al. 2003). This pro-segment can change its conformation and
uncover the proteolytical center, making the differentiation between active renin and prorenin
difficult for many immunoassays (Menard et al. 2006). In most ligand-binding assays, reliable
determination is only achieved by either proteolytical cleavage of the pro-segment after
cryoactivation at 4 °C overnight, or by a renin inhibitor that promotes the unfolding of the pro-
segment. These assays are time-consuming and require calculative levels that may lead to
inconsistent and inaccurate results (Naruse et al. 1995; Derkx et al. 1996; Krop et al. 2011; Tu
etal. 2012).

The current challenges in bioanalytical determination of low-abundance proteins using mass
spectrometry are commonly addressed by combining immunocapture with a customized
digestion procedure (Anderson et al. 2004). In the past, the common performed digestion
procedure was often unsuitable due to their extensive preparation requirements and long
procedure durations (Figeys 2013). Several approaches have been developed to accelerate these

procedures, however, most of these approaches have their own benefits and limitations (Russell
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et al. 2001; Son et al. 2007; Wang et al. 2008; Proc et al. 2010; Andrews Kingon et al. 2013;
Serra et al. 2016). These approaches require additional chemicals or need special equipment to
promote denaturation (Capelo et al. 2009; Kailasa and Wu 2014). The denaturing agents that
are used in pure aqueous digestion procedures lead to difficulties with mass spectrometric
detection as well as possible interference with reversed-phase chromatographic separation,
resulting in unpredictable peptide retention and elution properties (Son et al. 2007). Moreover,
unintentional reactivity of the used denaturing agents with the peptides of interest has been
reported (Kollipara and Zahedi 2013). Other agents such as guanidinium hydrochloride require
an extended cleanup and subsequent dilution before tryptic digestion, making them unsuitable
for low-abundance proteins (Son et al. 2007).

Different types of organic solvents have shown their suitability for the denaturation of the
protease-resistant proteins (Russell et al. 2001). These commonly applied organic solvents (e.g.
acetonitrile and methanol) are characterized by a strong denaturation power. Moreover, these
solvents have shown their compatibility with trypsin, particularly when modified (i.e. alkylated
lysine-residues) (Batra and Gupta 1994; Ostin et al. 2007; Sun et al. 2012). Several proteomic
approaches have confirmed the usefulness of mixed aqueous-organic digestion for the
acceleration and better production of surrogates for proteolytic-resistant proteins (Russell et al.
2001; Strader et al. 2006; Ostin et al. 2007; Wall et al. 2011; Ranasinghe et al. 2018). However,
it requires individual evaluation per analyte of interest and depends on structural particularities
and amino acid sequence. For example, Shuford et al. found organic solvent as detriment to
quantitative production of their peptides of interest (Shuford et al. 2012a).

To optimize digestion efficiency, the various factors that impact the generation of surrogates
can be investigated either by analyzing one factor at a time or by using a statistical approach.
By investigating each factor separately, the optimal set point might be missed. Additionally,
the determination of two or more surrogates makes this approach inappropriate. Therefore, a
statistically planned experimental design following the quality-by-design approach allows for
the analysis of different factors interacting with each other within a manageable number of
experiments, and is described as the Design of Experiments (DOE) (Loziuk et al. 2013; Feickert
and Burckhardt 2019).

This study aims to investigate the suitability of a rapid mixed-solvent-digestion approach to
prorenin determination using the DOE concept. The hybrid immunocapture LC-MS, which uses
a label-free protein-level enrichment should facilitate the reliable determination of prorenin and

differentiate it from structurally related compounds. Further optimization experiments had to

69



Human prorenin determination and differentiation to active renin by hybrid LC-MS

be performed to improve the method sensitivity and to avoid large variations by reducing non-
specific adsorption and solubility issues by optimizing all of the preparative steps performed
when conducting the hybrid immunocapture LC-MS assay. Lastly, its applicability in human

plasma must be confirmed.
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4.2 Methods
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4.2.2 Materials and Chemicals

Human recombinant prorenin (=85%) was supplied by Cayman Chemicals (Ann Arbor, USA).
TCPK-treated modified trypsin and Dynabeads® Protein G kit was purchased from Thermo-
Scientific (Rockford, USA). Anti-prorenin antibodies were purchased from three different
vendors (Gentex, R&D systems, Molecular Innovations). Ammonium bicarbonate (>99.5%)
was obtained from Sigma-Aldrich (Taufkirchen, Germany). Methanol optima® (LC-MS
grade), tetrahydrofuran (HPLC-grade), 2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethansulfon acid
(HEPES; >99%), acetone (HPLC-grade), and DMSO (p.a.) were supplied by Fisher Chemicals
(Geel, Belgium). Water (LC-MS grade) and sodium phosphate dibasic (>99%) were provided
by Riedel-de Haen (Seelze, Germany), and formic acid (98%, p.a.), potassium chloride (>99%)
and acetonitrile (UHPLC grade) were supplied by Applichem (Darmstadt, Germany). Sodium
chloride (>95%) and potassium dihydrogen phosphate (>99%) were obtained from Carl Roth
(Karlsruhe, Germany). Tween 20 was supplied by Caelo (Hilden, Germany). Masterblock PP
96-well plates were obtained from Greiner Bio-One (Kremsmuenster, Austria). Anti-renin
antibodies and polystyrene-coated plates were obtained from DRG Instruments GmbH
(Marburg, Germany). Human blood plasma was collected from a healthy male volunteer in S-

Monovette® K3 EDTA tubes (Sarstedt, Nuembrecht, Germany).

4.2.3 Selection of signature peptides for determination

The mature part (chain; entry number P00797) plus the pro-peptide (43 amino acids) forms the
so called prorenin, which was extracted the UniProt® Database. The selection of the signature
peptides was carried out by evaluation of the amino acid structure using protter®, and possible
tryptic cleavage sites were found. Peptides that contained cysteines were excluded to accelerate
the sample pretreatment by avoiding reduction and alkylation steps. As additional tool,
Prospector® was used to prove the desired in-silico digested peptides and simulate their
fragmentation scheme to identify possible transitions. The selected peptides were confirmed as
suitable for tryptic digestion by in-silico proteolysis and appraised by their amino acid
structures (Fig.4-1)

As shown by Shuford et al., the analysis of peptide characteristics is essential for the
development of a reliable assay by using the surrogate peptide approach (Shuford et al. 2012b).
By performing a combined in silico and experimental analysis of the surrogate peptide's
properties [Peptide Analyzing Tool (ThermoFisher, Rockford, USA)], peptide characteristics
of the digested prorenin were assessed. The quantitative profiling of prorenin was conducted
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utilizing a sequential window acquisition of all theoretical fragment ion spectra mass

spectrometry (SWATH).

4.2.4 Antibody screening for the hybrid approach

Human plasma is a highly complex matrix that makes the detection and determination of low-
abundance proteins difficult. Therefore, immunocapture was chosen as a reliable and selective
method for human prorenin purification. This study used antibodies against full-length
prorenin. By using unselective as well as selective antibodies from different vendors, their
capability to capture prorenin was examined. In total, seven different antibodies were screened
for their suitability in a hybrid immunocapture LC-MS approach. Each antibody experiment
was performed using an immobilization process on Dynabeads® Protein G magnetic beads.

For the performance evaluation, 20 ng human recombinant prorenin was spiked into the plasma
matrix (300 pL). The Dynabeads® protein G beads combined with the antibodies were
incubated for 1 hour while vortexing in spiked plasma. A three-step washing process was
performed: the samples were washed twice with a phosphate-buffered saline buffer (PBS 0.01
% Tween 20) at the beginning, followed by a wash in a 25 mM ABC buffer to eliminate any
interference by the Tween 20. All immunocapture complexes were digested completely in
mixed solvents by adding 1 pg of modified trypsin and measured in triplicates using high-

resolution TripleTOF mass spectrometry to confirm the identity of prorenin.

4.2.5 Analyzing the stability of signature peptide residues and the pro-segment

Human prorenin’s pro-segment structure can change its conformation, which is influenced by
temperature and pH. To analyze the effect of this unfolding and its influence on the digestion
procedure, high (40 °C) and low (10 °C) incubation temperatures were used to investigate the
effect on tryptic cleavage in the mixed solvent buffer following immunocapture.

The mature-part signature peptide and the pro-part signature peptide consist of a tryptophan
residue that may be prone to different oxidized products. Kynurenine (+ 4 Da),
hydroxytryptophan (+ 16 Da), and N-formylkynurenine/dihydroxytryptophan (+ 32 Da)
represent different oxidative reaction products of tryptophan residue. Additionally, the
methionine residue of the pro-part signature peptide was also considered for oxidation.
Therefore, an investigation was performed on how potential oxidative agents such as acid and

DMSO, which were used in the injection solvent mixture, influence these reactions (van de
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Weert et al. 1998; Perdivara et al. 2010). Possible oxidative products of both the mature part or

pro-part signature peptide were calculated using the Prospector® tool.

4.2.6 Design of experiments criteria for digestion

The design and evaluation of the experiments were accomplished using MODDE Pro©
software (MKS Instruments AB Malmoe, Sweden, version 12.0). The D-optimal model was
chosen as an experimental design due to the reduced costs and necessary number of
experiments. In total, 114 experiments were required. To allow for a sufficient comparison to a
full factorial design, we aimed for a G-efficiency of > 0.6. Additionally, the model fit (R?) and
the Q? value, which estimate the predictive value of the design, were required to be > 0.5. An
appropriate design for overall model strength was defined as the difference between Q? and R?
by values of below 0.3. Both signature peptides of human prorenin were incorporated into the

model as a response, wherein the pro-part signature peptide was favored due to its uniqueness.

4.2.6.1 D-optimal design for mixed-solvent digestion

20 ng of human recombinant prorenin was added to the 20 mM ammonium bicarbonate buffer
(ABC) followed by the addition of 1 ug modified trypsin and adjusted to 100 pL with an organic
solvent. The aqueous—organic solvent ratio varied between the experiments based on the
corresponding DOE. Different organic solvents (tetrahydrofuran, acetone, methanol, and
acetonitrile) were used to analyze the influence of the organic solvent type and its concentration
(60%—90%) on the digesting process. The incubation time ranged from 5 minutes to 2 hours.
The temperature was varied from 10 °C to 40 °C to investigate its impact on signature peptide
generation. The lower temperature limit was chosen because of instrumental limitation and the
upper limit was set at maximum 40 °C to limit imprecision by irregular solvent evaporation.
Following the tryptic proteolysis, the mixed solvents were evaporated under a nitrogen stream
and reconstituted in a mixture of 5% DMSO, 20% methanol, and 0.1% formic acid in water

[V/vIvIv].

4.2.6.2 Sweet-spot analysis of optimal digestion conditions

Due to the differences in the size as well as the amino acid composition and number of both
investigated peptides, it was considered likely that distinct generation conditions for each

signature peptide would be identified. Consequently, a sweet-spot analysis was performed in
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order to determine optimal settings with given predeterminants for a reliable generation of both
surrogates. These calculations were made with 50000 iterations at a resolution of 64 including
all factors within the Monte Carlo simulation. For a robust and reliable result, the probability

of failure, which estimates a false peak area prediction, was set to an acceptable limit of 0.5%.

4.2.7 Optimization of immunocapture by investigating optimal incubation and washing
buffer

The impacts of using different buffers were examined on non-specific protein adsorption and
solubility during the performance of the immunocapture procedure. The analysis of potentially
suitable incubation and washing buffers was performed by spiking 5 ng of human active renin
into each of three buffers (250 puL), 50 mM PBS, 50 mM HEPES, and 50 mM ABC, followed
by incubation on the anti-active renin polypropylene-coated plates for 1.5 hours. After the
incubation, the active renin and prorenin containing buffer was discarded and then the plate was
washed three times with either the used buffer or pure water. A physiological environment is
necessary for optimal binding between an antigen and an antibody, and these buffers were
chosen because their optimal buffering capacities occur at pH 7.4. All buffers were sterile
filtered by a 0.22 um filter with a syringe to avoid any contamination. Along with evaluating
the selected buffer systems, the addition of a non-ionic detergent (Tween 20) at non-denaturing
concentrations (0.01% and 0.025%) was assessed for the two best-performing buffers.

The measured response for this investigation was the intensity of the mature-part signature
peptide, which represented active renin, and prorenin, following the digestion procedure, using
38 uL 50 mM ammonium bicarbonate buffer (ABC), 1 pg of TCPK-treated modified trypsin,
and 62 pL acetonitrile. After digestion, the solvent was evaporated under a nitrogen stream and
reconstituted in the initially used injection solvent composition (93.9% water, 5% methanol,

1% DMSO, and 0.1% formic acid [v/v/v/v]).

4.2.8 Impact of container material and injection solvent composition on the analysis of
signature peptides

To optimize the injection solvent composition, which is necessary to avoid non-specific
adsorption after immunocapture tryptic digestion, the following analysis was accomplished. An
organic-aqueous, mixed-solvent digestion was performed using 4 uL prorenin and active renin
solution (10 ng), 32 uL. 50 mM ABC, 1 pg of TCPK-treated modified trypsin, and 62 pL
acetonitrile. After digestion, the mixture was completely evaporated and reconstituted in the

DOE-generated mixture.
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Therefore, various injection solvent compositions combined with five 96-well plates obtained
from four vendors (Waters, Eppendorf, Greiner, and Brand) were analyzed. Different injection-
solvent compositions, consisting of variable concentrations of water (10%—-98%), methanol
(0%—-40%), DMSO (19%—40%), and formic acid (1%—10%) were evaluated for each plate
separately. The D-optimal model facilitated the identification of the best performing injection
solvent composition, which was characterized by the highest signal intensity and high precision.
Precision was determined by performing repeated sample analysis in quadruplicate.

The optimal settings necessary for the reliable analysis of both surrogates were calculated using
a set of predeterminants. These calculations were made using 50,000 iterations at a resolution
of 64, which include all factors within the Monte Carlo simulation. For a robust and reliable
result, the probability of failure, which estimates a false peak area prediction, was set to an
acceptable limit of 0.5%.

To compare optimized compositions, either the initial injection solvent, which was the starting

LC gradient, or the optimized DOE injection solvent were used.

4.2.9 Applicability of the hybrid approach in endogenous matrix

Two aspects of the method’s applicability in plasma were verified: First, the identified sweet-
spot conditions for the digestion were conformed following the immunocapture in neat solution
as well as in plasma being donated by a healthy male volunteer. To this purpose, 20 ng human
prorenin were spiked into either PBST buffer (neat solution) or 300 pL human plasma. The
applied sweet-spot conditions concerning digestion using 84% acetonitrile, 16 °C digestion
temperature, and 98-minute incubation time were measured in triplicate by LC-HRMS. Second,
the selectivity of the developed method was determined in blood samples containing both
prorenin and active renin. For this experiment, 20 ng of human prorenin plus 20 ng of human
active renin were added to the plasma samples (300 pL). These spiked levels were chosen
following the pathophysiological prorenin/renin levels reported by Stoicescu et. al (Stoicescu
et al. 2011). The experimental conduct followed by a two-step approach in which prorenin was
captured first, followed by the immunopurification of active renin (Burdman and Burckhardt
2019). The samples were digested using the sweet-spot conditions in triplicate and detected also
by LC-HRMS.

Additionally, the limit of detection (LOD) in plasma was estimate according to criteria of
International Conference on Technical Requirements for Registrations of Pharmaceuticals for

Human Use (ICH) (European Medicines Agency 2006). LOD was calculated by using standard
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error and slope of the regression line of specific calibration curve using following expressions:

Limit of detection (LOD) = 3.3xo/s
Where o is standard error of the y intercept, used as standard deviation and s is slope of

regression line, respectively.

Equation 4-1 Limit of detection calculation according to ICH guideline

4.2.10 Instrumentation and conditions for LC-MS analysis of signature peptides

Two LC/MS systems were used for the analyses. The characterization and injection solvent
optimization experiments were conducted on a Shimadzu Nexera UHPLC system (Shimadzu
Europe, Duisburg, Germany) coupled to a Sciex TripleTOF 6600 (Sciex, Concord, Canada)
high-resolution mass spectrometer with an IonDrive TurboV® electrospray ionization source
(Sciex, Concord, Canada) operated in positive ion mode. The chromatographic separation was
achieved using a Shimadzu Nexera UHPLC system (Shimadzu Europe, Duisburg, Germany)
and a Phenomenex Kinetex® XB-C18 1.7 um, 2.1 x 100 mm column. The aqueous mobile
phase A consisted of 1% DMSO and 0.1% formic acid in water, whereas the organic phase B
was 1% DMSO and 0.1% formic acid in methanol. The flow rate was set to 0.3 mL/min. The
gradient started at 5% of mobile phase B and maintained at that level for 4.4 minutes, then
increased between 4.5 and 4.7 minutes to 42%. This was followed by a further increase to 50%
of mobile phase B after 5.7 minutes and was increased to 90% after 0.8 minutes. The gradient
was maintained at 90% of mobile phase B until 8.5 minutes had elapsed before being reduced
to 5% of mobile phase B. The injection volume was 50 pL, the oven temperature was set to
50°C, and the autosampler conditions were controlled at 15°C.

The settings applied for the TripleTOF mass spectrometer were as follows: curtain gas (N2)
pressure 35 psi, nebulizer gas (zero air) pressure 60 psi, heater gas (zero air) pressure 80 psi,
ion spray voltage 5.5 kV, and interface heater temperature 300 °C. The declustering potential
was set to 54 V for the mature signature part and 30 V for the pro- part signature peptide, while
the collision energy was adjusted to 54 eV for the mature signature part and 30 eV for the pro-
part signature peptide. The investigated transitions are listed in Table 4-1. The tryptic peptide

abundance was analyzed by a SWATH acquisition with 33 variable windows
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Table 4-1 Pro-part signature peptide and the mature-part signature peptide accompanied by their possible
oxidized products (Ox: oxidized; Diox: dioxidized, represented by one-letter amino acid code).

Peptide amino acid sequence Precursor Ion Product Ion Modification
[m/z] [m/z]
Pro-part signature peptide
LGPEWSQPMK 586.8 [M+2H]*" | 501.7484 [M+2H]*" (y8) none
LGPEW(Ox)SQPMK 594.8 [M+2H]*" | 509.7368 [M+2H]*" (y8) | oxidized W
(+8 m/z units)
LGPEW(Diox)SQPMK 602.8 [M+2H]** | 517.7342 [M+2H]* (y8) | dioxidized W
(+16 m/z units)
LGPEWSQPM(Ox)K 594.8 [M+2H]*" | 509.7368 [M+2H]*" (y8) oxidized M
(+8 m/z units)
Mature-part signature peptide
VVDFTGSSNVWVPSSK 854.9 [M+2H]*" = 418.2296 [M+H]" (v4) none
VVDFTGSSNVW(Ox)VPSSK | 862.9 [M+2H]** | 418.2296 [M+H]" (y4) oxidized W
(+8 m/z units)

VVDFTGSSNVW(Diox)VPSSK | 870.9 [M+2H]*" = 418.2296 [M+H]" (y4) | dioxidized W
(+16 m/z units)
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The Design of Experiment digestion measurements were performed on an Agilent 1200 SL LC
system coupled to an AB Sciex® (Concord, Canada) 4000 triple quadrupole mass spectrometer
operated in positive ion mode. The following multiple reaction monitoring (MRM) transitions
were employed: m/z 855.1 to m/z 418 with 70 V declustering voltage and 36 eV collision energy
for the mature-part signature peptide; and m/z 587.1 to m/z 501.7 with 30 V declustering
voltage and 25 eV collision energy for the pro-peptide part. The source parameters were set to
curtain gas (N2) pressure 30 psi, nebulizer gas (zero air) pressure 30 psi, heater gas (zero air)
pressure 65 psi, ion spray voltage 5.5 kV, and interface heater temperature 450 °C.
A Waters (Milford, MA, USA) XSelect CSH® C18 column (1304, 3.5 um, 3 mm x 150 mm)
was used on both chromatographic systems to perform analyte enrichment and separation using
a mixture of 1% DMSO, 0.1% formic acid in water [v/v/v] as mobile phase A and 1% DMSO,

0.1% formic acid in methanol [v/v/v] as mobile phase B.

4.2.11 Data Analysis

Data processing was done by using PeakView 2.2 and MultiQuant 3.0.2 (Sciex, Concord,
Canada). The BiopharmaView 3.0.2 software was utilized for carrying out the in-silico tryptic
digesting of human prorenin by downloading the FASTA file from UniProt (entry number
P00797). The BiopharmaView 3.0.2 software was used for evaluation of the digest. The assay
was constructed setting the digest agent as trypsin and zero missed cleavages were allowed. By
adjusting the processing setting to a mass to charge tolerance of 5 ppm, XIC was set to 0.025

ppm and MS/MS matching tolerance was adjusted to 0.03 Da.
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4.3 Results and discussion

4.3.1 Optimal signature peptides for prorenin determination and their properties

The better differentiation of mature renin and prorenin (chain + pro-peptide) was achieved by
identifying possible surrogates from the pro-segment (‘pro-part signature peptide’) and the
chain structure (‘mature part signature peptide’). The in-silico digestion by Prospector® tool
revealed thirteen signature peptides for prorenin, whereas two were unique for prorenin

(confirmed by BLAST® analysis), and eleven for both, active renin and the mature part of

prorenin (Table 4-2).

Table 4-2 Possible surrogates for active renin and prorenin. The italic surrogate peptides represent unique

part of prorenin pro-segment.

m/z m/z Amino acid sequence| Amino Acid sequence
(average) (monoisotopic) number code

51227152 512.5866%2 1 9 LPTDTTTFK

586.7921"2  587.1960" 33 42 LGPEWSQPMK
854.9307*2  855.4577"2 78 93 VVEFDTGSSNVWYVPSSK
549.2761"  549.6622"2 97 105 LYTACVYHK
610.2775"  610.6466" 106 116  LFDASDSSSYK
520.77782  521.0831"2 117 125  HNGTELTLR
822.4720"2  822.9856"2 183 197 VTPIFDNIISQGVLK
670.3013"2  670.7254"2 198 207  EDVFSFYYNR
545.7893"  546.1664" 241 249  TGVWQIQMK
416.7335"2  417.0256" 285 292  LMEALGAK

44224982 442.5384" 295 301 LFDYVVK

595.6260"  596.0145" 302 318  CNEGPTLPDISFHLGGK
489.2218"2  489.5314" 366 372  FYTEFDR

Utilizing protter®, the beneficial position of three signature peptides were identified (Figure

4-2). The quantitative profiling of prorenin was conducted utilizing a sequential window

acquisition of all theoretical fragment ion spectra mass spectrometry (SWATH). The plotting

of hydrophobicity and determined amino acid sequence allowed for the identification of
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suitable candidates for the mixed solvent approach. Both surrogates were chosen because of
their beneficial amino acid structure for collision induced fragmentation in the mass
spectrometric approach. The peptides that were more hydrophobic were either too large (33
amino acids) or cleaved only to a small extent. The SWATH spectra revealed the abundance
of the generated peptides (Figure 4-3). Although SWATH first found other peptides to be
more abundant than the two selected surrogates, final mass spectrometric optimization
revealed that the pro-part signature peptide and the mature-part signature peptide were the

most intensive.

Pro-segment
@ Surrogate not suitable for determination
Mature-part signature peptide
PTM
Missing in Isoform 2
Disulfide bonds
""" Tryptic cleavage

a

J-CEINRAE

09"

Figure 4-2 Protter illustration of prorenin and its possible tryptic cleavage sites

The most intensive surrogates that were named ‘pro-part signature peptide’ (LGPEWSQPMK,
unique for prorenin) and ‘mature-part signature peptide’ (VVFDTGSSNVWVPSSK, unique
for prorenin and active renin within the plasma proteome) were analyzed by the DOE.

Opposed to the SISCAPA approach, in which a labeled version of the proteotypic peptide is
added as isotope-labeled internal standard, in the here presented setting the complete protein
antigen is captured. This would have asked for a stable, labeled recombinant prorenin instead
of a unique peptide sequence only as suitable internal standard. However, for prorenin as well
as for renin a commercially available isotope-labeled full-length protein internal standards are
lacking. The customized bioproduction would last for several months, be expensive, and the
success would be uncertain. Therefore, a label-free approach was developed, which was already

shown to be a promising approach (Al Shweiki et al. 2017).
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Figure 4-3 Obtained peptide characteristics of digested prorenin. 4) Quantitative profiling of different prorenin surrogates generated by mixed-solvent approach using SWATH
acquisition. For each of the three investigated organic solvents (acetonitrile, tetrahydrofuran and acetone), the hydrophobicity, the corresponding amino acid sequence (“‘sequence
length”), and its abundance (size of dots) is plotted. The color allows for identification of the different m/z fragments. The finally selected pro-part signature part is orange colored,
mature-part signature peptide is light blue colored. B) Excerpt of a chromatogram representing the obtained peptides after organic solvent digestion using acetonitrile. The final
optimization of mass spectrometric signal identified VVFDTGSSNVWVPSSK (mature-part signature peptide, light blue) and LGPEWSQPMK (pro-part signature peptide; orange)
as the most intensive ones (SP: signature peptide).
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4.3.2 Immunocapture of prorenin

All seven screened antibodies of the three suppliers could capture human prorenin in a PBS
buffer. However, only one antibody was effective enough to capture and differentiate between
active renin and prorenin in human plasma. The elected antibody for the immunocapture in the
hybrid approach also had inhibitory abilities that allowed it to avoid the conformational changes
of the pro-segment of prorenin. This antibody was reported to bind selectively to the pro-
segment (residues 32-39) (Krop et al. 2011). By applying immunocapture with the inhibitory
antibody against full-length prorenin, the purification was effective enough to avoid any
interaction with plasma components that could cause ion suppression of the low-abundance
proteins. Moreover, this immunocapture complex was suitable for organic solvent digestion

and LC-MS measurement.

4.3.3 Stability of signature peptides and pro-segment properties

The digestion temperature analysis revealed that the pro-part was more effectively cleaved at
low temperatures (10 °C), which could be explained by the capability of its conformational
change when it was exposed to cold environment (Pitarresi et al. 1992). Usually, this
conformational change was reported at 0 °C and 4 °C; however, the addition of organic solvents
may change the behavior of the pro-segment that promoted this structural conversion at higher
temperatures (10 °C). This property of the conformational change commonly caused the
existing immunosorbent and radiometric assays to be imprecise. Here, this character was used
to enhance the response of the pro-part signature peptide (Campbell et al. 2009).

Neither oxidized nor dioxidized residues were observed in the pro-part signature peptide
sequence. This may be a result of the amino acid sequence and cool digestion temperature,
which protected this peptide from oxidative reactions. For the mature-part signature peptide,
there was only one modification of the tryptophan amino acid observed, which was caused by
high acidic content. A small amount of dioxidated species (50 cps) of tryptophan (dihydroxy
species) was observed for the mass increase of 32 Da (y6-fragment; Fig. 4-4).

This investigation proved the stability of the surrogate peptide under the given conditions and

therefore proved that it would facilitate human prorenin determination by hybrid LC-MS.
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Figure 4-4 Product ion scan of the mature-part signature peptide in its native and dioxidized form.
Dioxidized species was detected at the y6 fragment of the mature-part signature peptide (overlaid red mass
spectrum,).

4.3.4 Prorenin’s organic digestion D-optimal evaluation

The calculated D-optimal design was analyzed by a multiple linear regression model. This
model was chosen to ensure the robustness of the generated data and was described by the G-
efficiency of 0.79, which met the predetermined criteria. The desired statistical values of the
ANOVA results indicated a Q? value of 0.86 and an R? value of 0.90 which fulfilled the
predefined requirements for a good model fit and a reliable prediction of the applied model.
This model showed also a good reproducibility value of 0.95.

By using the D-optimal model, 114 experiments (4 outlier experiments were excluded) were
evaluated, comprising 35 designed runs with 3 center-points measured all in triplicates (Table

4-3).
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Table 4-3 D-optimal design summary

Design D-Optimal

Runs in design 35

Center points 3

Replicates 2

N = actual runs 114

Maximum runs 12000

Constraints No

D-Optimal

Potential terms

Number of

inclusions 0

Constraints No

Selected design

number

Design statistics G-efficiency 75,4671021
log (Det. of X'X) 25,3628006
Norm. log (Det. of
XX) -0,415346
Condition number 9,84998989

4.3.4.1 Effect of organic solvent type

The four organic solvents—THF, acetone, acetonitrile, and methanol—showed different results
regarding the generation of both signature peptides. With the exception of acetone, each organic
solvent had significantly beneficial influence on the production of the analyzed surrogates (Fig.
4-3). Each organic solvent allowed a proteolytical cleavage by modified trypsin that produced
measurable levels of mature-part signature peptide and pro-part signature peptide. The best
results for the generation of both peptides were obtained using acetonitrile or THF. Acetone
had significant negative impact on the response of both surrogates. Methanol diminished the

generation of the pro-part signature peptide.
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4.3.4.2 Effect of organic solvent concentration

The aqueous-organic solvent ratio played a crucial role in whether the pro-part or the mature-
part was more efficiently generated. The optimal composition for efficient digestion varied
depending on the type of organic solvent used. The individual effect of increasing the organic
solvent concentration had a significant positive impact on the pro-part signature peptide
cleavage (Fig.4-5).

Concerning the individual effects regarding the mature-part signature peptide, the concentration
did not have a significant influence on its generation; Nonetheless, a lower organic solvent ratio
was slightly beneficial (. = 0.051). However, the interactive effect of varying the concentration
of the organic solvent type was the strongest effect on generation. The interaction of a low
organic solvent concentration (60%) and acetonitrile resulted in the most potent production of
the mature-part signature peptide (mean 1.00e5 cps). Two of the analyzed organic solvents
(THF and acetone) interacted positively with high organic contents, however, only
tetrahydrofuran had similar results to acetonitrile.

The pro-part signature peptide behaved differently by being generated at the highest
concentration of almost all organic solvents; at 90 % concentration, the intensities had a mean
value of 2.30e4 cps using acetone, 2.47e4 cps using acetonitrile, and 2.27e4 cps using THF.
Overall, the optimal solvent concentration for the pro-part signature peptide was the highest
concentration used (90%). However, if the concentration interacted with the different organic
solvent types, only methanol had a significant decrease in pro-part signature peptide generation
(a0 < 0.01). For the mature-part, a high organic solvent concentration and a high temperature
were unsuitable for cleavage (Fig. 4-5).

Therefore, the optimal settings for both peptides were determined using acetonitrile as the
organic solvent, which showed a reliable generation at the lowest (60%) and highest (90%)
analyzed organic solvent content. THF concentration displayed the opposite characteristic, with
the best performance found at a high organic content (90%). In the end, acetonitrile

outperformed the other organic solvents when interacting with other factors.
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4.3.4.3 Effect of digestion temperature

The optimal digestion temperature, ranging from 10 °C to 40 °C, was strongly correlated with
the type of organic solvent. The optimal temperature for the mature-part signature peptide was
at 40 °C, whereas the pro-peptide part generation was favored by cooler temperatures (10 °C).
This can be explained by the better unfolding of the pro-segment, which displayed an ability to
change its conformation under the influence of cold temperature.

As an individual effect, elevated temperature was not favorable in generating the signature
peptides. In the case of the interactive effects, increased temperature was only significantly
advantageous for tetrahydrofuran and acetonitrile as the organic solvent for the mature-part
signature peptide (Fig. 4-5). The mature-part signature peptide showed the best response at
10 °C incubation temperature (mean 9.04e4 cps) in methanol, followed by THF (mean 8.12e4
cps), while the lowest responses were observed in acetone and acetonitrile, with mean values
of 7.20e4 cps and 7.12e4 cps, respectively. An additional increase of 10 °C was still beneficial
for methanol (1.08e5 cps), while digestion intensity in THF and acetonitrile increased by 31%
and 40%, respectively. An increase in incubation temperature up to 30 °C was shown to be
advantageous for acetonitrile and THF, with respective mean values of 1.24e5 cps and 1.28e5
cps. A smaller effect was seen for methanol and acetone, with respective mean values of 1.22e5
cps and 1.04e5 cps. Forty degrees Celsius resulted in the highest intensity of mature-part peptide
for all organic solvents, the highest being THF and acetonitrile with intensities of a mean 1.45e5
cps each.

The lower temperatures better promoted generation of the pro-part signature peptides (Fig. 4-
5). With regard to acetone-water milieu for example, the generation of pro-part signature
peptide was improved at the lower temperatures of 20 °C and 30 °C (with mean values of 1.66e4

cps and 1.65e4 cps, respectively) compared to temperatures of 40 °C.
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Figure 4-5 Normalized coefficient plots of the mixed solvent digestion D-optimal design showing the impact of either individual or interactive effects with corresponding p-
values (level of significance: o < 0.05) for the generation of the 1) mature-part signature peptide and 2) pro-part (Temp.. temperature; THF: tetrahydrofuran, org. conc..: organic
concentration; ACN: acetonitrile).
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4.3.4.4 Sweet spot analysis for mature-part and pro-part signature peptides

Prorenin uniqueness was defined by its pro-peptide, which is completely absent in the active
renin. This property is beneficial for analyzing antibodies selectivity and ensuring the
differentiation between both proteins. The optimal conditions for the generation of both
surrogate peptides were a concentration of 84% acetonitrile, a digestion temperature of 16 °C,
and an incubation time of 98 minutes. The Monte-Carlo-calculated optimal set point intensity
was predicted as 1.2e5 cps for the mature-part signature peptide and 1.2e5 cps for the pro-part
signature peptide, 3.7e4 cps. The robustness of the defined sweet-spot was calculated at 0.17 %
probability of failure.

4.3.5 Optimized immunocapture procedure by improved incubation and washing buffer

The incubation buffer had a crucial effect on the polystyrene plates, which showed the high
adsorption of prorenin and active renin in the absence of Tween 20. The investigation revealed
that the best buffer was HEPES, with a mature-part signature peptide mean + SD intensity of
1.00e4 + 4.66¢2 cps, followed by PBS, with a mean intensity of 5.32e3 + 1.42¢2 cps, and finally
ABC buffer, with a mean intensity of 4.99e3 + 7.98e2 cps. The effects of additional wash steps
using only water instead of HEPES buffer on the antigen-antibody complex after incubation in
the different buffers were found to be negligible for HEPES buffer (improvement for HEPES:
2%) but beneficial for PBS and ABC buffer (improvements of 33% PBS and 34% for ABC)
when compared to performing the washes with the tested buffers. This improvement might be
due to the removal of buffer components that affect the LC-MS analysis.

The addition of 0.01 % [v/v] Tween 20 was found to improve the intensity by ten-fold for PBS
buffer, which made PBS containing Tween 20 the most appropriate incubation and washing
buffer. Tween appears to maintain proteins in solution without affecting the immunocapture

procedure.

4.3.6 Effect of container material and injection solvent composition on prorenin’s assay
sensitivity and robustness

This study used both regular materials and materials marketed as ‘low-binding’ to evaluate the
impacts of the injection solvent composition.

The analysis of the container material that is distributed by Eppendorf® and classified as ‘low
binding’ fulfilled the set DOE model criteria, which were 0.76 for the goodness of fit (R?), 0.68
for the model’s predictive power (Q?), and a repeatability of 0.78 for the pro-part signature
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peptide (Fig. 4-6). In contrast, these values for the mature-part signature peptide were 0.86 for
the goodness of fit (R?), 0.80 for the model’s predictive power (Q?), and a repeatability of 0.89
(Fig. 4-7). The coefficient plot used to analyze the individual and interactive results revealed
the impacts of each factor. The factor water had significant impacts on the intensities of both
the pro-part signature peptide and the mature-part signature peptide on the Eppendorf® plate.
However, high concentrations of DMSO and methanol were not favorable for this plate, for
either peptide. The manufacturer describes the low-binding modification of the material as the
result of making the container less hydrophobic through additives such as glycerol stearate,
glycerol palmitate, and bis-(3,3-dimethylbenzylidine sorbitol diacetal), which dissolve in
organic solvents and contaminate samples while simultaneously reducing the analyte’s intensity
(Weikart et al. 2017). The acidic component (formic acid) showed a negative effect on the pro-
part signature peptide while simultaneously improving the intensity of the mature-part signature
peptide, although not significantly. The mean intensity of the setpoint using high water content
(85%), low organic solvent content (13% methanol and 1% DMSO), and 1% formic acid
(2.32e4 + 2.20e3 cps, n = 4), compared with the mean intensity for the lowest analyzed water
content (10%), with the highest organic solvent content (40% methanol and 40% DMSO) and
10% formic acid (4.52e3 + 1.89¢2 cps, n = 4) revealed the unsuitability using low-binding
material with organic solvents. The best injection solvent composition was calculated using the
Monte-Carlo analysis, which resulting in an optimal composition consisting of 82% water, 2%
DMSO, 15% methanol, and 1% formic acid [v/v/v/v], with a failure probability of 0.19%.

Another distributor, Waters®, also classifies it’s QuanRecovery plates as low-binding plate
called. The performed analysis also fulfilled the DOE criteria, which were 0.77 for the goodness
of fit (R?), 0.74 for the model’s predictive power (Q?), and a repeatability of 0.72 for the pro-
part signature peptide (Fig. 4-6), whereas the values for the mature-part signature peptide were
0.88 for the goodness of fit (R?), 0.91 for the model’s predictive power (Q?), and a repeatability
0f 0.92 (Fig. 4-7). Similar to the previously described low-binding material, these plates showed
a beneficial impact when using water and a negative impact when using a high percentage of
organic solvent. The percentage of formic acid had the same negligible effect on both signature
peptides. Comparing between the lowest water content (10%) conditions and the highest
analyzed water content (85%) conditions, the gain in intensity was 188% for the mature-part
signature peptide and 200% for the pro-part signature peptide (n = 4). Finally, the optimal
injection solvent composition was 68% water, 9% DMSO, 17% methanol, and 6% formic acid

[v/v/v/v] as calculated by the Monte-Carlo analysis (probability of failure: 0.2%).
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Pro-part Eppendorf® | Waters® | Waters® Brand® Greiner®
signature Protein regular Quan
peptide LowBind Recovery
R? 0.76 0.51 0.77 0.94 0.93
Q? 0.68 0.35 0.74 0.90 0.88
Repeatability 0.78 0.72 0.72 0.95 0.96
0.6 =gr:e?nder

@ Eppendorf
@ QuanRecovery
@ Waters regular

l
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Normalized coefficients

Formic
acid H,0'DMSO
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Figure 4-6 Goodness of fit and coefficient effects for the adsorption and solubility of the pro-part signature
peptide, as influenced by water (H20); dimethylsulfoxide (DMSO), methanol (MeOH), and formic acid (FA). All
values are shown as the mean + SD, and the significance is presented with the 95% confidence interval (Student’s
t-test). The section before the dashed line shows the individual effects of each parameter, whereas the section after
the dashed line shows the interaction effects between each parameter. R’ was calculated for the goodness of fit,
and O represents the model’s predictive power.

The Waters® plates made with regular plastic showed a high degree of variation for the analysis
of the pro-part signature, as represented by the DOE model evaluation, with values of 0.51 for
the goodness of fit (R?), 0.35 for the model’s predictive power (Q?), and a repeatability of 0.72
for the pro-part signature peptide (Fig. 4-6), which failed to fulfill the criteria for Q2. For the
mature-part signature peptide, these criteria were achieved, with 0.87 for the goodness of fit
(R?), 0.84 for the model’s predictive power (Q?), and a repeatability of 0.95 (Fig. 4-7). The
evaluation for the pro-part signature peptide was difficult due to the non-significant coefficient
effect of water, methanol, and DMSO, whereas formic acid appeared to improve the intensity.
A better outcome was observed for the mature-part signature peptide, which was beneficially
affected by low water content and high organic solvent amounts. The most important factor was
for the mature-part was also formic acid, which significantly improved intensity. These plates
were not favorable for obtaining reliable analyses. The optimal injection solvent composition
was also calculated by Monte-Carlo analysis: 52% water, 12% DMSO, 29% methanol, and 7%
formic acid [v/v/v/v] (probability of failure: 0.1%).

The Brand® plate chemometric driven investigation met the set DOE model criteria, with
values of 0.94 for the goodness of fit (R?), 0.90 for the model’s predictive power (Q?), and a
repeatability of 0.95 for the pro-part signature peptide (Fig. 4-7). The values for the mature-part

91



Human prorenin determination and differentiation to active renin by hybrid LC-MS

signature peptide were 0.91 for the goodness of fit (R?), 0.87 for the model’s predictive power
(Q?), and a repeatability of 0.97 (Fig. 4-7). This plate also showed a beneficial intensity
improvement when using water, but this effect had less impact than was observed for the low-
binding containers. A moderate amount of organic solvents improved the intensities of both the
pro-part and mature-part signature peptides. The interactions between water and methanol and
between water and DMSO improved intensity, which was also supported by the addition of
formic acid. When analyzing the setpoint for the highest water content (98%), only low
intensities could be measured (mean + SD of 8.20e3 + 7.3el cps for the mature-part signature
peptide and mean + SD of 8.24e2 + 4.92e2 cps for the pro-part signature peptide; n = 4). A
moderate water content of 55% showed the best results: mean + SD of 1.37e4 + 7.17¢2 cps for
the mature-part signature peptide and mean + SD of 2.56e3 + 3.06e2 cps for the pro-part
signature peptide. The optimal injection solvent composition was also calculated using a
Monte-Carlo analysis, resulting in an optimal set point at 60% water, 2% DMSO, 28%
methanol, and 10% formic acid [v/v/v/v] with a probability of failure < 0.02%.

Mature-part Eppendorf® | Waters® | Waters® Brand® Greiner®
signature Protein regular Quan
peptide LowBind Recovery
R2 0.86 0.87 0.88 0.91 0,95
Q? 0.80 0.84 0.91 0.87 0.94
Repeatability 0.89 0.95 0.92 0.97 0.97
06 @ Brand
@ Greiner
04 ] 8 CoanRecovery
@ Waters regular
]
%-o.z | I
Z—04 l ]
081 Water DMSO Methanol Fé’éi";ic H,0'DMSO | H,O'MeOH H,O'FA | DMSO'MeOH | DMSO'FA MeOH FA

Figure 4-7 Goodness of fit and coefficient effects on adsorption and solubility of the mature-part signature
peptide, as influenced by water (H20); dimethylsulfoxide (DMSO),; methanol (MeOH), and formic acid (FA). All
values are shown as the mean + SD, and significance is presented with a 95% confidence interval (Student’s t-
test). The section before the dashed line shows the individual effects of each parameter, whereas the section after
the dashed line shows the interaction effects between each parameter. R’ was calculated for the goodness of fit,
and O represents the model’s predictive power.

Lastly, the Greiner® plate also met the DOE model criteria, with the following results: 0.93 for
the goodness of fit (R?), 0.88 for the model’s predictive power (Q?), and a repeatability of 0.96
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for the pro-part signature peptide (Fig. 4-6). The matched criteria for the mature-part signature
peptide was as follows: 0.95 for the goodness of fit (R?), 0.94 for the model’s predictive power
(Q?), and a repeatability of 0.97 (Fig. 4-7). This container material showed similar impacts on
both the pro-part and mature-part signature peptide. All factors had the same impact as
described for the Brand® plates, except for the intensity of the mature-part signature peptide,
which was improved by higher water contents, leading to a slight different calculated optimal
injection composition based on the Monte-Carlo analysis: 70% water, 4% DMSO, 20%
methanol, and 6% formic acid [v/v/v/v] (probability of failure: 0.01%).

The direct comparison of the DOE optimized injection solvent compositions and the primary
LC-gradient-depended injection solvent composition showed that the measured intensities of
both the mature-part and pro-part signature peptides could be improved on the Eppendorf®
plate by 42% and 10%, respectively, compared with the initial injection solvent composition
(93.9% water, 5% methanol, 1% DMSO and 0.1% formic acid [v/v/v/v]). By comparing the
same conditions (initial vs. DOE optimized) for the mature-part signature peptide, the
intensities could be improved by 95% for the regular Waters® plate, 19% for the QuanRecovery
plate, 30% for the Brand® plate, and 15% for the Greiner® plate. The intensities for the pro-
part signature peptide improved by 16% for the regular Waters® plate, 2% for the
QuanRecovery plate, 7% for the Brand® plate, and 2% for the Greiner® plate (Fig. 4-8).

In summary, by tailoring the composition of the injection solvent to the specific container
material, no substantial differences in mature-part and pro-part signature peptide intensities was
observed. By combining the specific injection solvent mixture with its consumable counterpart
equal performances concerning the improvement signal intensity were achieved. Therefore,

96-well plates from Greiner® will be used for future approaches due to economic reasons.
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Figure 4-8 Comparison between initial injection solvent mixture (left side, dotted chromatogram) and Design of Experiments optimized injection solvent mixtures,
consisting of water, methanol, DMSO, and formic acid (right side) on Eppendorf protein low binding, Waters regular and QuanRecovery, Greiner and Brand 96-well plates. Yellow
line: pro-part signature peptide; Green line: mature-part signature peptide (* Waters).
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4.3.7 Applicability in human plasma for active renin and prorenin determination

First, the evaluated sweet-spot conditions were confirmed following the immunocapture in neat
solution as well as in human plasma. The condition resulted in detectable levels of pro-part and
mature-part signature peptides in human plasma. Second, by applying the optimal conditions
within the hybrid approach, a reliable determination of the spiked recombinant human prorenin
was achieved. Prorenin as well as active renin were successfully captured by the selective
antibodies and detected by LC-MS. The identities of both surrogates were confirmed by the
typical fragmentation scheme of y- and b-fragments utilizing high-resolution MS. For the
mature part signature peptide, the y4-fragment was the most intense, caused by the proline
fragmentation side of the PSSK fragment. In the case of the pro-part signature peptide, the most
intense fragments were the y8, representing the fragmentation on the proline side of the
PEWSQPMK part, and the y3, with the other proline residue of the PMK part (Fig. 4-9). By
improving the collision energy, the mature-part signature peptide was the most intense for the
active renin and the pro-part signature peptide had the highest intensity for the pro-segment of
prorenin (Figure 4-2). The absence of the pro-part signature peptide in the active renin digests
underlines the selectivity of the hybrid immunocapture LC-MS method presented herein.

This assay optimization allowed for a LOD of 110 pg/mL for prorenin as well as a LOD of 26
pg/mL for active renin. These limits appear acceptable in the context of reported protein levels
in human plasma (plasma prorenin mean+SD of 2,130+250 pg/mL for 38 weeks healthy old
neonates (Terada et al. 2017); plasma active renin mean+SD of 226+58 pg/mL for 16h to one
month old healthy neonates (Blazy et al. 1989). Plasma prorenin median of 552 pg/mL
[interquartile range; IQR: 297 -1097 pg/mL] for cardiovascular diseased adults (Yoshida et al.
2015); Tomaschitz et al. plasma active renin median of 46.8 pg/mL [interquartile range;
IQR:31.8-91.8 pg/mL] for cardiovascular diseased adults (Tomaschitz et al. 2011)).

Although a full validation was not yet conducted, the precision was determined in triplicate for
both surrogates. A repeatability (CV) of 1% for the mature-part signature peptide and 7% for
the pro-part signature peptide was obtained.

Beside the pure detection of prorenin, the developed LC-MS method is able to also differentiate
between the open / unfolded form of prorenin and renin. This is a main advantage compared to
available immunoassays. Even if the selective antibodies identified within the presented work
would be used to develop better immunoassays, these assays still lack the ability to differentiate
between the open form of prorenin and active renin. This is especially pronounced if samples

of patients would be analyzed with highly elevated plasma levels of renin and prorenin. For
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example, the pharmacotherapy with so called direct renin inhibitors like aliskiren in the
treatment of hypertension promotes the unfolding of the pro-segment making this prorenin
invisible for the prorenin ELISA and falsified visible for the active renin immunoassay. The
author’s developed assay can still differentiate this state of prorenin to active renin through the
pro-part signature peptide which is absent in active renin. Overall, this development is a good
illustration of symbiotic effects by applying the hybrid LC-MS approach. The immunocapture
enables the required sensitivity current MS-approaches lack to determine endogenous levels in
complex matrix, while the mass spectrometer ensures the necessary selectivity.

To the best of our knowledge, this is the first time a LC-MS for determination of endogenous
levels of prorenin was described. Besides its benefits in overcoming the immunoassay’s
inability to properly differentiate between prorenin and related compounds like the active renin,
the overall workflow is leaner than in most approaches available. First, the digestion part of the
assay time was reduced by 98 minutes and an over-night digestion not necessary anymore.
Second, a laboratory being equipped with an LC-MS system can easily implement this method
into routine measurements without additional equipment. Since the sample purification of
whole digest (e.g. by SPE) is not necessary in comparison to common purification methods, the
approach is more cost-effective and time-effective (whole determination process lasts 3 hours).
Third, the usefulness of the assay for clinical application of samples collected from vulnerable
population (e.g. pediatrics) is ensured. Especially the advantage of re-use of blood plasma after
immunocapture for other determination of parameters is beneficial to overcome ethical

constraints concerning the limited blood volumes in those populations.
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Figure 4-9 Product ion scan of 1) mature-part signature peptide and 2) pro-part signature part representing
the most abundant collision induced y- and b-fragments.
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4.4 Conclusion

This assay enabled the determination of human prorenin on triple quadrupole and QTOF
systems by a simplified and fast hybrid protocol using immobilized, highly-specific antibodies
for immunocapture and acetonitrile at high concentration as an organic denaturant. Due to the
simultaneous determination of a signature peptide cleaved from the pro-segment and a signature
peptide generated from the mature renin, two-level specificity was ensured. Further DOE
optimizations enhanced the intensities of the mature-part and pro-part signature peptides by,
first, improving the immunocapture procedure, using 50 mM PBS buffer and 0.01% [v/v]
Tween 20 to avoid the adsorption of full-length prorenin and active renin, and second, by
improving the injection solvent composition for the digested tryptic peptides. This optimization

facilitated a sensitive and robust measurement of endogenous prorenin and active renin levels.

98



Verification of the developed hybrid immunocapture LC-HRMS approach of active renin

5. Verification of the developed hybrid immunocapture LC-

HRMS approach of active renin

5.1 Introduction

The successful development of a hybrid assay has enabled the precise determination of prorenin
and active renin concentrations. Additionally, the differentiation between these two proteins
was achieved by the identification of a unique signature peptide from the pro-segment that only
occurs in prorenin. In consequence, the developed method could be particularly useful if a
diseased-related increase in prorenin and a concomitant decrease in active renin levels occurs
like in patients with coronary artery disease and hyperaldosteronism, which delimits the use of
immunoassays due to cross-reactivity, which is a main issue identified in the literature. Plasma
prorenin levels typically occurred at high concentrations, as measured by Yoshida et al. (1,097
pg/mL), whereas active renin levels were generally low (12 pg/mL) in patients with coronary
artery disease (Yoshida et al. 2015). Cross-reactivity reported by immunoassay manufacturers
ranges from 0.4% to 0.7% (Bioassays 2016), indicating that as much as 7.7 pg/mL of the active
renin concentration could instead be inactive prorenin due to cross-reactivity. Subsequently,
compared with the estimated renin levels, more than half of the identified active renin could be
measured inaccurately due to overestimation. In another example, pharmacological
interventions into the RAAS, especially when using renin inhibitors, can crucially affect the
ratio between the open-form and inactive prorenin (Krop et al. 2013), making it impossible to
differentiate between open-form prorenin and active renin based on active renin immunoassays.
In addition, the prorenin receptor (PRR) was identified as a prorenin activator (Ichihara et al.
2009), which can unfold the pro-segment of prorenin, which can also be recognized as active
renin, leading further to inaccurate measurements and imprecise levels.

Regarding physiological levels in adults, cross-reactivity is negligible; however, in the case of
elevated prorenin levels in diseased patients, the amount of open-form prorenin might be falsely
quantified as active renin.

In contrast to the immunoassays, the developed hybrid assay is able to overcome these potential
cross-reactivity problems by LC-MS detection providing a high selectivity of the analytes.
However, variations associated with sample handling and instrumental variations may lead to
imprecise results. These variations can be adjusted by implementing an internal standard into

this procedure. Because isotopic full-length '3C- and ®N-labeled active and prorenin, which
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represent the current state-of-the-art, are not yet commercially available, and the cost of
biotechnological synthesis exceeds thousands of euros, the use of either a chemically modified
(e.g. guanidated) or an 80 labeled internal standard have been shown to be a suitable alternative
(Jenkins et al. 2015).

Consequently, this study aimed to demonstrate the accuracy, precision and applicability of the
developed method based on the previously performed optimizations. Moreover, this study
introduced the generation of potential internal standards for the application to the accurate and
precise measurement of active renin, to ensure that active renin can be correctly measured at
endogenous levels while simultaneously differentiating between active renin and the open-form

prorenin.

5.2 Methods

5.2.1 Materials

Human recombinant prorenin (>86% purity by SDS-PAGE) was obtained from Cayman
Chemicals (Ann Arbor, USA). TCPK-treated modified trypsin was supplied by ThermoFisher
(Rockford, USA). '0-labeled water (> 97% '#0-atom), dimethyl sulfoxide (p.a.), trifluoracetic
acid, and ammonium bicarbonate (>99.5%), nafamostat mesylate (>98%), hexadimethrine
bromide (>94%) were supplied by Sigma-Aldrich (Taufkirchen, Germany), o-methylisourea
hemi sulfate, acetonitrile (LC-MS grade) and methanol optima® (LC-MS grade) were
purchased from Fisher Chemicals (Geel, Belgium). 3D-NHS 96-well plates were obtained from
PolyAn (Berlin, Germany). Water (LC-MS grade) and sodium phosphate dibasic (>99%) were
supplied by Riedel-de Haen (Seelze, Germany). Sodium chloride (>95%) and potassium
dihydrogen phosphate (>99%) were obtained from Carl Roth (Karlsruhe, Germany). Tween 20
was supplied by Caelo (Hilden, Germany). Formic acid (98%, p.a.) and potassium chloride
(>99%) were ordered from Applichem (Darmstadt, Germany). Aliskiren hemi fumarate
(> 98 %) was supplied from MSN Laboratories (Hyderabad, India).

Blood plasma was collected from a healthy volunteer in S-Monovette® K3 EDTA tubes
(Sarstedt, Nuembrecht, Germany). L-Glycine, ethanolamine, and citric acid were supplied by
S3-chemicals (Bad Oeynhausen, Germany). Anti-renin antibodies were obtained from DRG

Instruments GmbH (Marburg, Germany).
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5.2.2 Coating of the PolyAn 3D-NHS plate with anti-renin antibodies

A Greiner® polypropylene 96-well plate was modified by PolyAn® (patent number:
20150353698) to allow for the covalent binding of antibodies. This modification resulted in the
generation of 3D-N-Hydroxysuccinimide (NHS) groups, which covalently reacted with
hydroxy, thiol, or amine groups found on amino acid residues. The anti-renin antibodies were
diluted in the incubation buffer (0.1 M citrate-phosphate buffer, pH 3), and 100 pL of this
mixture was added to each well, followed by an over-night (16 h) incubation at 4°C and shaking
at 300 rpm. After coating, the free NHS-groups were blocked with a buffer consisting of 0.1 M
citrate-phosphate, 400 mM ethanolamine, and 500 mM L-glycine for 2 h at 23°C. After
blocking, the wells were washed three times with PBS-T buffer (0.01% Tween 20 [v/v]) and

dried under a nitrogen stream.

5.2.3 Internal standard generation and synthesis for prorenin and active renin

Two approaches were analyzed to determine a suitable internal standard. The first approach
was performed through the guanidation of the amino groups on the lysine residues at the C-
terminal end. For this purpose, the O-methylisourea (OMI) reagent was prepared in an
ammonium bicarbonate buffer (50 mM), at a concentration of 50 M. 20 pL prorenin was diluted
1:2 with Tris-buffer and treated with 10 uL 1 M sodium hydroxide (NaOH) solution. Finally,
10 pL of the freshly prepared 50 M OMI solution was added to the prorenin-NaOH mixture
and incubated for 24 hours at room temperature.

The second approach was the enzymatic labeling of renin with '80-water to generate either 180-
labeled mature-part or pro-part signature peptides. The insertion of the labeled water was
performed by trypsin, according to the optimized, mixed-solvent-triggered digestion protocol
developed for the mature-part signature peptide. Before digestion, the protein was
immunopurified, and the wells were dried to avoid moisture interference due to unlabeled
water. The digestion was performed with a mixture of 62% acetonitrile and 38% '®O-water

[v/v] at 37°C and 800 rpm for 57 minutes.

101



Verification of the developed hybrid immunocapture LC-HRMS approach of active renin

5.2.4 Preparation of plasma and calibration standards and quality controls

Human plasma was collected in S-Monovette® K3 EDTA tubes and centrifuged at 2,000 x g
for 10 minutes at room temperature. 2 mL of the obtained plasma were spiked with 4 puL of the
diluted active renin stock solution (5,000 pg/uL active renin) to obtain the highest standard at
10,000 pg/mL. Serial dilutions were conducted to generate the remaining calibration standards
(5,000, 2,500, 1,250, 625, 312.5, 156.3 and 78.2 pg/mL). The calibration curve was always
freshly prepared.

The calibration curve, which was prepared from eight non-zero calibration standards, covered
a concentration range from 78 pg/mL to 10,000 pg/mL.

The other quality controls (QC) were generated by an independently prepared serial dilution
from the 10,000 pg/mL standard (High-QC: 10,000 pg/mL; Mid-QC-1: 2,500 pg/mL; Mid-QC-
2:312.5 pg/mL; and Low-QC: 78.1 pg/mL).

5.2.5 Sample procedure of the hybrid approach to determine active renin

All standards were diluted at a ratio of 1:6 with PBS-T (0.125% [v/v] Tween 20), and 300 pL
of this mixture was pipetted into each well of a 3D-NHS-PP plate with immobilized anti-renin
antibodies immobilized on a 3D-NHS-PP plate. The incubations were performed for 1 'z hours,
followed by washing three times with PBS-T (0.01% [v/v] Tween 20) after the incubation
period. After the last incubation, the wells were cleaned with pure water to remove any residual
buffer. The digestion in cleaned wells was performed using a mixed-solvent approach
containing 62% acetonitrile and 38% ABC-buffer [v/v] for 57 minutes at 37°C, followed by
evaporation of the solvent and reconstitution in 70% water, 4% DMSO, 20% methanol, and 6%

formic acid [v/v/v/v] and the addition of an '®O-labeled internal standard (1 ng/mL) (Fig. 5-1).

5.2.6 In-house validation regarding accuracy and precision of the active renin hybrid
assay

The analysis of within and between-run accuracy was performed using three separate runs on
three separate days. Due to the absence of an international validation guideline for this specific
research field, for the accuracy of the calibration standard, a deviation of + 20% (= 25% LLOQ)
was considered acceptable (Jenkins et al. 2015). If any single standard misses this maximum
deviation, that particular standard was excluded, but 67% of the calibration standards or at least
six calibration standards must fit the deviation from the nominal value, with linearity above

0.99.
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The mean values of the quality controls were required to fall within a maximum mean deviation
+ 30% from the calculated nominal concentration. At least three of the quintuplicates (n = 5)
have to fulfill the set criteria. The one-way ANOVA was used to calculate inter-day precision.
Additionally, the limit of detection (LOD) in plasma was estimate according to criteria of
International Conference on Technical Requirements for Registrations of Pharmaceuticals for
Human Use (ICH) (European Medicines Agency 2006). LOD was calculated by using standard

error and slope of the regression line of specific calibration curve using following expressions:

Limit of detection (LOD) = 3.3xo/s
Where o is standard error of the y intercept, used as standard deviation and s is slope of

regression line, respectively.

Equation 5-1 Equation for calculating the Limit of detection according to ICH guideline

5.2.7 Applicability and proof-of-concept for active renin determination and
cryoactivation

First, as a proof-of-concept, a native sample from a 28 years old healthy volunteer was sampled
after a short rest in an upright position, which was collected in S-Monovette® K3 EDTA tubes
and used to measure the active renin concentration. The blood sampling was done according to
the principles of the Helsinki Declaration and the approvement by the ethical committee of the
medicinal faculty (Heinrich Heine University, Dusseldorf; study number: 2019-800). A written
informed consent was acquired from the volunteer.

Second, to ensure the ability to differentiate between active renin and open-form prorenin, the
following experiments inducing cryoactivation of prorenin were conducted. The collected
plasma was divided into five different experiments: the first sample only contained the spiked
prorenin (5 ng/mL); the second sample contained spiked prorenin (5 ng/mL) and aliskiren
(10 mmol/L); the third sample contained spiked prorenin (5 ng/mL), nafamostat mesylate
(18 uM), and aliskiren (10 mmol/L). The fifth contained prorenin (5 ng/mL), nafamostat
mesylate (18 pM), aliskiren (10 mmol/L) and hexadimethrine bromide (1g/mL) and the last
sample contained only aliskiren (10 mmol/L). Each of these experiments was again divided into
three setting described as follows: For the first setting, day 0, the samples from each approach
were immediately frozen and stored at -20 °C. The second setting should induce the

103



Verification of the developed hybrid immunocapture LC-HRMS approach of active renin

cryoactivation by maintaining the left samples at 4°C for 24 hours which were frozen afterwards
and stored at 20 °C. The last setting investigated the cryoactivation for 48h at 4 °C for a separate
number of samples. All experiments were thawed and analyzed by the previously described

hybrid approach.

5.2.8 Instrumentation and conditions

5.2.8.1 Liquid chromatography and the conditions applied to the determination of the
signature peptides

A Shimadzu Nexera UHPLC system (Shimadzu Europe, Duisburg, Germany), which consisted
of a controller (CBM 20A), two separate pumps (LC-20ADxR), two separate degassers (DGU-
20A5R and DGU-20A3 prominence), a switching valve unit (FCV-11AL), an autosampler
(SIL-30AC), and a column oven (CTO-20AC) was used. The separation process was performed
on a Phenomenex Kinetex® XB-C18 column (100A, 1.7 um, 2.1 mm x 100 mm).

Mobile phase A consisted of 1% DMSO plus 0.1% formic acid in MS-grade water, whereas
mobile phase B consisted of 1% DMSO plus 0.1% formic acid in MS-grade methanol [v/v/v].
The flow rate was set to 0.3 mL/min. The gradient started at 5% of mobile phase B and was
increased between 4.5 and 4.7 minutes to 42% mobile phase B. This was followed by a further
increase to 50% of mobile phase B after 5.7 minutes, which increased to 90% after 0.8 minutes.
The gradient was maintained at 90% until 8.5 minutes had elapsed before being reduced to 5%
of mobile phase B again. The injection volume was 50 pL, the oven temperature was set to

50°C, and the autosampler conditions were controlled at 15°C.

5.2.8.2 Targeted mass spectrometry and the conditions for signature peptides determination

Mass spectrometric detection was performed using a Sciex TripleTOF 6600 (Sciex, Concord,
Canada) high-resolution mass spectrometer system with an IonDrive TurboV® electrospray
ionization source. The ion spray voltage was set to 5500 V, curtain gas remained at 47 psi, and
nebulizer gas (gas 1) and heater gas (gas 2) were adjusted to 47 psi and 69 psi, respectively,
while the interface heater temperature was adjusted to 390°C.

Two signature peptides were applied to the method with the following transition: the transition
was 854.9 m/z to 418.2296 m/z, with a 79 V declustering potential and a 30 eV collision energy,
for the mature-part signature peptide (VVFDTGSSNVWVPSSK), and 586.7 m/z to 501.7356
m/z, with a 70 V declustering potential and a 30 eV collision energy, for the pro-part signature
peptide (LGPEWSQPMK).
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Figure 5-1 Final procedures for the optimized hybrid approach

The first step of the assay procedure is the over-night incubation of anti-human active renin mouse IgG antibodies
on the PolyAn 3D-NHS activated plate at 4°C. Second, the unreacted 3D-NHS groups were blocked with a blocking
buffer. Third, the coated wells were washed with PBS-T buffer and incubated with human plasma for 1.5 hours.
Fourth, the immunocomplexes formed between antibodies and active renin were washed with PBS-T buffer and
centrifuged to avoid any interference by the buffer, and the immunocomplexes were reconstituted in 38 uL ABC-
buffer containing 1 ug trypsin. After the addition of 62 uL acetonitrile, the digestion solution was incubated at
37°C for 57 minutes. Fifth, the digested samples were evaporated under a gentle nitrogen stream at 60°C. The
final step was the reconstitution with the optimized injection solvent composition, the addition of '30-labeled
mature and pro-part signature peptides (peptides marked with a green star), and LC-HRMS measurement (NHS-

N-Hydroxysuccinimid).
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5.3 Results and discussion

5.3.1 Evaluation of internal standard generation

The evaluation of the guanidation reaction using O-methylisourea in alkaline solution showed
the successful implementation of the homoarginine structure into the side-chain of lysine
(Fig.5-2). The guanidated internal standard and the unlabeled mature-part signature peptide had
the same retention time at 7.81 minutes. However, in immunocapture experiments, the
guanidated internal standard could not be captured, likely due to possible changes in the tertiary
structure. Despite adding this standard prior to the digestion, the variations, which ranged from
-31% to 45% for the mean accuracy of the calibration curve, could not be adjusted, which may
be due to better cleavage of the guanidated mature-part signature peptide by trypsin, as reported
in the literature (Yang et al. 2014), or the better ionization by the mass spectrometer source due
to the permanent charge in homoarginine; however, this guanidated internal standard was found
to be unsuitable for improving the accuracy and precision for either the calibration standards or

the quality controls.
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Figure 5-2 Guanidated mature-part signature peptide chromatogram and fragments. A) Overlaid
chromatograms of guanidated and native mature-part signature peptide. B) The one-letter amino acid code and
the modification sides are shown on the upper right indication the guanidated lysine residue. The upper left side
shows the mass spectrum of the native mature part-signature peptide. The mass spectrum of the guanidated
signature peptide shows a mass shift of 42 m/z units for y-fragments with a charge of +1 show, whereas y-
fragments with a charge state of +2 were found with a m/z increase of 21 units. The b-fragments remained the
same mass (not shown; SP: signature peptide; IS: internal standard).
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la)

2a)

Figure 5-3 Mono and Di ®O-labeled mature-part signature peptide chromatograms and fragments. /a) Overlaid chromatograms of mono '%0-labeled and native mature-
part signature peptide. 1b) The one-letter amino acid code and the modification side are shown the upper left corner indication the will O-atom. On the upper left side, the is a
mass spectrum of the native mature part-signature peptide. The main mass spectrum shows y-fragments a mass shift of 2 m/z units _for +1 charged fragments, whereas y-fragments
with a charge state of +2 are found with an m/z increase of 1 unit. 2a) Overlaid chromatograms of di **O-labeled and native mature-part signature peptide. 2b) The one-letter
amino acid code and the modification side are shown the upper left corner indication the two labelled O-atoms. On the upper left side, the is a mass spectrum of the native mature
part-signature peptide. The main mass spectrum shows y-fragments a mass shift of 4 m/z units for +1 charged fragments, whereas y-fragments with a charge state of +2 are found
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The alternative method for internal standard generation is based on the use of 80 water for
labeling. The results indicated that trypsin was able to label the C-terminal end either once (one
atom of the carboxy group of lysine) or two times (both atoms of the carboxy group of lysine).
The di-labeled peptide was more beneficial due to the higher mass unit shift which should
ensure the separation between the isotopic pattern of the mature-part signature peptide and its
80 labeled internal standards (Haaf and Schlosser 2012). Despite the complete absence of
visible moisture (H2!O-water), a complete conversion of the mature-part signature peptide into
the di-labeled version of the peptide could not be achieved.

All species of either complete unlabeled, mono-labeled, and di-labeled peptides were found in
the digest. A similar labeling pattern was also observed for the pro-part signature peptide, but
the use of this species as an internal standard was not appropriate either. The isotopic pattern
of the pro-part and mature-part signature peptide contained an overlay that might affect the
internal standard correction. To ensure the integrity of the labeled peptides, the spiking of the
internal standard into the digestion should not be performed to avoid the possible exchange of
the '®0O-labeled carboxy-group because the digestion was performed in regular water (H»!°O)
(Angel and Orlando 2006).

However, the labeled peptides had the same retention time as their unlabeled signature peptides
(Figure 5-3). Accordingly, this internal standard was only suitable for the monitoring of the
post-digestion process, which included the reconstitution, the autosampler variabilities, and the
LC-HRMS measurement. The immunocapture procedure could not be adjusted because a full-
length capture antibody was chosen due to the unavailability of anti-mature-part signature
peptide antibodies.

The missing adjustment of sample pretreatment steps, such as immunocapture and digestion,
could not be adjusted by the generated 'O internal standard.

These results demonstrated that the labeling procedure remains challenging and can be affected
by laboratory particularities, including environmental humidity, as well as protein structures
that may integrate water molecules, which can make the complete conversion to labeled
surrogates impossible. The generation of a labeled, full-length protein is essential, especially
when accompanied by tryptic digestion, to avoid the loss of the labeled atoms. Only the full-
length internal standard may also adjust immunocapture and digestion steps that more prone to
variations.

For controlling the variation during the LC-MS measurement, the 80 internal standard showed
a suitable adjustment regarding sample accuracy and precision. Therefore, it was implemented

into the accuracy and precision runs.
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5.3.2 Calibration range, the lower limit of quantification, and the limit of detection

The calibration range covered concentrations from 78 pg/mL (LLOQ) to 10,000 pg/mL
(ULOQ), which fulfilled the in-house validation criteria by using eight non-zero calibration
standards, fitted with a 1/x? weighting and quadratic regression (Fig. 5-4). By using the mature-
part signature peptide as the quantifier and the pro-part signature peptide as the qualifier,
differentiation could be achieved between active renin and prorenin. All calibration curves
showed acceptable linearity above 0.99 and normalized to the internal standard response. All
calibration standards for three runs had an accuracy deviation from the nominal value between
—19.8% and 19.65% (relative error). The variability associated with the calibration standard
intensities was caused by the different charges of anti-active renin antibodies.

For the LLOQ, the coefficient of variation (CV) was 18% that fulfilled the set criteria.

The limit of detection (LOD) was 26 pg/mL for active renin, as calculated according to the ICH
guideline (ICH 2018).

5.3.3 Accuracy and precision of the active renin’s hybrid assay

The quality control standards were all within the set criteria during the in-house validation,
showing a mean accuracy deviation from the nominal values that ranged from —26.6% to 4.4%
(RE).

The mean within-day precision deviated from 9.65% to 17.1%, which fulfilled the pre-
established precision criteria. The inter-day precision was estimated by performing three
separate runs and was determined to be within 16.72% (CV). Additionally, the absence of the

pro-part signature peptide demonstrated that the antibodies did not capture open-form prorenin.

109



Verification of the developed hybrid immunocapture LC-HRMS approach of active renin

2.5x10*

2.0x10*

Area [cps]

1.0x10*

5.0x10°

Area [cps]

Area [cps]

1.5x10*

4

ad
o
X

ot
o

3.0x10*

2.5x10*

2.0x10*

1.5x10*

1.0x10*

5.0x10°

o

First accuracy/precision run

Regression equation:
y=1.811 e-5x>+2.2445x+183.9
Weighting: 1/x®
R%: 0.991
n:8

| | |
2,000 8,000 10,000

,000 6,000
Active renin concentration [pg/mL]

Second accuracy/precision run

Regression equation:
y=-1.093-6x"+1.466x-+42
Weighting: 1/x?
R?: 0.997
n:8

I I l I
2,000 4,000 6,000 8,000

|
10,000
Active renin concentration [pg/mL]

Third accuracy/precision run

Regression equation:
y=6.147e-5x°+2.491x+79.7
Weighting: 11x2
R%: 0.994
n:7

| I I !
2,000 4,000 8,000 10,000

6,000
Active renin concentration [pg/mL]

Figure 5-4 Calibration curves for active renin quantification. The upper graph shows the first
accuracy/precision run, the middle graph shows second accuracy/precision run; and the lower graph shows the
third validation run. Outliers were excluded according to the 1.50 test (white dot). A quadratic regression was
used.
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5.4 Proof-of-concept results for active renin determination and cryoactivation of
prorenin

As a proof-of-concept, this assay was used to determine endogenous renin levels from a healthy
male volunteer. The volunteer was not on any RAAS-modifying medications and presented an
active renin level of 52 pg/mL (extrapolated from the calibration range) (Fig. 5-5). The assay
identified the mature-part signature peptide only, which ensured that no open-form prorenin
was captured during the assay process which was done by avoiding the storage conditions at

4 °C that might induce cryoactivation.
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Figure 5-5 Endogenous human active renin measured by the hybrid approach (*extrapolated level).

The ability to differentiate between active renin and open-form prorenin has been successfully
demonstrated by inducing the unfolding of prorenin’s pro-segment, allowing the anti-active
renin antibodies access to the catalytical center. A time-dependent activation could also be
observed, as described in the literature (Krop et al. 2011). For the aliskiren-treated samples with
spiked prorenin (5 ng/mL), an increase was detected, starting on day 0 (mean + SD of 7.33e2 +
1.01e2 cps) and increasing on day 1 (mean + SD of 1.97e3 + 6.20e1 cps) and day 2 (mean =+
SD of 2.46e3 + 2.51e2, Fig. 5-6). The serine-protease inhibitors showed an intensity-reducing
effect which might be explained by possible interactions with the renin inhibitor limiting its
ability to open the pro-segment of prorenin. This approach is unsuitable to avoid cryoactivation
triggered by renin inhibitors. Additionally, after 48 hours of keeping the non-spiked samples at
4°C, the endogenous levels of activated prorenin also become detectable for the hybrid
approach (LLOQ: 78 pg/mL).

The selectivity of this assay is likely to allow for precise measurements to be obtained, even if

the sampled blood is taken from a patient on renin inhibitors.
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Figure 5-6 Aliskiren driven cryoactivation of prorenin with or without serine protease inhibitors. 7/e
mature-part represents prorenin as well as active renin (all values represent the mean + SD). Each graph shows
the cold-induced activation of the 5 ng/mL spiked prorvenin triggered by aliskiren; HDMB: hexadimethrine
bromide).

5.5 Conclusion

The hybrid approach allowed for the precise quantification of active renin within the calibration
range, avoiding the false estimation associated with the cross-reactivity of current
immunoassays with the open-form prorenin. The accuracy and precision of the established
assay were successfully demonstrated within a calibration range between 78 pg/mL and 10,000
pg/mL, which is suitable for the determination of active renin levels in a pediatric population.
Moreover, using the developed assay, the false detection of the open-form prorenin, which also
occurs in human plasma (<2% of total prorenin) or might appear due to false sample storage

and treatment, can be determined via the unique pro-part signature peptide.
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6. Overall summary and future perspective

This thesis presents the current limited knowledge regarding prorenin and active renin levels in
pediatrics, demonstrating an age-related decline in active renin levels and disease-related
changes in these levels. The analysis of the currently available immunoassays demonstrated
that the problem of cross-reactivity remains underestimated, which is particularly problematic
if the ratio between prorenin and active renin is high, indicating the need for more sensitive and
accurate assays to measure these protein levels. The use of both proteins for the diagnosis of
diseased children could be improved by the development of more accurate assays to overcome
the cross-reactivity problems. Furthermore, pharmacological interventions can affect the

prorenin to active renin ratio resulting in the false determination of active renin levels.

An alternative technology, which provides more precise results is the application of LC-MS;
however, LC-MS relies on extensive sample pretreatments for the measurement of proteins.
The first time presented hybrid assay includes the benefits of an immunoassay’s purification
abilities, the generation of unique surrogate peptides through tryptic cleavage, the separation of
the generated peptides by liquid chromatography, and the accurate and precise identification of
these peptides by mass spectrometry. The successive and comprehensive implantation of the

named steps resulted in the described hybrid active renin assay.

By utilizing this highly selective assay, the differentiation of active renin and prorenin was
achieved through the investigation of unique surrogate peptides that were generated from the
pro-segment which only occur in prorenin. Additionally, the time reduction of the digestion
procedure led to a lean and fast assay that was able to measure prorenin and active renin levels

and ensured that the open-form prorenin was not falsely identified as active renin.

Furthermore, the assays precision was optimized by avoiding non-specific binding during the
immunocapture processes and the LC-MS application. Variations that have previously affected
immunoassays were improved by using a Design of Experiments-driven optimization
procedure. The final verification and application of the assay offers a method that can be
implemented into a comprehensive analytical platform for the determination of whole
biological systems, such as the RAAS. The possibility of reusing the analyzed blood plasma
represents a huge advantage for further bioanalytical applications compared with other

established low-volume assays.
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Finally, the here-presented bioanalytical assay confirmed its capability to differentiate between
prorenin and active renin. The problem of the immunoassay’s cross-reactivity leading to an
overestimation of active renin (up to 50%) had been overcome successfully. The established
assay can now be used for the investigation and effect of ‘true’ renin in healthy and diseased
populations without being affected by open-form prorenin. Additionally, the pediatric
maturation processes regarding both proteins can also be monitored accurately in children.

Furthermore, ratios like prorenin-active-renin-ratio, the aldosterone-active-renin-ratio (ARR)
and the aldosterone-prorenin-ratio (APR) which are used for diagnosing diabetes-related
complications and primary hyperaldosteronism may be further evaluated for their diagnostic

value.
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9. Appendix

Appendix Table 1 Design of denaturation experiments

Worksheet of the D-optimal modeled experimental design and the results of the performed experiments. (Exp.: experiment; TCEP: tris-(2-

carboxyethyl)-phosphine; DTT: dithiothreitol; SDC: sodium deoxycholate; rpm: rounds per minute; min: minutes; cps: counts per minute)

Exp Run
Name Order
N1 20 TCEP 1 2M Urea 20 300 20 1.22E+04 8.56E+05
N2 191 DTT 1 2M Urea 20 300 20  4.05E+04 1.44E+06
N3 58 TCEP 3 2M Urea 20 300 20 5.85E+01 1.13E+04
N4 144 DTT 3 2M Urea 20 300 20 5.73E+03 1.60E+06
NS5 45 TCEP 1 4% SDC 20 300 20  2.96E+04 1.11E+06
N6 150 DTT 1 4% SDC 20 300 20 1.80E+04 1.21E+05
N7 99 TCEP 3 4% SDC 20 300 20 3.66E+04 2.26E+06
N8 184 DTT 3 4% SDC 20 300 20 6.66E+04 2.21E+06
N9 120 TCEP 1 2M Urea 80 300 20  2.41E+04 1.56E+06
N10 89 DTT 1 2M Urea 80 300 20  2.42E+04 1.42E+06
NI11 59 TCEP 3 2M Urea 80 300 20 5.84E+03 1.00E+06
N12 66 DTT 3 2M Urea 80 300 20 1.06E+04 1.08E+06
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Exp Run
Name Order
N13 88 TCEP 1 4% SDC 80 300 20 1.93E+04 3.88E+05
N14 195 DTT 1 4% SDC 80 300 20  2.71E+04 3.78E+05
N15 172 TCEP 3 4% SDC 80 300 20 7.07E+04 2.29E+06
Ni6 9 DTT 3 4% SDC 80 300 20 2.94E+04 9.87E+05
N17 95 TCEP 1 2M Urea 20 1000 20 1.39E+04 1.08E+06
N18 34 DTT 1 2M Urea 20 1000 20 9.62E+03 7.89E+05
N19 126 TCEP 3 2M Urea 20 1000 20  4.41E+03 1.05E+06
N20 8 DTT 3 2M Urea 20 1000 20 3.24E+03 8.60E+05
N21 29 TCEP 1 4% SDC 20 1000 20  2.24E+04 8.68E+05
N22 181 DTT 1 4% SDC 20 1000 20  4.25E+04 1.36E+06
N23 14 TCEP 3 4% SDC 20 1000 20  2.74E+04 1.51E+06
N24 71 DTT 3 4% SDC 20 1000 20  4.36E+04 1.73E+06
N25 7 TCEP 1 2M Urea 80 1000 20  2.43E+04 1.41E+06
N26 79 DTT 1 2M Urea 80 1000 20 3.39E+04 1.80E+06
N27 149 TCEP 3 2M Urea 80 1000 20  2.57E+03 3.50E+05
N28 94 DTT 3 2M Urea 80 1000 20 1.60E+04 1.38E+06
N29 164 TCEP 1 4% SDC 80 1000 20 1.46E+04 4.79E+05
N30 180 DTT 1 4% SDC 80 1000 20 3.54E+04 8.46E+05
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Exp Run
Name Order

N31 124 TCEP 3 4% SDC 80 1000 20 3.13E+04 1.06E+06
N32 65 DTT 3 4% SDC 80 1000 20 3.67E+04 1.29E+06
N33 129 TCEP 1 2M Urea 20 300 80 4.48E+03 2.61E+05
N34 186 DTT 1 2M Urea 20 300 80 2.76E+04 1.63E+06
N35 1 TCEP 3 2M Urea 20 300 80 5.76E+03 1.67E+06
N36 123 DTT 3 2M Urea 20 300 80 1.29E+04 1.61E+06
N37 176 TCEP 1 4% SDC 20 300 80 1.89E+04 7.39E+05
N38 2 DTT 1 4% SDC 20 300 80 4.92E+04 1.16E+06
N39 56 TCEP 3 4% SDC 20 300 80 4.16E+04 5.76E+05
N40 16 DTT 3 4% SDC 20 300 80 4.65E+04 9.31E+05
N41 38 TCEP 1 2M Urea 80 300 80 6.70E+02 5.43E+05
N42 63 DTT 1 2M Urea 80 300 80 1.05E+03 5.12E+05
N43 49 TCEP 3 2M Urea 80 300 80 4.64E+02 6.09E+05
N44 83 DTT 3 2M Urea 80 300 80 6.88E+02 4.41E+05
N45 101 TCEP 1 4% SDC 80 300 80 1.77E+03 1.10E+06
N46 32 DTT 1 4% SDC 80 300 80 2.19E+03 5.67E+05
N47 41 TCEP 3 4% SDC 80 300 80 3.40E+03 1.39E+06
N48 51 DTT 3 4% SDC 80 300 80 3.12E+03 1.11E+06
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Exp Run
Name Order
N49 74 TCEP 1 2M Urea 20 1000 80 1.68E+04 1.97E+06
N50 64 DTT 1 2M Urea 20 1000 80 5.51E+04 3.22E+06
N51 43 TCEP 3 2M Urea 20 1000 80  4.31E+04 3.38E+06
N52 158 DTT 3 2M Urea 20 1000 80  4.27E+04 3.55E+06
N53 13 TCEP 1 4% SDC 20 1000 80 8.21E+04 1.23E+06
N54 11 DTT 1 4% SDC 20 1000 80 1.39E+05 2.05E+06
NS5 114 TCEP 3 4% SDC 20 1000 80 1.45E+05 3.15E+06
N56 52 DTT 3 4% SDC 20 1000 80 1.77E+05 2.87E+06
N57 121 TCEP 1 2M Urea 80 1000 80 6.93E+02 7.30E+05
NS58 98 DTT 1 2M Urea 80 1000 80 1.69E+04 7.36E+05
N59 197 TCEP 3 2M Urea 80 1000 80 3.51E+03 5.48E+05
N60 110 DTT 3 2M Urea 80 1000 80 6.94E+02 4.15E+05
N61 157 TCEP 1 4% SDC 80 1000 80  2.10E+04 6.35E+05
N62 178 DTT 1 4% SDC 80 1000 80  2.50E+04 6.00E+05
N63 161 TCEP 3 4% SDC 80 1000 80 6.74E+04 1.70E+06
No64 18 DTT 3 4% SDC 80 1000 80  2.07E+04 5.98E+05
N65 36 DTT 2 2M Urea 50 650 50 1.03E+04 1.06E+06
N66 82 DTT 2 2M Urea 50 650 50  2.93E+04 1.14E+06
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Exp Run
Name Order
N67 199 DTT 2 2M Urea 50 650 50 1.68E+04 1.48E+06
N68 162 TCEP 1 2M Urea 20 300 20 1.60E+04 1.21E+06
N69 175 DTT 1 2M Urea 20 300 20 5.18E+04 1.50E+06
N70 27 TCEP 3 2M Urea 20 300 20 7.13E+01 6.32E+03
N71 105 DTT 3 2M Urea 20 300 20 2.61E+03 1.21E+06
N72 73 TCEP 1 4% SDC 20 300 20 7.65E+03 9.79E+04
N73 136 DTT 1 4% SDC 20 300 20 1.85E+04 1.12E+05
N74 78 TCEP 3 4% SDC 20 300 20  4.08E+04 2.29E+06
N75 70 DTT 3 4% SDC 20 300 20 6.34E+04 2.18E+06
N76 134 TCEP 1 2M Urea 80 300 20 1.91E+04 9.02E+05
N77 125 DTT 1 2M Urea 80 300 20 3.06E+04 1.25E+06
N78 167 TCEP 3 2M Urea 80 300 20 6.29E+03 7.46E+05
N79 106 DTT 3 2M Urea 80 300 20 1.52E+04 1.13E+06
N80 122 TCEP 1 4% SDC 80 300 20  2.34E+04 5.61E+05
N81 179 DTT 1 4% SDC 80 300 20  2.50E+04 4.15E+05
N§2 160 TCEP 3 4% SDC 80 300 20 5.44E+04 1.87E+06
N8&3 97 DTT 3 4% SDC 80 300 20  2.74E+04 7.03E+05
N84 28 TCEP 1 2M Urea 20 1000 20 7.15E+03 9.98E+05
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Exp Run
Name Order
N85 3 DTT 1 2M Urea 20 1000 20 1.22E+04 8.96E+05
N86 190 TCEP 3 2M Urea 20 1000 20 7.87TE+03 1.25E+06
N87 10 DTT 3 2M Urea 20 1000 20 1.62E+04 1.08E+06
N88 112 TCEP 1 4% SDC 20 1000 20 1.92E+04 9.21E+05
N89 44 DTT 1 4% SDC 20 1000 20  4.44E+04 1.25E+06
NoO 37 TCEP 3 4% SDC 20 1000 20  2.56E+04 1.27E+06
NI1 148 DTT 3 4% SDC 20 1000 20 3.54E+04 1.36E+06
N92 138 TCEP 1 2M Urea 80 1000 20 1.51E+04 1.31E+06
N93 128 DTT 1 2M Urea 80 1000 20 1.87E+04 1.70E+06
N94 141 TCEP 3 2M Urea 80 1000 20 4.66E+03 1.46E+06
N95 177 DTT 3 2M Urea 80 1000 20 8.97E+03 8.88E+05
N96 113 TCEP 1 4% SDC 80 1000 20 1.45E+04 5.06E+05
N97 170 DTT 1 4% SDC 80 1000 20 3.88E+04 8.34E+05
N98 168 TCEP 3 4% SDC 80 1000 20  2.24E+04 9.75E+05
N99 6 DTT 3 4% SDC 80 1000 20  2.58E+04 9.24E+05
N100 40 TCEP 1 2M Urea 20 300 80 7.56E+03 1.80E+06
N101 107 DTT 1 2M Urea 20 300 80 1.56E+04 6.77E+05
N102 4 TCEP 3 2M Urea 20 300 80 1.05E+04 1.95E+06
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Exp Run
Name Order
N103 153 DTT 3 2M Urea 20 300 80 8.22E+03 1.64E+06
N104 100 TCEP 1 4% SDC 20 300 80 1.57E+04 4.58E+05
N105 33 DTT 1 4% SDC 20 300 80 7.03E+04 1.49E+06
N106 47 TCEP 3 4% SDC 20 300 80  4.25E+04 6.51E+05
N107 188 DTT 3 4% SDC 20 300 80 5.09E+04 8.58E+05
N108 174 TCEP 1 2M Urea 80 300 80 1.20E+03 6.10E+05
N109 118 DTT 1 2M Urea 80 300 80 1.00E+03 5.70E+05
N110 21 TCEP 3 2M Urea 80 300 80 1.90E+02 4.55E+05
N11l1 57 DTT 3 2M Urea 80 300 80  2.92E+02 5.65E+05
N112 84 TCEP 1 4% SDC 80 300 80 1.96E+03 9.68E+05
N113 194 DTT 1 4% SDC 80 300 80  2.23E+03 7.40E+05
N114 183 TCEP 3 4% SDC 80 300 80  4.68E+03 1.67E+06
N115 5 DTT 3 4% SDC 80 300 80  2.92E+03 1.55E+06
N116 30 TCEP 1 2M Urea 20 1000 80  4.25E+04 2.42E+06
N117 140 DTT 1 2M Urea 20 1000 80  2.51E+04 2.70E+06
N118 15 TCEP 3 2M Urea 20 1000 80 1.47E+04 3.27E+06
N119 77 DTT 3 2M Urea 20 1000 80 1.73E+04 3.51E+06
N120 12 TCEP 1 4% SDC 20 1000 80 9.67E+04 1.92E+06
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Exp Run
Name Order

Ni121 25 DTT 1 4% SDC 20 1000 80 1.45E+05 2.24E+06
N122 146 TCEP 3 4% SDC 20 1000 80 1.47E+05 3.28E+06
N123 130 DTT 3 4% SDC 20 1000 80 1.56E+05 2.70E+06
N124 145 TCEP 1 2M Urea 80 1000 80 1.87E+04 8.21E+05
N125 169 DTT 1 2M Urea 80 1000 80 1.29E+03 5.31E+05
N126 187 TCEP 3 2M Urea 80 1000 80 4.45E+03 5.40E+05
N127 103 DTT 3 2M Urea 80 1000 80 7.05E+03 3.42E+05
N128 46 TCEP 1 4% SDC 80 1000 80 3.93E+04 8.30E+05
N129 156 DTT 1 4% SDC 80 1000 80 1.69E+04 4.94E+05
N130 201 TCEP 3 4% SDC 80 1000 80 8.27E+03 1.19E+06
N131 17 DTT 3 4% SDC 80 1000 80 2.32E+04 6.52E+05
N132 91 DTT 2 2M Urea 50 650 50 8.05E+03 1.50E+06
N133 26 DTT 2 2M Urea 50 650 50 2.08E+04 1.39E+06
N134 23 DTT 2 2M Urea 50 650 50 5.09E+03 1.58E+06
N135 24 TCEP 1 2M Urea 20 300 20 1.24E+04 1.17E+06
N136 189 DTT 1 2M Urea 20 300 20 3.97E+04 1.54E+06
N137 192 TCEP 3 2M Urea 20 300 20 7.43E+01 6.76E+03
N138 90 DTT 3 2M Urea 20 300 20 7.64E+03 1.66E+06
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Exp Run
Name Order
N139 127 TCEP 1 4% SDC 20 300 20 7.12E+03 8.60E+04
N140 72 DTT 1 4% SDC 20 300 20  2.38E+04 1.47E+05
N141 185 TCEP 3 4% SDC 20 300 20 7.62E+04 4.44E+06
N142 135 DTT 3 4% SDC 20 300 20 7.59E+04 2.55E+06
N143 159 TCEP 1 2M Urea 80 300 20  2.08E+04 1.15E+06
N144 151 DTT 1 2M Urea 80 300 20 2.91E+04 1.31E+06
N145 96 TCEP 3 2M Urea 80 300 20 1.08E+04 1.09E+06
N146 80 DTT 3 2M Urea 80 300 20 1.07E+04 1.18E+06
N147 137 TCEP 1 4% SDC 80 300 20  2.36E+04 5.74E+05
N148 22 DTT 1 4% SDC 80 300 20  2.79E+04 4.74E+05
N149 182 TCEP 3 4% SDC 80 300 20 5.60E+04 2.01E+06
N150 68 DTT 3 4% SDC 80 300 20  4.41E+04 1.37E+06
N151 19 TCEP 1 2M Urea 20 1000 20 1.07E+04 1.43E+06
N152 60 DTT 1 2M Urea 20 1000 20 1.68E+04 1.01E+06
N153 48 TCEP 3 2M Urea 20 1000 20 1.16E+04 1.38E+06
N154 133 DTT 3 2M Urea 20 1000 20 1.97E+04 1.65E+06
N155 61 TCEP 1 4% SDC 20 1000 20 1.91E+04 7.91E+05
N156 200 DTT 1 4% SDC 20 1000 20  4.17E+04 1.25E+06
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Exp Run
Name Order

N157 86 TCEP 3 4% SDC 20 1000 20 2.67E+04 1.73E+06
N158 198 DTT 3 4% SDC 20 1000 20 5.47E+04 2.11E+06
N159 108 TCEP 1 2M Urea 80 1000 20 2.25E+04 1.45E+06
N160 87 DTT 1 2M Urea 80 1000 20 2.78E+04 1.89E+06
Ni161 139 TCEP 3 2M Urea 80 1000 20 8.16E+03 1.48E+06
N162 131 DTT 3 2M Urea 80 1000 20 1.21E+04 1.95E+06
N163 109 TCEP 1 4% SDC 80 1000 20 1.26E+04 3.73E+05
Ni164 31 DTT 1 4% SDC 80 1000 20 3.45E+04 7.57TE+05
N165 92 TCEP 3 4% SDC 80 1000 20 1.68E+04 6.02E+05
N166 75 DTT 3 4% SDC 80 1000 20 4.09E+04 1.18E+06
N167 76 TCEP 1 2M Urea 20 300 80 4.54E+03 7.81E+05
N168 142 DTT 1 2M Urea 20 300 80 4.06E+04 2.31E+06
N169 165 TCEP 3 2M Urea 20 300 80 2.01E+04 2.30E+06
N170 104 DTT 3 2M Urea 20 300 80 7.25E+03 1.05E+06
N171 117 TCEP 1 4% SDC 20 300 80 1.69E+04 4.24E+05
N172 42 DTT 1 4% SDC 20 300 80 5.02E+04 8.93E+05
N173 171 TCEP 3 4% SDC 20 300 80 3.98E+04 5.00E+05
N174 85 DTT 3 4% SDC 20 300 80 4.82E+04 7.92E+05
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Exp Run
Name Order
N175 196 TCEP 1 2M Urea 80 300 80 1.50E+03 6.31E+05
N176 35 DTT 1 2M Urea 80 300 80 1.65E+03 6.45E+05
N177 55 TCEP 3 2M Urea 80 300 80 3.12E+02 4.07E+05
N178 163 DTT 3 2M Urea 80 300 80  2.53E+02 4.96E+05
N179 54 TCEP 1 4% SDC 80 300 80 1.96E+03 9.84E+05
N180 193 DTT 1 4% SDC 80 300 80 3.37E+03 9.43E+05
N181 111 TCEP 3 4% SDC 80 300 80  4.27E+03 1.47E+06
N182 119 DTT 3 4% SDC 80 300 80 3.23E+03 1.24E+06
N183 39 TCEP 1 2M Urea 20 1000 80  2.64E+03 1.69E+06
N184 102 DTT 1 2M Urea 20 1000 80 3.23E+04 2.66E+06
N185 173 TCEP 3 2M Urea 20 1000 80  2.65E+04 3.21E+06
N186 62 DTT 3 2M Urea 20 1000 80 5.19E+03 3.22E+06
N187 147 TCEP 1 4% SDC 20 1000 80 1.08E+05 2.34E+06
N188 132 DTT 1 4% SDC 20 1000 80 1.51E+05 2.19E+06
N189 53 TCEP 3 4% SDC 20 1000 80 1.22E+05 2.97E+06
N190 115 DTT 3 4% SDC 20 1000 80 1.92E+05 3.35E+06
N191 67 TCEP 1 2M Urea 80 1000 80 8.38E+03 7.21E+05
N192 116 DTT 1 2M Urea 80 1000 80  4.45E+03 5.78E+05
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Exp Run
Name Order

N193 152 TCEP 3 2M Urea 80 1000 80 2.99E+03 5.33E+05
N194 143 DTT 3 2M Urea 80 1000 80 1.67E+02 4.60E+04
N195 50 TCEP 1 4% SDC 80 1000 80 2.01E+04 5.84E+05
N196 154 DTT 1 4% SDC 80 1000 80 3.90E+04 9.33E+05
N197 155 TCEP 3 4% SDC 80 1000 80 4.48E+04 1.68E+06
N198 69 DTT 3 4% SDC 80 1000 80 2.44E+04 7.35E+05
N199 93 DTT 2 2M Urea 50 650 50 1.11E+04 1.56E+06
N200 81 DTT 2 2M Urea 50 650 50 1.62E+04 9.85E+05
N201 166 DTT 2 2M Urea 50 650 50 2.11E+04 1.46E+06
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Appendix Table 2 Design and acquisition of tryptic digestion
Worksheet of the D-optimal modeled experimental design and the results of the performed

experiments (exp: experiment; ng. nanogram; pL: microliter; °C: degrees Celsius; rpm: round

per minutes; h: hours; cps: counts per minute)

Trypsin Vortexing Signature
Exp Run Temperature Time Pre-Digest

Concentration speed peptide I
Name Order [°C] [h] [h]

[ng/uL] [rpm] [cps]
N1 24 50 15 0.1 0 0 7.49E+02
N2 56 1000 15 30 0 0 3.52E+04
N3 51 50 70 30 0 0 4.39E+04
N4 18 1000 15 0.1 800 0 4.01E+04
N5 11 50 15 30 800 0 4.73E+04
N6 40 1000 70 30 800 0 0.00E+00
N7 3 50 70 0.1 0 4 2.27E+02
N8 52 50 15 30 0 4 2.27E+02
N9 73 1000 70 30 0 4 4.19E+04
N10 70 50 15 0.1 800 4 6.90E+03
N1l 29 1000 15 30 800 4 5.03E+04
N12 36 50 70 30 800 4 0.00E+00
N13 26 50 70 0.1 800 1.33333 4.86E+01
N14 28 50 70 20.0333 800 0 9.16E+01
N15 48 50 51.6667 0.1 800 0 1.55E+03
N16 86 1000 15 0.1 0 2.66667 5.30E+04
N17 13 1000 70 0.1 533.333 0 8.35E+03
N18 33 1000 70 0.1 266.667 4 2.80E+03
N19 85 1000 70 10.0667 0 0 8.54E+02
N20 69 1000 51.6667 0.1 0 0 1.52E+04
N21 87 1000 33.3333 0.1 800 4 4.16E+04
N22 53 683.333 15 0.1 0 4 2.07E+04
N23 77 366.667 70 0.1 0 0 4.04E+03
N24 8 683.333 70 0.1 800 4 3.12E+03

144




9. Appendix

Exp

Name

N25
N26
N27
N28
N29
N30
N31
N32
N33
N34
N35
N36
N37
N38
N39
N40
N41
N42
N43
N44
N45
N46
N47
N48
N49
N50
N51
N52
N353
N54
N55

Run

Order

76
38

63
57
41

27
15
35
84
19

58

61
67
66
65
72
37
44
88
62
46
90

78
43
59
21

Trypsin
Concentration
[ng/uL]
525

525

525

525

525

525

50

1000

50

1000

50

1000

50

50

1000

50

1000

50

50

50

50

1000
1000
1000
1000
1000
1000
683.333
366.667
683.333
525

Temperature Time
[°C] [h]
42.5 30
42.5 15.05
42.5 15.05
42.5 15.05
42.5 15.05
42.5 15.05
15 0.1
15 30
70 30
15 0.1
15 30
70 30
70 0.1
15 30
70 30
15 0.1
15 30
70 30
70 0.1
70 20.0333
51.6667 0.1
15 0.1
70 0.1
70 0.1
70 10.0667
51.6667 0.1
33.3333 0.1
15 0.1
70 0.1
70 0.1
42.5 30

Vortexing
speed
[rpm]
400

800

400

400

400

400

0

0

0

800

800

800

0

0

0

800

800

800

800

800

800

0
533.333
266.667

Pre-Digest
[h]

— A A~ b~ b A O OO O OO O NN DN RN

33333

66667

N A O B~ A O O B~ O DD O O

Signature
peptide I
[cps]
3.01E+04
2.94E+04
2.30E+04
2.94E+04
3.09E+04
3.28E+04
6.54E+02
3.50E+04
4.40E+04
3.70E+04
5.41E+04
0.00E+00
1.81E+02
1.81E+02
4.41E+04
8.15E+03
4.81E+04
0.00E+00
3.22E+01
4.39E+04
1.68E+03
5.39E+04
8.57E+03
3.57E+03
1.83E+02
1.20E+04
4.49E+04
1.87E+04
5.49E+03
2.91E+03
3.16E+04
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Exp

Name

N56
N57
N58
N59
N60
N6l
N62
N63
N64
N65
N66
N67
N68
N69
N70
N71
N72
N73
N74
N75
N76
N77
N78
N79
N8O
N8I
N&2
N8&3
N84
N85
N86

Run

Order

&9
49
32
64
74
25
81
10
50
79
34
23

55
75

17
30
68
31
60
82
20
71
12
45
39
80
83
14
22

Trypsin
Concentration
[ng/uL]
525

525

525

525

525

50

1000

50

1000

50

1000

50

50

1000

50

1000

50

50

50

50

1000
1000
1000
1000
1000
1000
683.333
366.667
683.333
525

525

Temperature Time
[°C] [h]
42.5 15.05
42.5 15.05
42.5 15.05
42.5 15.05
42.5 15.05
15 0.1
15 30
70 30
15 0.1
15 30
70 30
70 0.1
15 30
70 30
15 0.1
15 30
70 30
70 0.1
70 20.0333
51.6667 0.1
15 0.1
70 0.1
70 0.1
70 10.0667
51.6667 0.1
33.3333 0.1
15 0.1
70 0.1
70 0.1
42.5 30
42.5 15.05

Vortexing
speed
[rpm]
800

400

400

400

400

0

0

0

800

800

800

0

0

0

800

800

800

800

800

800

0
533.333
266.667

Pre-Digest
[h]

33333

66667

[ S N B N . - T - e e N = = T - e . - T - . - T == =R e R e R e S R O I O SR \O R SN \O ]

Signature
peptide I
[cps]
3.09E+04
1.55E+04
3.18E+04
3.21E+04
3.46E+04
8.86E+02
4.04E+04
4.41E+04
3.62E+04
5.26E+04
2.15E+02
1.82E+02
1.82E+02
4.55E+04
8.53E+03
5.65E+04
0.00E+00
4.41E+04
4.70E+01
1.10E+03
5.54E+04
8.81E+03
2.35E+03
0.00E+00
1.65E+04
3.71E+04
2.00E+04
3.83E+03
2.51E+03
3.18E+04
3.28E+04
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Exp Run

Name Order

N&7 47 525 42.5 15.05 400 4 1.98E+04
N88 42 525 42.5 15.05 400 2 3.07E+04
N&9 54 525 42.5 15.05 400 2 2.99E+04
N9O 16 525 42.5 15.05 400 2 3.21E+04
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Appendix Table 3 Experimental design and result for mixed solvent digestion

Worksheet of the D-optimal modeled experimental design and the results of the performed
experiments. (Gray: experiments are excluded because they were qualified as outliers; Exp.:
experiment; THF: tetrahydrofuran; cps: counts per minute; outliers were excluded by the

software according to the 4-standard deviation rule; min: minutes)

- Organic Mature-part Pro-part
Exp Run | Organic Rl solvent Time signature signature
Name Order Solvent Temperature concentration [min] peptide peptide
[°C]
[7o] [eps] [cps]

N1 32 Methanol 10 60 5 2.88E+04 6.14E+03
N2 36 Acetone 10 60 5 7.88E+03 3.20E+03
N3 10 Acetonitrile 10 60 5 1.15E+04 3.44E+03
N4 77 THF 10 60 5 7.33E+03 2.62E+03
N5 50 Acetonitrile 30 60 5 5.51E+04 8.37E+03
N6 120  Methanol 40 60 5 1.46E+05 2.81E+04
N7 119  Acetone 40 60 5 9.66E+04 1.44E+04
N8 13 THF 40 60 5 1.14E+05 1.11E+04
N9 63 Acetonitrile 10 80 5 1.20E+04 4.53E+03
N10 102 THF 40 80 5 1.53E+05 1.96E+04
N1l 14 Methanol 10 90 5 1.54E+04 1.73E+03
N12 104  Acetone 10 90 5 1.37E+04 7.27E+03
N13 22 Acetone 30 90 5 7.28E+04 2.45E+04
N14 53 Methanol 40 90 5 6.09E+04 8.46E+03
N15 62 Acetonitrile 40 90 5 7.32E+04 1.67E+04
N16 61 Acetonitrile 40 60 60 1.90E+05 1.58E+04
N17 39 Methanol 20 70 60 1.03E+05 1.95E+04
N18 21 Acetone 40 70 60 8.05E+04 1.17E+04
N19 56 Acetonitrile 20 90 60 1.05E+05 4.45E+04
N20 92 THF 40 90 60 1.38E+05 5.74E+04
N21 25 Methanol 10 60 120 1.29E+05 3.72E+04
N22 34 Acetone 10 60 120  7.56E+04 1.84E+04
N23 55 Acetonitrile 10 60 120 1.12E+05 2.60E+04
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- Organic Mature-part Pro-part
Exp Run | Organic Rl solvent Time signature signature
Name Order Solvent "[;emperature concentration [min] peptide peptide
- [7o] [eps] [cps]

N24 20 THF 10 60 120  9.21E+04 1.99E+04
N25 58 Acetone 30 60 120  5.30E+04 4.31E+03
N26 44 Methanol 40 60 120 7.00E+04 7.99E+03
N27 91 Acetonitrile 40 60 120  8.04E+04 8.01E+03
N28 75 THF 40 60 120  5.66E+04 7.13E+03
N29 101 THF 10 80 120 1.25E+05 4.39E+04
N30 109  Acetonitrile 40 80 120  8.94E+04 4.13E+04
N31 41 Methanol 10 90 120 1.30E+05 1.53E+04
N32 19 Acetone 10 90 120 1.07E+05 3.09E+04
N33 51 Acetonitrile 10 90 120  8.68E+04 3.59E+04
N34 107 THF 30 90 120  9.40E+04 2.50E+04
N35 17 Methanol 40 90 120  4.36E+04 6.17E+03
N36 94 Acetone 40 90 120  4.98E+04 1.35E+04
N37 64 THF 30 80 60 1.80E+05 2.01E+04
N38 4 THF 30 80 60 1.69E+05 2.41E+04
N39 117 THF 30 80 60 1.69E+05 1.71E+04
N40 24 Methanol 10 60 5 1.68E+04 7.25E+03
N41 11 Acetone 10 60 5 2.80E+04 4.65E+03
N42 65 Acetonitrile 10 60 5 6.23E+03 2.15E+03
N43 118 THF 10 60 5 1.05E+04 3.06E+03
N44 1 Acetonitrile 30 60 5 6.87E+04 2.85E+03
N45 67 Methanol 40 60 5 9.75E+04 2.82E+04
N46 23 Acetone 40 60 5 7.89E+04 1.09E+04
N47 66 THF 40 60 5 7.8TE+04 1.06E+04
N48 79 Acetonitrile 10 80 5 1.67E+04 5.57E+03
N49 9 THF 40 80 5 1.09E+05 2.31E+04
N50 43 Methanol 10 90 5 2.02E+04 2.14E+03
N51 18 Acetone 10 90 5 1.29E+04 6.31E+03
N52 3 THF 10 90 5 1.67E+04 7.03E+03
N53 81 Acetone 30 90 5 6.23E+04 2.66E+04
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Exp

Name

N54
N55
N56
N57
N58
N59
N60
N6l
N62
N63
No64
N65
N66
N67
N68
N69
N70
N71
N72
N73
N74
N75
N76
N77
N78
N79
N8O
N8I
N&2
N8&3

Run

Order

82
115
16
42

70
83
74
35
100
26
99
59
71
85
38
52
86
88
98
105
96
68
12
113
76
116
45
110
112

Organic

Solvent

Methanol
Acetonitrile
Acetonitrile
Methanol
Acetone
Acetonitrile
THF
Methanol
Acetone
Acetonitrile
THF
Acetone
Methanol
Acetonitrile
THF

THF
Acetonitrile
Methanol
Acetone
Acetonitrile
THF
Methanol
Acetone
THF

THF

THF
Methanol
Acetone
Acetonitrile

THF

Digestion
Temperature

[°C]

40
40
40
20
40
20
40
10
10
10
10
30
40
40
40
10
40
10
10
10
30
40
40
30
30
30
10
10
10
10

Organic
solvent
concentration
[7o]
90
90
60
70
70
90
90
60
60
60
60
60
60
60
60
80
80
90
90
90
90
90
90
80
80
80
60
60
60
60

Time

Mature-part

signature

[min] peptide

60
60
60
60
60
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
60
60

Whn W D WD

[cps]

5.24E+04
5.33E+04
1.88E+05
1.04E+05
8.74E+04
1.16E+05
1.38E+05
1.31E+05
6.74E+04
9.89E+04
9.09E+04
5.98E+04
6.83E+04
8.85E+04
7.18E+04
1.26E+05
7.68E+04
1.27E+05
8.73E+04
9.19E+04
9.98E+04
4.69E+04
4.31E+04
1.47E+05
1.83E+05
1.55E+05
2.35E+04
7.01E+03
1.13E+04
5.35E+03

Pro-part
signature
peptide
[cps]
7.63E+03
1.58E+04
1.37E+04
1.79E+04
9.49E+03
4.39E+04
4.88E+04
3.95E+04
1.66E+04
1.99E+04
39E+04
4.45E+03
7.35E+03
7.11E+03
1.68E+04
3.59E+04
3.73E+04
1.56E+04
4.55E+04
3.37E+04
2.52E+04
7.39E+03
1.01E+04
2.97E+04
1.67E+04
3.21E+04
4.14E+03
2.19E+03
2.75E+03
2.06E+03
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Exp

Name

Ng&4
N85
N86
N87
N88
N89
N90
NIl
N92
N93
N94
N95
N96
N97
N98
N99
N100
N101
N102
N103
N104
N105
N106
N107
N108
N109
N110
NI111
N112
N113

Run

Order

103
15

40
80
57

95
28
90
31
97
46
48
60
84
54
69

29
72
&9
47
49
30
33
87
37
106
27

Organic

Solvent

Acetonitrile
Methanol
Acetone
Acetonitrile
THF
Methanol
Acetone
THF
Acetone
Methanol
Acetonitrile
Acetonitrile
Methanol
Acetone
Acetonitrile
THF
Methanol
Acetone
Acetonitrile
THF
Acetone
Methanol
Acetonitrile
THF

THF
Acetonitrile
Methanol
Acetone
Acetonitrile

THF

Digestion
Temperature

[°C]

30
40
40
10
40
10
10
10
30
40
40
40
20
40
20
40
10
10
10
10
30
40
40
40
10
40
10
10
10
30

Organic
solvent
concentration
[7o]
60
60
60
80
80
90
90
90
90
90
90
60
70
70
90
90
60
60
60
60
60
60
60
60
80
80
90
90
90
90

Time

Mature-part

signature

[min] peptide

LN L W I W i i W i D D

D DD D D
oS O o O O

120
120
120
120
120
120
120
120
120
120
120
120
120
120

[cps]

7.12E+04
1.29E+05
7.29E+04
1.46E+04
1.00E+05
1.25E+04
1.23E+04
1.13E+04
5.36E+04
6.16E+04
6.67E+04
1.89E+05
7.92E+04
9.77TE+04
1.17E+05
1.28E+05
1.15E+05
7.18E+04
1.08E+05
8.74E+04
6.24E+04
6.36E+04
7.91E+04
5.57TE+04
1.19E+05
7.37E+04
1.14E+05
9.51E+04
9.08E+04
6.18E+04

Pro-part
signature
peptide
[cps]
1.01E+04
2.46E+04
1.37E+04
5.07E+03
2.26E+04
1.78E+03
6.87E+03
5.95E+03
2.00E+04
7.61E+03
1.96E+04
1.37E+04
1.75E+04
9.11E+03
3.75E+04
3.91E+04
3.05E+04
1.53E+04
1.84E+04
1.82E+04
4.66E+03
7.85E+03
6.89E+03
1.27E+04
2.60E+04
3.39E+04
1.42E+04
4.00E+04
3.51E+04
2.34E+04
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Exp Run

Name Order

N114 73 Methanol 40 90 120  4.00E+04 7.47TE+03
N115 2 Acetone 40 90 120 6.29E+04 1.13E+04
N116 108 THF 30 80 60 1.54E+05 4.22E+04
N117 114 THF 30 80 60 1.43E+05 3.21E+04
N118 93 THF 30 80 60 1.44E+05 2.02E+04
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Appendix Table 4 Injection solvent optimization for Eppendorf® plates
Worksheet of the D-optimal modeled experimental design and the results of the performed

experiments (Injection solvent analysis for Eppendorf® protein low binding plate; exp:

experiment; DMSO: dimethylsulfoxid; cps: counts per minute)

Mature-part Pro-part
Exp Run Water DMSO  Methanol Formic Acid signature signature
Name Order [fraction| [fraction] [fraction]| [fraction] peptide peptide

[eps] [eps]
N1 80 0.980 0.010 0.000 0.010 1.45E+04  2.05E+03
N2 41 0.100 0.400 0.400 0.100 5.22E+03  1.09E+03
N3 27 0.590 0.400 0.000 0.010 1.74E+04  3.06E+03
N4 45 0.580 0.010 0.400 0.010 2.49E+04  4.57E+03
N5 23 0.190 0.400 0.400 0.010 5.43E+03  1.05E+03
N6 30 0.890 0.010 0.000 0.100 1.55E+04  3.38E+03
N7 35 0.500 0.400 0.000 0.100 1.27E+04  2.77E+03
N8 70 0.490 0.010 0.400 0.100 1.76E+04  2.94E+03
N9 39 0.920 0.010 0.000 0.070 1.54E+03  3.80E+02
N10 21 0.560 0.400 0.000 0.040 1.40E+04  3.21E+03
NI11 79 0.850 0.140 0.000 0.010 1.52E+04  2.57E+03
N12 24 0.760 0.140 0.000 0.100 1.40E+04  2.50E+03
N13 75 0.550 0.010 0.400 0.040 1.16E+04  2.09E+03
N14 5 0.847 0.010 0.133 0.010 2.39E+04  4.14E+03
NI15 40 0.623 0.010 0.267 0.100 1.44E+04  3.04E+03
N16 20 0.130 0.400 0.400 0.070 4.70E+03  8.06E+02
N17 59 0.323 0.400 0.267 0.010 1.29E+04  1.63E+03
N18 71 0.367 0.400 0.133 0.100 1.37E+04  1.37E+03
N19 1 0.320 0.270 0.400 0.010 1.03E+04  1.59E+03
N20 72 0.230 0.270 0.400 0.100 8.08E+03  1.47E+03
N21 89 0.540 0.205 0.200 0.055 1.40E+04  2.37E+03
N22 93 0.540 0.205 0.200 0.055 1.33E+04  2.72E+03
N23 56 0.540 0.205 0.200 0.055 1.48E+04  2.63E+03
N24 62 0.540 0.205 0.200 0.055 1.41E+04  2.84E+03
N25 77 0.980 0.010 0.000 0.010 2.22E+04  4.34E+03
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Exp

Name

N26
N27
N28
N29
N30
N31
N32
N33
N34
N35
N36
N37
N38
N39
N40
N41
N42
N43
N44
N45
N46
N47
N48
N49
N50
N5l
N52
N353
N54
N55

Run

Order

17

33
12
31

26
94
78
42
14
28
54
95
53
61
90
11
50
52
16
67
32
51
13
73
96
25
88
19

Water

[fraction]

0.100
0.590
0.580
0.190
0.890
0.500
0.490
0.920
0.560
0.850
0.760
0.550
0.847
0.623
0.130
0.323
0.367
0.320
0.230
0.540
0.540
0.540
0.540
0.980
0.100
0.590
0.580
0.190
0.890
0.500

DMSO

[fraction]

0.400
0.400
0.010
0.400
0.010
0.400
0.010
0.010
0.400
0.140
0.140
0.010
0.010
0.010
0.400
0.400
0.400
0.270
0.270
0.205
0.205
0.205
0.205
0.010
0.400
0.400
0.010
0.400
0.010
0.400

Methanol Formic Acid

[fraction] [fraction]

0.400
0.000
0.400
0.400
0.000
0.000
0.400
0.000
0.000
0.000
0.000
0.400
0.133
0.267
0.400
0.267
0.133
0.400
0.400
0.200
0.200
0.200
0.200
0.000
0.400
0.000
0.400
0.400
0.000
0.000

0.100
0.010
0.010
0.010
0.100
0.100
0.100
0.070
0.040
0.010
0.100
0.040
0.010
0.100
0.070
0.010
0.100
0.010
0.100
0.055
0.055
0.055
0.055
0.010
0.100
0.010
0.010
0.010
0.100
0.100

Mature-part Pro-part

signature
peptide
[cps]
4.87E+03
1.90E+04
2.29E+04
5.39E+03
1.59E+04
1.27E+04
1.30E+04
1.27E+04
1.33E+04
2.36E+04
1.47E+04
1.38E+04
2.50E+04
1.33E+04
4.52E+03
1.42E+04
1.39E+04
6.98E+03
7.16E+03
1.46E+04
1.32E+04
1.43E+04
1.44E+04
5.54E+03
5.19E+03
2.06E+04
1.89E+04
5.35E+03
1.31E+04
1.13E+04

signature
peptide
[cps]
1.00E+03
3.82E+03
4.55E+03
1.02E+03
3.12E+03
2.43E+03
2.57E+03
1.99E+03
2.61E+03
3.98E+03
3.08E+03
2.75E+03
4.68E+03
2.81E+03
8.23E+02
1.67E+03
1.74E+03
1.15E+03
1.27E+03
3.16E+03
2.80E+03
3.05E+03
3.38E+03
2.83E+03
9.64E+02
3.57E+03
3.27E+03
1.10E+03
2.80E+03
2.48E+03
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Exp

Name

N56
N57
N58
N59
N60
N6l
N62
N63
N64
N65
N66
N67
N68
N69
N70
N71
N72
N73
N74
N75
N76
N77
N78
N79
N8O
N8I
N&2
N8&3
N&4
N85

Run

Order

15
82
68
60
63
64

36
43
69
46

76
87
84
29
34
44
58
65

48
66
86
37
81
18
22
10

Water

[fraction]

0.490
0.920
0.560
0.850
0.760
0.550
0.847
0.623
0.130
0.323
0.367
0.320
0.230
0.540
0.540
0.540
0.540
0.980
0.100
0.590
0.580
0.190
0.890
0.500
0.490
0.920
0.560
0.850
0.760
0.550

DMSO

[fraction]

0.010
0.010
0.400
0.140
0.140
0.010
0.010
0.010
0.400
0.400
0.400
0.270
0.270
0.205
0.205
0.205
0.205
0.010
0.400
0.400
0.010
0.400
0.010
0.400
0.010
0.010
0.400
0.140
0.140
0.010

Methanol Formic Acid

[fraction] [fraction]

0.400
0.000
0.000
0.000
0.000
0.400
0.133
0.267
0.400
0.267
0.133
0.400
0.400
0.200
0.200
0.200
0.200
0.000
0.400
0.000
0.400
0.400
0.000
0.000
0.400
0.000
0.000
0.000
0.000
0.400

0.100
0.070
0.040
0.010
0.100
0.040
0.010
0.100
0.070
0.010
0.100
0.010
0.100
0.055
0.055
0.055
0.055
0.010
0.100
0.010
0.010
0.010
0.100
0.100
0.100
0.070
0.040
0.010
0.100
0.040

Mature-part Pro-part

signature
peptide
[cps]
1.21E+04
1.51E+04
1.45E+04
2.29E+04
1.51E+04
1.47E+04
2.08E+04
1.43E+04
4.33E+03
1.43E+04
1.38E+04
6.91E+03
5.83E+03
1.24E+04
1.23E+04
1.43E+04
1.49E+04
2.11E+04
4.01E+03
2.17E+04
1.96E+04
5.10E+03
1.43E+04
1.24E+04
1.57E+04
1.42E+04
1.46E+04
1.97E+04
1.41E+04
1.49E+04

signature
peptide
[cps]
1.75E+03
2.81E+03
2.77E+03
3.80E+03
2.85E+03
2.52E+03
3.50E+03
3.22E+03
8.47E+02
2.03E+03
1.79E+03
1.08E+03
1.10E+03
2.75E+03
2.49E+03
3.22E+03
3.03E+03
5.90E+03
9.25E+02
3.85E+03
3.55E+03
1.10E+03
3.42E+03
2.77E+03
3.13E+03
3.02E+03
2.58E+03
3.80E+03
2.96E+03
3.08E+03
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Exp

Name

N86
N87
N88
N8&9
N90
NIl
N92
N93
N94
N95
N96

Run

Order

55 0.847 0.010 0.133 0.010 1.92E+04  3.92E+03
38 0.623 0.010 0.267 0.100 1.54E+04  3.16E+03
57 0.130 0.400 0.400 0.070 5.04E+03  9.03E+01
85 0.323 0.400 0.267 0.010 1.38E+04  1.89E+03
47 0.367 0.400 0.133 0.100 1.44E+04  1.94E+03
92 0.320 0.270 0.400 0.010 7.19E+03 1.22E+03
74 0.230 0.270 0.400 0.100 8.00E+03 1.31E+03
91 0.540 0.205 0.200 0.055 1.38E+04  2.45E+03
8 0.540 0.205 0.200 0.055 1.34E+04  3.12E+03
83 0.540 0.205 0.200 0.055 1.47E+04  2.68E+03
49 0.540 0.205 0.200 0.055 1.36E+04  3.16E+03

156



9. Appendix

Appendix Table S Injection solvent optimization for Waters® plates

Worksheet of the D-optimal modeled experimental design and the results of the performed
experiments (Injection solvent analysis for waters® plate; exp: experiment DMSO:

dimethylsulfoxid; cps: counts per minute)

Mature-part Pro-part
Exp Run Water DMSO  Methanol Formic Acid signature signature
Name Order [fraction]| [fraction] [fraction]| [fraction] peptide peptide

[eps] [eps]
N1 80 0.980 0.010 0.000 0.010 6.37E+01  4.10E+02
N2 41 0.100 0.400 0.400 0.100 5.16E+03  1.23E+03
N3 27 0.590 0.400 0.000 0.010 1.43E+04  3.07E+03
N4 45 0.580 0.010 0.400 0.010 1.49E+04  3.82E+03
N5 23 0.190 0.400 0.400 0.010 5.63E+03  1.13E+03
N6 30 0.890 0.010 0.000 0.100 2.27E+03  2.99E+03
N7 35 0.500 0.400 0.000 0.100 1.34E+04  3.26E+03
N8 70 0.490 0.010 0.400 0.100 1.64E+04  4.01E+03
N9 39 0.920 0.010 0.000 0.070 1.30E+04  3.21E+03
N10 21 0.560 0.400 0.000 0.040 1.47E+04  3.27E+03
NI11 79 0.850 0.140 0.000 0.010 3.58E+03  2.45E+03
N12 24 0.760 0.140 0.000 0.100 1.34E+04  2.94E+03
N13 75 0.550 0.010 0.400 0.040 1.78E+04  3.33E+03
N14 5 0.847 0.010 0.133 0.010 4.00E+03  2.70E+03
NI15 40 0.623 0.010 0.267 0.100 1.70E+04  3.58E+03
N16 20 0.130 0.400 0.400 0.070 4.84E+03  1.08E+03
N17 59 0.323 0.400 0.267 0.010 9.08E+03  1.45E+03
N18 71 0.367 0.400 0.133 0.100 1.42E+04  3.07E+03
N19 1 0.320 0.270 0.400 0.010 6.61E+03  1.25E+03
N20 72 0.230 0.270 0.400 0.100 1.01E+04  1.66E+03
N21 89 0.540 0.205 0.200 0.055 1.48E+04  3.58E+03
N22 93 0.540 0.205 0.200 0.055 1.48E+04  3.31E+03
N23 56 0.540 0.205 0.200 0.055 1.56E+04  3.71E+03
N24 62 0.540 0.205 0.200 0.055 1.52E+04  3.31E+03
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Exp

Name

N25
N26
N27
N28
N29
N30
N31
N32
N33
N34
N35
N36
N37
N38
N39
N40
N41
N42
N43
N44
N45
N46
N47
N48
N49
N50
N51
N52
N53
N54

Run

Order

77
17

33
12
31

26
94
78
42
14
28
54
95
53
61
90
11
50
52
16
67
32
51
13
73
96
25
88

Water

[fraction]

0.980
0.100
0.590
0.580
0.190
0.890
0.500
0.490
0.920
0.560
0.850
0.760
0.550
0.847
0.623
0.130
0.323
0.367
0.320
0.230
0.540
0.540
0.540
0.540
0.980
0.100
0.590
0.580
0.190
0.890

DMSO

[fraction]

0.010
0.400
0.400
0.010
0.400
0.010
0.400
0.010
0.010
0.400
0.140
0.140
0.010
0.010
0.010
0.400
0.400
0.400
0.270
0.270
0.205
0.205
0.205
0.205
0.010
0.400
0.400
0.010
0.400
0.010

Methanol Formic Acid

[fraction] [fraction]

0.000
0.400
0.000
0.400
0.400
0.000
0.000
0.400
0.000
0.000
0.000
0.000
0.400
0.133
0.267
0.400
0.267
0.133
0.400
0.400
0.200
0.200
0.200
0.200
0.000
0.400
0.000
0.400
0.400
0.000

0.010
0.100
0.010
0.010
0.010
0.100
0.100
0.100
0.070
0.040
0.010
0.100
0.040
0.010
0.100
0.070
0.010
0.100
0.010
0.100
0.055
0.055
0.055
0.055
0.010
0.100
0.010
0.010
0.010
0.100

Mature-part Pro-part

signature
peptide
[cps]
8.14E+01
4.52E+03
1.27E+04
1.58E+04
5.58E+03
3.33E+03
1.43E+04
1.78E+04
1.01E+04
1.24E+04
4.48E+03
1.45E+04
1.71E+04
5.23E+03
1.49E+04
5.24E+03
8.24E+03
1.46E+04
7.01E+03
8.98E+03
1.33E+04
1.40E+04
1.56E+04
1.52E+04
2.60E+01
4.34E+03
1.31E+04
1.63E+04
5.35E+03
3.77E+03

signature
peptide
[cps]
4.32E+02
1.03E+03
3.92E+03
3.50E+03
1.09E+03
3.41E+03
3.42E+03
3.44E+03
3.03E+03
3.49E+03
3.28E+03
3.39E+03
3.81E+03
3.14E+03
3.40E+03
1.25E+03
1.23E+03
3.11E+03
1.69E+03
1.54E+03
3.85E+03
3.04E+03
3.55E+03
3.15E+03
1.36E+02
1.02E+03
2.91E+03
3.61E+03
1.13E+03
2.70E+03
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Exp

Name

N55
N56
N57
N58
N59
N60
N6l
N62
N63
No64
N65
N66
N67
N68
N69
N70
N71
N72
N73
N74
N75
N76
N77
N78
N79
N8O
N8I
N&2
N8&3
Ng&4

Run

Order

19

15
82
68
60
63
64

36
43
69
46

76
87
84
29
34
44
58
65

48
66
86
37
81
18
22

Water

[fraction]

0.500
0.490
0.920
0.560
0.850
0.760
0.550
0.847
0.623
0.130
0.323
0.367
0.320
0.230
0.540
0.540
0.540
0.540
0.980
0.100
0.590
0.580
0.190
0.890
0.500
0.490
0.920
0.560
0.850
0.760

DMSO

[fraction]

0.400
0.010
0.010
0.400
0.140
0.140
0.010
0.010
0.010
0.400
0.400
0.400
0.270
0.270
0.205
0.205
0.205
0.205
0.010
0.400
0.400
0.010
0.400
0.010
0.400
0.010
0.010
0.400
0.140
0.140

Methanol Formic Acid

[fraction] [fraction]

0.000
0.400
0.000
0.000
0.000
0.000
0.400
0.133
0.267
0.400
0.267
0.133
0.400
0.400
0.200
0.200
0.200
0.200
0.000
0.400
0.000
0.400
0.400
0.000
0.000
0.400
0.000
0.000
0.000
0.000

0.100
0.100
0.070
0.040
0.010
0.100
0.040
0.010
0.100
0.070
0.010
0.100
0.010
0.100
0.055
0.055
0.055
0.055
0.010
0.100
0.010
0.010
0.010
0.100
0.100
0.100
0.070
0.040
0.010
0.100

Mature-part Pro-part

signature
peptide
[cps]
1.28E+04
1.43E+04
1.70E+04
1.26E+04
6.76E+03
1.27E+04
1.60E+04
5.60E+03
1.43E+04
4.63E+03
7.73E+03
1.21E+04
8.82E+03
5.88E+03
1.47E+04
1.28E+04
1.41E+04
1.45E+04
1.94E+02
5.61E+03
1.23E+04
1.66E+04
4.98E+03
2.31E+03
1.20E+04
1.51E+04
1.17E+04
1.35E+04
1.68E+03
1.32E+04

signature
peptide
[cps]
3.11E+03
3.82E+03
3.93E+03
3.19E+03
2.82E+03
2.72E+03
3.16E+03
2.94E+03
3.35E+03
1.21E+03
1.23E+03
3.37E+03
1.57E+03
1.52E+03
3.60E+03
3.77E+03
3.30E+03
3.17E+03
5.08E+02
1.21E+03
2.99E+03
3.45E+03
1.14E+03
3.12E+03
3.19E+03
3.42E+03
3.54E+03
2.62E+03
2.07E+03
3.26E+03
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Exp

Name

N85
N86
N87
N88
N89
N90
NIl
N92
N93
N94
N95
N96

Run

Order

10 0.550 0.010 0.400 0.040 1.46E+04  3.81E+03
55 0.847 0.010 0.133 0.010 5.66E+03  3.15E+03
38 0.623 0.010 0.267 0.100 1.44E+04  3.63E+03
57 0.130 0.400 0.400 0.070 5.51E+03  9.60E+02
85 0.323 0.400 0.267 0.010 9.90E+03 1.46E+03
47 0.367 0.400 0.133 0.100 1.46E+04  2.94E+03
92 0.320 0.270 0.400 0.010 1.01E+04  1.61E+03
74 0.230 0.270 0.400 0.100 9.13E+03 1.81E+03
91 0.540 0.205 0.200 0.055 1.41E+04  3.20E+03
8 0.540 0.205 0.200 0.055 1.41E+04  3.14E+03
83 0.540 0.205 0.200 0.055 1.54E+04  3.48E+03
49 0.540 0.205 0.200 0.055 1.53E+04  3.66E+03
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Appendix Table 6 Injection solvent optimization for Waters QuanRecovery® plates

Worksheet of the D-optimal modeled experimental design and the results of the performed
experiments (Injection solvent analysis for Waters QuanRecovery® plate; exp: experiment

DMSO: dimethylsulfoxid; cps: counts per minute)

Mature-part Pro-part
Exp Run Water DMSO  Methanol Formic Acid signature signature
Name Order [fraction| [fraction] [fraction]| [fraction] peptide peptide

[eps] [eps]
N1 80 0.980 0.010 0.000 0.010 1.65E+04  3.32E+03
N2 41 0.100 0.400 0.400 0.100 6.75E+03  1.33E+03
N3 27 0.590 0.400 0.000 0.010 1.72E+04  3.58E+03
N4 45 0.580 0.010 0.400 0.010 1.72E+04  3.67E+03
N5 23 0.190 0.400 0.400 0.010 7.79E+03  1.55E+03
N6 30 0.890 0.010 0.000 0.100 1.72E+04  3.63E+03
N7 35 0.500 0.400 0.000 0.100 1.68E+04  3.04E+03
N8 70 0.490 0.010 0.400 0.100 1.83E+04  3.20E+03
N9 39 0.920 0.010 0.000 0.070 1.86E+04  3.92E+03
N10 21 0.560 0.400 0.000 0.040 1.85E+04  4.15E+03
NI11 79 0.850 0.140 0.000 0.010 1.73E+04  3.75E+03
N12 24 0.760 0.140 0.000 0.100 1.88E+04  4.50E+03
N13 75 0.550 0.010 0.400 0.040 1.74E+04  2.97E+03
N14 5 0.847 0.010 0.133 0.010 1.60E+04  3.65E+03
NI15 40 0.623 0.010 0.267 0.100 1.80E+04  3.73E+03
N16 20 0.130 0.400 0.400 0.070 6.38E+03  1.21E+03
N17 59 0.323 0.400 0.267 0.010 1.25E+04  1.88E+03
N18 71 0.367 0.400 0.133 0.100 1.58E+04  3.18E+03
N19 1 0.320 0.270 0.400 0.010 1.18E+04  2.13E+03
N20 72 0.230 0.270 0.400 0.100 1.20E+04  1.57E+03
N21 89 0.540 0.205 0.200 0.055 1.67E+04  3.05E+03
N22 93 0.540 0.205 0.200 0.055 1.89E+04  3.50E+03
N23 56 0.540 0.205 0.200 0.055 1.98E+04  4.17E+03
N24 62 0.540 0.205 0.200 0.055 1.86E+04  3.85E+03
N25 77 0.980 0.010 0.000 0.010 1.68E+04  3.21E+03
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Exp

Name

N26
N27
N28
N29
N30
N31
N32
N33
N34
N35
N36
N37
N38
N39
N40
N41
N42
N43
N44
N45
N46
N47
N48
N49
N50
N5l
N52
N353
N54
N55

Run

Order

17

33
12
31

26
94
78
42
14
28
54
95
53
61
90
11
50
52
16
67
32
51
13
73
96
25
88
19

Water

[fraction]

0.100
0.590
0.580
0.190
0.890
0.500
0.490
0.920
0.560
0.850
0.760
0.550
0.847
0.623
0.130
0.323
0.367
0.320
0.230
0.540
0.540
0.540
0.540
0.980
0.100
0.590
0.580
0.190
0.890
0.500

DMSO

[fraction]

0.400
0.400
0.010
0.400
0.010
0.400
0.010
0.010
0.400
0.140
0.140
0.010
0.010
0.010
0.400
0.400
0.400
0.270
0.270
0.205
0.205
0.205
0.205
0.010
0.400
0.400
0.010
0.400
0.010
0.400

Methanol Formic Acid

[fraction] [fraction]

0.400
0.000
0.400
0.400
0.000
0.000
0.400
0.000
0.000
0.000
0.000
0.400
0.133
0.267
0.400
0.267
0.133
0.400
0.400
0.200
0.200
0.200
0.200
0.000
0.400
0.000
0.400
0.400
0.000
0.000

0.100
0.010
0.010
0.010
0.100
0.100
0.100
0.070
0.040
0.010
0.100
0.040
0.010
0.100
0.070
0.010
0.100
0.010
0.100
0.055
0.055
0.055
0.055
0.010
0.100
0.010
0.010
0.010
0.100
0.100

Mature-part Pro-part

signature
peptide
[cps]
5.85E+03
1.74E+04
1.87E+04
7.15E+03
1.80E+04
1.80E+04
1.71E+04
1.73E+04
1.90E+04
1.75E+04
1.54E+04
1.75E+04
1.76E+04
1.77E+04
6.24E+03
1.35E+04
1.49E+04
1.06E+04
8.73E+03
1.91E+04
1.92E+04
1.75E+04
1.93E+04
1.65E+04
5.33E+03
1.49E+04
1.91E+04
7.30E+03
1.52E+04
1.74E+04

signature
peptide
[cps]
1.16E+03
3.89E+03
3.48E+03
1.16E+03
3.93E+03
3.97E+03
3.61E+03
3.10E+03
4.25E+03
3.77E+03
3.48E+03
3.80E+03
3.51E+03
3.01E+03
9.08E+02
1.74E+03
1.48E+03
1.85E+03
1.23E+03
3.73E+03
2.03E+03
3.57E+03
3.78E+03
3.45E+03
9.25E+02
2.66E+03
3.80E+03
1.33E+03
2.64E+03
3.70E+03
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Exp

Name

N56
N57
N58
N59
N60
N6l
N62
N63
N64
N65
N66
N67
N68
N69
N70
N71
N72
N73
N74
N75
N76
N77
N78
N79
N8O
N8I
N&2
N8&3
N&4
N85

Run

Order

15
82
68
60
63
64

36
43
69
46

76
87
84
29
34
44
58
65

48
66
86
37
81
18
22
10

Water

[fraction]

0.490
0.920
0.560
0.850
0.760
0.550
0.847
0.623
0.130
0.323
0.367
0.320
0.230
0.540
0.540
0.540
0.540
0.980
0.100
0.590
0.580
0.190
0.890
0.500
0.490
0.920
0.560
0.850
0.760
0.550

DMSO

[fraction]

0.010
0.010
0.400
0.140
0.140
0.010
0.010
0.010
0.400
0.400
0.400
0.270
0.270
0.205
0.205
0.205
0.205
0.010
0.400
0.400
0.010
0.400
0.010
0.400
0.010
0.010
0.400
0.140
0.140
0.010

Methanol Formic Acid

[fraction] [fraction]

0.400
0.000
0.000
0.000
0.000
0.400
0.133
0.267
0.400
0.267
0.133
0.400
0.400
0.200
0.200
0.200
0.200
0.000
0.400
0.000
0.400
0.400
0.000
0.000
0.400
0.000
0.000
0.000
0.000
0.400

0.100
0.070
0.040
0.010
0.100
0.040
0.010
0.100
0.070
0.010
0.100
0.010
0.100
0.055
0.055
0.055
0.055
0.010
0.100
0.010
0.010
0.010
0.100
0.100
0.100
0.070
0.040
0.010
0.100
0.040

Mature-part Pro-part

signature
peptide
[cps]
1.57E+04
1.71E+04
1.87E+04
1.79E+04
1.66E+04
1.84E+04
1.73E+04
1.81E+04
6.83E+03
1.12E+04
1.70E+04
1.06E+04
7.45E+03
1.83E+04
1.55E+04
1.54E+04
1.88E+04
1.84E+04
5.83E+03
1.59E+04
1.98E+04
6.99E+03
1.54E+04
1.59E+04
1.88E+04
1.67E+04
1.80E+04
1.77E+04
1.77E+04
1.80E+04

signature
peptide
[cps]
3.47E+03
3.38E+03
3.77E+03
3.36E+03
3.65E+03
3.55E+03
3.65E+03
4.11E+03
1.29E+03
1.48E+03
1.97E+03
1.60E+03
1.46E+03
3.85E+03
2.71E+03
3.57E+03
1.77E+03
3.23E+03
9.72E+02
3.03E+03
3.75E+03
1.31E+03
2.89E+03
3.62E+03
3.37E+03
3.22E+03
3.61E+03
3.62E+03
4.13E+03
4.07E+03
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Exp

Name

N86
N87
N88
N8&9
N90
NIl
N92
N93
N94
N95
N96

Run

Order

55 0.847 0.010 0.133 0.010 1.83E+04  3.69E+03
38 0.623 0.010 0.267 0.100 1.81E+04  3.45E+03
57 0.130 0.400 0.400 0.070 6.57E+03  9.70E+02
85 0.323 0.400 0.267 0.010 1.33E+04  1.56E+03
47 0.367 0.400 0.133 0.100 1.69E+04  1.54E+03
92 0.320 0.270 0.400 0.010 1.33E+04  1.86E+03
74 0.230 0.270 0.400 0.100 1.30E+04  1.84E+03
91 0.540 0.205 0.200 0.055 1.82E+04  3.70E+03
8 0.540 0.205 0.200 0.055 1.71E+04  1.81E+03
83 0.540 0.205 0.200 0.055 1.81E+04  3.29E+03
49 0.540 0.205 0.200 0.055 1.84E+04  3.35E+03
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Appendix Table 7 Injection solvent optimization for Brand® plates

Worksheet of the D-optimal modeled experimental design and the results of the performed
experiments (Injection solvent analysis for Brand® plate; exp: experiment DMSO:

dimethylsulfoxid; cps: counts per minute)

: Mature-part Pro-part
Exp Run | Water DMSO  Methanol F01jm1c signature signature
Name Order [fraction] [fraction] [fraction] Acid peptide peptide
[fraction]
[eps] [eps]

N1 80 0.980 0.010 0.000 0.010 5.20E+04 8.97E+03
N2 41 0.100 0.400 0.400 0.100 2.88E+04 4.13E+03
N3 27 0.590 0.400 0.000 0.010 5.08E+04 8.96E+03
N4 45 0.580 0.010 0.400 0.010 5.83E+04 9.78E+03
N5 23 0.190 0.400 0.400 0.010 2.66E+04 2.98E+03
N6 30 0.890 0.010 0.000 0.100 5.10E+04 7.82E+03
N7 35 0.500 0.400 0.000 0.100 5.05E+04 8.68E+03
N8 70 0.490 0.010 0.400 0.100 7.30E+04 1.15E+04
N9 39 0.920 0.010 0.000 0.070 5.57E+04 9.43E+03
N10 21 0.560 0.400 0.000 0.040 5.43E+04 9.33E+03
N1l 79 0.850 0.140 0.000 0.010 5.19E+04 8.51E+03
Ni12 24 0.760 0.140 0.000 0.100 5.31E+04 9.73E+03
N13 75 0.550 0.010 0.400 0.040 5.83E+04 9.58E+03
Ni14 5 0.847 0.010 0.133 0.010 5.41E+04 9.88E+03
N15 40 0.623 0.010 0.267 0.100 6.02E+04 1.08E+04
N16 20 0.130 0.400 0.400 0.070 2.67E+04 3.59E+03
N17 59 0.323 0.400 0.267 0.010 5.87E+04 5.87E+03
N18 71 0.367 0.400 0.133 0.100 5.32E+04 8.39E+03
N19 1 0.320 0.270 0.400 0.010 1.07E+04 1.45E+03
N20 72 0.230 0.270 0.400 0.100 6.59E+04 6.01E+03
N21 89 0.540 0.205 0.200 0.055 5.81E+04 9.99E+03
N22 93 0.540 0.205 0.200 0.055 5.28E+04 9.52E+03
N23 56 0.540 0.205 0.200 0.055 5.47E+04 9.47E+03
N24 62 0.540 0.205 0.200 0.055 5.35E+04 9.09E+03
N25 77 0.980 0.010 0.000 0.010 4.91E+04 8.77E+03
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Exp

Name

N26
N27
N28
N29
N30
N31
N32
N33
N34
N35
N36
N37
N38
N39
N40
N41
N42
N43
N44
N45
N46
N47
N48
N49
N50
N51
N52
N353
N54
N55

Run

Order

17
9

33
12
31
3

26
94
78
42
14
28
54
95
53
61
90
11
50
52
16
67
32
51
13
73
96
25
88
19

Water

[fraction]

0.100
0.590
0.580
0.190
0.890
0.500
0.490
0.920
0.560
0.850
0.760
0.550
0.847
0.623
0.130
0.323
0.367
0.320
0.230
0.540
0.540
0.540
0.540
0.980
0.100
0.590
0.580
0.190
0.890
0.500

DMSO

[fraction]

0.400
0.400
0.010
0.400
0.010
0.400
0.010
0.010
0.400
0.140
0.140
0.010
0.010
0.010
0.400
0.400
0.400
0.270
0.270
0.205
0.205
0.205
0.205
0.010
0.400
0.400
0.010
0.400
0.010
0.400

Methanol

[fraction]

0.400
0.000
0.400
0.400
0.000
0.000
0.400
0.000
0.000
0.000
0.000
0.400
0.133
0.267
0.400
0.267
0.133
0.400
0.400
0.200
0.200
0.200
0.200
0.000
0.400
0.000
0.400
0.400
0.000
0.000

Formic
Acid

[fraction]

0.100
0.010
0.010
0.010
0.100
0.100
0.100
0.070
0.040
0.010
0.100
0.040
0.010
0.100
0.070
0.010
0.100
0.010
0.100
0.055
0.055
0.055
0.055
0.010
0.100
0.010
0.010
0.010
0.100
0.100

Mature-part
signature
peptide
[cps]
2.49E+04
5.36E+04
5.82E+04
2.56E+04
4.95E+04
5.08E+04
6.13E+04
5.72E+04
5.30E+04
5.06E+04
4.82E+04
5.74E+04
5.26E+04
6.09E+04
2.79E+04
4.96E+04
5.49E+04
4.04E+04
5.14E+04
5.67E+04
5.34E+04
5.72E+04
5.44E+04
5.18E+04
2.66E+04
5.38E+04
5.87E+04
2.76E+04
5.12E+04
4.95E+04

Pro-part
signature
peptide
[cps]
2.92E+03
9.17E+03
1.06E+04
3.09E+03
7.97E+03
1.01E+04
9.95E+03
9.78E+03
8.71E+03
8.24E+03
7.89E+03
1.02E+04
9.09E+03
9.68E+03
3.30E+03
5.05E+03
8.66E+03
5.05E+03
5.06E+03
1.06E+04
9.66E+03
8.77E+03
8.72E+03
8.98E+03
3.59E+03
8.96E+03
9.85E+03
3.60E+03
8.30E+03
8.26E+03
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Exp

Name

N56
N57
NS58
N59
N60
N6l
N62
N63
No64
N65
N66
N67
N68
N69

Run

Order

4 0.490 0.010 0.400 0.100 6.57E+04 1.18E+04
15 0.920 0.010 0.000 0.070 5.12E+04 8.95E+03
82 0.560 0.400 0.000 0.040 4.93E+04 8.49E+03
68 0.850 0.140 0.000 0.010 5.13E+04 8.06E+03
60 0.760 0.140 0.000 0.100 5.06E+04 9.16E+03
63 0.550 0.010 0.400 0.040 5.74E+04 1.02E+04
64 0.847 0.010 0.133 0.010 5.69E+04 8.85E+03
2 0.623 0.010 0.267 0.100 6.13E+04 1.01E+04
36 0.130 0.400 0.400 0.070 2.69E+04 3.37E+03
43 0.323 0.400 0.267 0.010 4.87E+04 4.74E+03
69 0.367 0.400 0.133 0.100 5.40E+04 4.08E+03
46 0.320 0.270 0.400 0.010 4.46E+04 4.80E+03
6 0.230 0.270 0.400 0.100 4.58E+04 5.46E+03
76 0.540 0.205 0.200 0.055 5.49E+04 9.49E+03
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Appendix Table 8 Injection solvent optimization for Greiner® plates

Worksheet of the D-optimal modeled experimental design and the results of the performed
experiments (Injection solvent analysis for Greiner® plate; DMSO: dimethylsulfoxid; cps:

counts per minute)

Mature-part  Pro-part
Exp Run |[Water DMSO Methanol Formic Acid signature signature
Name Order [fraction] [fraction] [fraction] [fraction] peptide peptide
[eps] [eps]

N1 80 0.980 0.010 0.000  0.010 5.28E+04 6.97E+03
N2 41 0.100  0.400 0.400  0.100 1.91E+04 2.07E+03
N3 27 0.590  0.400 0.000  0.010 5.65E+04 6.62E+03
N4 45 0.580 0.010 0.400  0.010 5.69E+04 7.26E+03
N5 23 0.190  0.400 0.400  0.010 2.29E+04 2.37E+03
N6 30 0.890  0.010 0.000  0.100 5.20E+04 7.31E+03
N7 35 0.500  0.400 0.000  0.100 5.55E+04 6.80E+03
N8 70 0.490 0.010 0.400  0.100 6.32E+04 8.93E+03
N9 39 0.920 0.010 0.000  0.070 5.75E+04 7.48E+03
N10 21 0.560  0.400 0.000  0.040 5.43E+04 7.43E+03
N1l 79 0.850  0.140 0.000  0.010 5.48E+04 6.45E+03
Ni12 24 0.760  0.140 0.000  0.100 5.86E+04 7.10E+03
N13 75 0.550  0.010 0.400  0.040 5.72E+04 8.07E+03
N14 5 0.847 0.010 0.133 0.010 5.57E+04 5.98E+03
N15 40 0.623  0.010 0.267 0.100 5.78E+04 7.44E+03
Ni6 20 0.130  0.400 0.400  0.070 2.27E+04 2.63E+03
N17 59 0.323  0.400 0.267 0.010 3.66E+04 2.87E+03
N18 71 0.367  0.400 0.133 0.100 5.33E+04 5.52E+03
N19 1 0.320 0.270 0.400  0.010 2.99E+04 3.10E+03
N20 72 0.230  0.270 0.400  0.100 3.33E+04 3.36E+03
N21 89 0.540  0.205 0.200  0.055 5.81E+04 7.83E+03
N22 93 0.540  0.205 0.200  0.055 5.43E+04 8.01E+03
N23 56 0.540  0.205 0.200  0.055 5.52E+04 7.82E+03
N24 62 0.540  0.205 0.200  0.055 5.42E+04 6.89E+03
N25 77 0.980 0.010 0.000  0.010 5.05E+04 6.48E+03
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Mature-part  Pro-part
Exp Run |Water DMSO Methanol Formic Acid signature signature

Name Order [fraction] [fraction] [fraction] [fraction] peptide peptide
[eps] [eps]

N26 17 0.100  0.400 0.400  0.100 2.00E+04 2.29E+03
N27 9 0.590  0.400 0.000  0.010 5.53E+04 7.15E+03
N28 33 0.580 0.010 0.400  0.010 5.61E+04 6.89E+03
N29 12 0.190  0.400 0.400  0.010 2.28E+04 2.30E+03
N30 31 0.890  0.010 0.000  0.100 5.60E+04 7.64E+03
N31 3 0.500  0.400 0.000  0.100 5.38E+04 7.25E+03
N32 26 0.490 0.010 0.400  0.100 5.88E+04 7.58E+03
N33 94 0.920 0.010 0.000  0.070 5.52E+04 7.90E+03
N34 78 0.560  0.400 0.000  0.040 5.74E+04 7.07E+03
N35 42 0.850  0.140 0.000  0.010 5.12E+04 6.22E+03
N36 14 0.760  0.140 0.000  0.100 5.21E+04 6.82E+03
N37 28 0.550  0.010 0.400  0.040 5.60E+04 7.44E+03
N38 54 0.847 0.010 0.133 0.010 5.54E+04 6.66E+03
N39 95 0.623  0.010 0.267 0.100 6.19E+04 8.07E+03
N40 53 0.130  0.400 0.400  0.070 2.22E+04 2.47E+03
N41 61 0.323  0.400 0.267 0.010 3.54E+04 2.96E+03
N42 90 0.367  0.400 0.133 0.100 5.65E+04 3.54E+03
N43 11 0.320 0.270 0.400  0.010 2.92E+04 2.73E+03
N44 50 0.230  0.270 0.400  0.100 2.79E+04 3.06E+03
N45 52 0.540  0.205 0.200  0.055 5.81E+04 7.80E+03
N46 16 0.540  0.205 0.200  0.055 0 0

N47 67 0.540  0.205 0.200  0.055 5.72E+04 7.96E+03
N48 32 0.540  0.205 0.200  0.055 5.57E+04 7.08E+03
N49 51 0.980 0.010 0.000  0.010 4.89E+04 7.58E+03
N50 13 0.100  0.400 0.400  0.100 2.08E+04 2.34E+03
N51 73 0.590  0.400 0.000  0.010 5.67TE+04 7.23E+03
N52 96 0.580 0.010 0.400  0.010 5.63E+04 7.83E+03
N53 25 0.190  0.400 0.400  0.010 2.32E+04 2.21E+03
N54 88 0.890  0.010 0.000  0.100 5.50E+04 7.46E+03
N55 19 0.500  0.400 0.000  0.100 5.61E+04 8.24E+03
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Exp

Name

N56
N57
NS58
N59
N60
N6l
N62
N63
No64
N65
N66
N67
N68
N69

Run

Order

4 0.490 0.010 0.400 0.100 5.42E+04 6.87E+03
15 0.920 0.010 0.000 0.070 5.54E+04 7.21E+03
82 0.560  0.400 0.000 0.040 5.23E+04 6.76E+03
68 0.850  0.140 0.000 0.010 5.25E+04 6.80E+03
60 0.760  0.140 0.000 0.100 5.39E+04 6.66E+03
63 0.550 0.010 0.400 0.040 5.81E+04 7.73E+03
64 0.847  0.010 0.133 0.010 5.44E+04 7.16E+03
2 0.623  0.010 0.267 0.100 5.26E+04 6.78E+03
36 0.130  0.400 0.400 0.070 2.22E+04 2.01E+03
43 0.323  0.400 0.267 0.010 3.24E+04 2.75E+03
69 0.367  0.400 0.133 0.100 5.61E+04 5.79E+03
46 0.320  0.270 0.400 0.010 3.02E+04 3.38E+03
6 0.230  0.270 0.400 0.100 2.62E+04 3.08E+03
76 0.540  0.205 0.200 0.055 5.75E+04 7.21E+03
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Appendix Table 9 Experimental design and results of gradient optimization

Worksheet of the D-optimal modeled experimental design and the results of the performed experiments (Chromatography gradient with Phenomenex

Kinetex XB-18; temp: temperature; °C: degrees Celsius; cps: counts per minute, min: minutes; H20: water; SP: signature peptide)

Exp

Name

N1
N2
N3
N4
N5
N6
N7
N8
N9
N10
NI11
N12
N13

Run

Order

24 70 50 0.1 0.1 1 2.88E+04 2.84 1.37 1.14E+04 2.7 0.9
43 50 90 0.1 0.1 1 4.12E+04 2.75 1.29 8.43E+03 2.66 1.08
72 50 50 0.1 3 1 6.25E+04 6.07 1.22 1.47E+04 5.85 1.03
2 70 90 0.1 3 1 5.95E+04 5.46 1.51 1.40E+04 5.31 0.97
7 70 50 3 3 1 6.63E+04 8.81 1.11 1.59E+04 8.53 1.21
44 50 90 3 3 1 8.27E+04 8.65 0.93 1.66E+04 8.51 1.08
54 50 50 0.1 0.1 6 5.62E+04 6.16 1.21 1.02E+04 4.76 1.39
34 50 90 3 0.1 6 9.08E+04 7.82 1.2 1.85E+04 6.83 0.86
39 70 50 0.1 3 6 6.70E+04 8.33 1.29 1.27E+04 6.45 0.97
22 50 90 0.1 3 6 8.45E+04 7.4 1.08 1.97E+04 6.57 0.98
86 50 50 3 3 6 8.61E+04 11.84 0.9 1.87E+04 10.26 1.07
84 70 90 3 3 6 7.50E+04 9.72 1.25 1.58E+04 8.87 0.98
12 50 50 3 0.1 2.66667 7.13E+04 7.53 0.99 1.72E+04 6.6 1.38
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Exp

Name

N14
N15
N16
N17
N18
N19
N20
N21

N22

N23

N24

N25
N26

Run
Order
61 50 50 3 2.03333 1 7.30E+04 8.12 0.96 1.82E+04 7.89 1.16
33 50 50 2.03333 0.1 1 7.24E+04 5.2 1.02 1.52E+04 4.98 1.5
77 70 50 1.06667 0.1 6 7.64E+04 6.45 0.95 1.33E+04 4.69 0.98
36 70 90 0.1 0.1 4.33333 2.80E+04 3.57 0.94 5.17E+03  3.08 1.1
40 70 90 3 1.06667 1 5.65E+04 5.68 1.5 1.34E+04 5.57 1.48
30 70 90 2.03333 0.1 1 5.93E+04 4.61 0.94 1.58E+04 4.5 0.98
81 70 63.3333 3 0.1 1 6.79E+04 5.77 0.9 1.60E+04 5.61 1.21
21 70 76.6667 3 0.1 6 6.48E+04 7.16 1.38 1.39E+04 6.17 0.94
63.333
80 ; 50 3 0.1 6 1.03E+04 8.72 1.12 1.66E+03 6.94 1.01
52 §3O333 90 0.1 0.1 6 6.33E+04 4.13 1.06 1.15E+04 3.28 1.48
8 36.666 90 3 0.1 1 6.06E+04 5.67 1.18 1.40E+04 5.55 1.14
20 60 50 1.55 1.55 3.5 6.66E+04 7.64 1.07 1.39E+04 6.5 1.09
16 60 70 1.55 3 3.5 6.97E+04 8.25 0.92 1.55E+04 7.54 1.23
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Exp

Name

N27
N28
N29
N30
N31
N32
N33
N34
N35
N36
N37
N38
N39
N40
N41
N42

Run

Order

13 60 70 1.55 1.55 6 6.55E+04 7.67 0.94 1.61E+04 6.5 1.15
31 60 70 1.55 1.55 3.5 6.79E+04 6.81 0.93 1.61E+04 6.12 0.9
89 60 70 1.55 1.55 3.5 7.90E+04 6.82 1.01 1.58E+04 6.13 1
46 60 70 1.55 1.55 3.5 6.98E+04 6.81 0.98 1.44E+04 6.11 1.38
35 70 50 0.1 0.1 1 3.14E+04 2.84 1.37 1.04E+04 2.7 0.9
59 50 90 0.1 0.1 1 0 0 0 0 0 0
29 50 50 0.1 3 1 6.66E+04 6.09 0.92 1.48E+04 5.85 1.1
23 70 90 0.1 3 1 5.66E+04 5.45 1.47 1.51E+04 5.31 0.94
9 70 50 3 3 1 6.78E+04 8.81 1.09 1.69E+04 8.52 1.06
85 50 90 3 3 1 7.60E+04 8.66 1.08 1.75E+04 8.54 1.35
18 50 50 0.1 0.1 6 7.43E+04 6.17 1.3 1.40E+04 4.74 1.07
78 50 90 3 0.1 6 8.03E+04 7.81 1.07 1.82E+04 6.81 1.11
19 70 50 0.1 3 6 6.24E+04 8.33 1.24 1.34E+04 6.44 0.73
14 50 90 0.1 3 6 7.83E+04 7.41 1.13 1.76E+04 6.56 0.89
76 50 50 3 3 6 4.59E+04 11.85 0.95 8.45E+03 10.28 1.22
3 70 90 3 3 6 6.95E+04 9.73 1.46 1.69E+04 8.87 1
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Exp

Name

N43
N44
N45
N46
N47
N48
N49
N50
N51

N52

N353

N54

NS55

Run

Order

49 50 50 3 0.1 2.66667 7.77E+04 7.54 1.02 1.77E+04  6.61 0.98
47 50 50 3 2.03333 1 7.29E+04 8.1 1.2 1.79E+04 7.88 1.04
15 50 50 2.03333 0.1 1 6.57E+04 5.2 1 1.42E+04 4.97 1.23
50 70 50 1.06667 0.1 6 6.73E+04 6.45 0.87 1.22E+04 4.7 1.04
45 70 90 0.1 0.1 4.33333 6.05E+04 3.54 1.05 1.25E+04 3 1.37
1 70 90 3 1.06667 1 5.03E+04 5.68 1.35 1.40E+04 5.57 1.44
79 70 90 2.03333 0.1 1 5.88E+04 4.61 0.96 1.45E+04 4.51 1.01
90 70 63.3333 3 0.1 1 6.82E+04 5.77 0.92 1.67E+04 5.61 1.25
66 70 76.6667 3 0.1 6 7.06E+04 7.17 0.88 1.51E+04 6.17 0.94
10 §3O333 50 3 0.1 6 6.58E+04 8.73 1.26 1.31E+04 6.93 0.99
53 §3O333 90 0.1 0.1 6 6.26E+04 4.12 1.02 1.10E+04 3.28 0.86
71 36.666 90 3 0.1 1 3.08E+04 5.67 1.32 6.74E+03 5.57 1.53
55 60 50 1.55 1.55 3.5 6.91E+04 7.63 1 1.55E+04 6.5 1.05
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Exp

Name

N56
N57
NS58
N59
N60
N6l
N62
N63
No64
N65
N66
N67
N68
N69
N70
N71

Run

Order

56 60 70 1.55 3 3.5 7.19E+04 8.25 0.98 1.62E+04 7.55 0.87
57 60 70 1.55 1.55 6 7.14E+04 7.67 0.98 1.51E+04 6.51 1.35
42 60 70 1.55 1.55 3.5 2.44E+04 6.82 1.04 4.10E+03 6.15 1.28
88 60 70 1.55 1.55 3.5 7.53E+04 6.81 0.9 1.49E+04 6.11 0.88
64 60 70 1.55 1.55 3.5 7.32E+04 6.82 1.02 1.53E+04 6.12 0.97
6 70 50 0.1 0.1 1 2.87E+04 2.84 1.42 1.30E+04 2.7 0.86
28 50 90 0.1 0.1 1 2.33E+04 2.77 0.99 5.18E+03  2.68 1.46
65 50 50 0.1 3 1 6.21E+04 6.09 0.94 1.31E+04 5.86 1.06
68 70 90 0.1 3 1 6.08E+04 5.46 0.9 1.53E+04 5.31 0.98
25 70 50 3 3 1 6.71E+04 8.81 1.1 1.53E+04 8.52 1.09
82 50 90 3 3 1 7.29E+04 8.65 1.4 1.84E+04 8.5 1.02
67 50 50 0.1 0.1 6 7.00E+04 6.14 1.05 1.40E+04 4.71 1.25
69 50 90 3 0.1 6 8.84E+04 7.83 1.33 1.81E+04 6.8 1.03
63 70 50 0.1 3 6 7.05E+04 8.33 1.26 1.25E+04 6.43 0.74
83 50 90 0.1 3 6 8.00E+04 7.41 1.13 1.90E+04 6.56 0.89
75 50 50 3 3 6 8.43E+04 11.87 1.2 1.77E+04 10.28 1.23
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Exp

Name

N72
N73
N74
N75
N76
N77
N78
N79
N8O
N81

N82

N8&3

Ng&4

Run
Order
70 70 90 3 3 6 7.69E+04 9.72 1.31 1.62E+04 8.86 0.95
62 50 50 3 0.1 2.66667 7.82E+04 7.54 1.03 1.77E+04  6.61 0.97
26 50 50 3 2.03333 1 7.17E+04 8.11 1.46 1.61E+04 7.89 1.14
5 50 50 2.03333 0.1 1 6.16E+04 5.2 0.99 1.53E+04 4.98 1.38
17 70 50 1.06667 0.1 6 1.67E+04 6.45 0.92 2.48E+03 4.67 1.4
51 70 90 0.1 0.1 4.33333 5.80E+04 3.55 1.15 1.40E+04 3.01 1.39
48 70 90 3 1.06667 1 5.63E+04 5.68 1.43 1.19E+04 5.57 1.53
11 70 90 2.03333 0.1 1 5.76E+04 4.61 0.98 1.45E+04 4.51 0.98
38 70 63.3333 3 0.1 1 6.05E+04 5.76 1.29 1.49E+04 5.59 1.02
58 70 76.6667 3 0.1 6 2.85E+04 7.17 0.91 5.26E+03 6.2 1.39
74 §3O333 50 3 0.1 6 8.01E+04 8.7 0.96 1.57E+04 6.92 1.42
63.333
41 ; 90 0.1 0.1 6 5.83E+04 4.12 0.97 1.16E+04 3.28 1.49
32 36.666 90 3 0.1 1 5.97E+04 5.67 1.25 1.29E+04 5.57 1.4
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Exp

Name

N85
N86
N87
N88
N89
N90

Run

Order

37 60 50 1.55 1.55 3.5 6.70E+04 7.64 1.16 1.51E+04 6.51 1.17
4 60 70 1.55 3 3.5 7.48E+04 8.26 1.04 1.62E+04 7.55 0.89
60 60 70 1.55 1.55 6 7.87E+04 7.66 0.93 1.62E+04 6.5 1.16
87 60 70 1.55 1.55 3.5 3.39E+04 6.82 0.98 5.43E+03 6.13 1.04
27 60 70 1.55 1.55 3.5 6.89E+04 6.82 1.02 1.50E+04 6.12 0.91
73 60 70 1.55 1.55 3.5 6.98E+04 6.82 0.99 1.53E+04 6.12 0.98
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