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Abstract

Method Development in Mass Spectrometrybased Proteomics for Determination of Early
Pregnancy in Dogs
Sebastian Lindersson

This project is concerned with method development in mass spectrometry (MS)based proteomics in order to find putative biomarkers for early pregnancy of
domesticated dogs. It is of importance for dog breeders to know whether the dogs
become pregnant post-mating. Unlike humans, dogs are not known to possess a
specific hormone that indicates fetal development; therefore other biomarkers must
be investigated. The approach of choice in this project was to look at proteins through
MS-based proteomics. For this purpose, serum samples from 11 pregnant dogs (case,
different breeds) and 7 non-pregnant dogs (control, all beagle dogs) were sampled
before-hand at the Swedish University of Agricultural Sciences. Each dog was
sampled Day 1, Day 8, Day 15, Day 22 and Day 29 after optimal mating. Two
different proteomics approaches were conducted: Bottom-up (“Shotgun”) proteomics
and targeted proteomics (“targeted analysis”). In this study, Label-free Quantification
(LFQ) was employed, which is a relative quantitative technique. The mass
spectrometer of choice was the Quadrupole-Orbitrap QExactive plus mass
spectrometer coupled to a nano-Ultra Performance Liquid Chromatography (UPLC).
Method optimization was done with respect to concentration of samples prior to MS
analysis, as well as different LC-gradients. From shotgun screening experiments, it
was possible to identify 252 proteins. Ultimately, 9 proteins were investigated using
targeted final analysis: CRP, SERPINC1, CP, PROS1, SERPING1, A2M, AGP,
SERPINA1 and HP. For targeted final analysis, 21 peptides were considered.
Calibration curves were constructed using 8 of the 21 targeted peptides; 1 peptide per
protein, except for HP which had 2 peptides per protein. The SERPINA1 and CP
proteins had no appropriate peptides for targeted final analysis and were thus
excluded. It was confirmed that CRP was up-regulated in case dogs compared to
control dogs. The other investigated
proteins showed no significant signs of regulation. In order to improve the results; it
would be desirable to include more dogs in the study which would benefit the
statistics of protein regulation. However, the use of isotopic labeled standards and
employment of a Parallel Reaction Monitoring (PRM) method should be prioritized
for obtaining absolute quantitative data.
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0. Abbreviations
A2M: Alpha-2-Macroglobulin
ACN: Acetonitrile
AGP: Alpha-1-acid Glycoprotein
APP: Acute phase protein
APR: Acute phase response
CID: Collision Induced Dissociation
CP: Ceruloplasmin
CRP: C-reactive protein
DTT: Dithiolthreitol
ESI: Electrospray Ionization
FA: Formic acid
FGG: Fibrinogen gamma chains
FTICR: Fourier Transform Ion Cyclotron Resonance
HCD: Higher-energy Collision Dissociation
hCG: human Chorionic Gonadotropin
HP: Haptoglobin
IAA: Iodoacetamide
LFQ: Label-Free Quantification
LTQ: Linear ion trap
m/z: mass-to-charge ratio
MALDI: Matrix-Assisted Laser Desorption Ionization
MS: Mass Spectrometry
MS/MS: Tandem Mass Spectrometry
UPLC: Ultra Performance Liquid Chromatography
PD: Proteome Discoverer™
PRM: Parallel Reaction Monitoring
PROS1: Vitamin K-dependent protein S
PSM: Peptide Spectrum Match
Q: Quadrupole
QqQ: Triple quadrupole
SAA1: Serum Amyloid A Protein
SERPINA1: Alpha-1-Antitrypsin
SERPINC1: Antithrombin III
SERPING1: Serpin G1
SIM: Selected Ion Monitoring
SRM: Selected Reaction Monitoring
TFA: Trifluoroacetic acid
TOF: Time-of-Flight
UniProt: Universal Protein Resource
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1. Introduction
The idea of breeding domesticated dogs (Canis lupus familiaris) has been around ever since
dogs were first domesticated over 14,000 years ago. It is important to breed dogs in order to
alter e.g. physiological, behavioral and morphological phenotypes for different purposes.
Today, dogs are bred for labor (e.g. hunting, police work, etc.), entertainment (e.g.
competitions in terms of appearance or sports) and simply as pets for families or life-long
companionships [1]. Therefore it is necessary for dog breeders to have control over the
mating process so that the correct features are achieved. There are several problems with
confirming the gestation of bitches. Unlike humans, for whom pregnancy tests can be carried
out through the hormone human Chorionic Gonadotropin (hCG), dogs are not known to have
such a biomarker. On top of that, dogs are diestrous (i.e. dogs ovulate only twice a year),
meaning that optimal mating is difficult to obtain. That is, much emphasis on the breeding
process is required.
With the above issues at hand, it would be important to find a reliable way to confirm
gestation at an early stage in a relatively simple manner. It was seen in a pilot study by B.S.
Holst, M.M. Kushnir and J. Bergquist that it was possible to see upregulation of progesterone
in pregnant dogs compared to non-pregnant dogs [2]. However, progesterone was the only
steroid which was regulated in their study, so more work in the field is required. Therefore,
one possibility would be to look at specific proteins as biomarkers. The aim of this Master
Project was to establish methods for finding such biomarkers, based on mass spectrometry
(MS)-based proteomics. Proteomics research concerns studying the functions and structures
of proteins in biosystems. Two different routes of MS-based proteomics were carried out in
this work: Bottom-up (“shotgun”) proteomics and targeted proteomics (“targeted analysis”).
Shotgun proteomics comprises enzymatic digestion of the proteins into solution, which can
be analyzed using MS coupled to an Ultra Performance Liquid Chromatography (UPLC)
system. Shotgun proteomics is used as a screening approach for obtaining protein
information. It is then possible to select a small number of proteins and some of their
corresponding peptides for targeted proteomics. Targeted proteomics means that, from the
basis of a screening experiment, a handful of interesting proteins and corresponding peptides
are selected and put into an inclusion list. The MS will analyze this inclusion list and exclude
all other information. This leads to enhanced detection of the interesting proteins and thus
ensuring good quantification.
In this work, serum samples from 11 pregnant (case) dogs and 7 non-pregnant (control) dogs
were investigated. The serum samples were sampled at the Swedish University of
Agricultural Sciences over the course of the first half of the gestation, that is on Day 1, Day
8, Day 15, Day 22 and Day 29 after optimal mating. Plasma samples could be used as well,
though serum samples were already available from previous studies, thus serum samples
were used. Out of these dogs, 6 out of 11 case and 5 out of 7 control dogs were studied for
shotgun screening with Day 1 and Day 15 samples. Two different Orbitrap mass
spectrometers were used in this study, and different LC-gradients were evaluated to find
optimal results. The principal MS method used for screening experiments was an MS scan
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and for targeted screening and final analysis, Selected Reaction Monitoring (SIM) followed
by data-dependent MS/MS was employed. For identification of interesting proteins, Labelfree Quantification (LFQ) was employed. Once the proteins were selected, a targeted
screening experiment was carried out. From this, quantification using 3 out of 11 case and 3
out of 7 control dogs were studied (final analysis).
It was seen from the screening experiments that most of the identified proteins of interest
were Acute-phase Proteins (APP). These are proteins that are altered during inflammatory
diseases but are also present in normal physiological conditions, and implantation would
cause such reactions to occur [3]. In this study, APP’s such as C-reactive Protein (CRP),
Serum Amyloid A protein (SAA1), Haptoglobin (HP), Fibrinogen Gamma Chain (FGG), and
others were studied. The main function of CRP in e.g. humans and dogs is to bind damaged
tissue through calcium-binding [4], and has been reported to be regulated in canine
pregnancy [3]. Targeted final analysis of those proteins resulted in relative quantitative data
which indicated up-regulation for CRP in case dogs and not in control dogs. However, the
trends were not obviously clear, so further analysis employing a more specific quantitative
method such as Parallel Reaction Monitoring (PRM) would be essential to fully understand
CRP. This should be possible from the results obtained in this work. It was also seen that HP
was inconsistent, as the studied peptides belonging to HP were in disagreement. Problems
regarding the quantification could be due to the amount of dogs analyzed for the targeted
final analysis, as well as poor correlation in the calibration curves used for quantification.
Both SAA1 and FGG did not show up in the targeted final analysis despite their peptide
sequences being included. The proteomics method developed in this work could be further
expanded, as it lays a stable ground for further development. The outcome of such studies
could also provide insight in other fields other than early pregnancy, such as e.g. canine
disorders.

2. Theory
2.1. Biosystem
2.1.1. Canine reproduction
One thing worth consideration in canine reproduction is the period of gestation and how to
obtain successful fertilization. Unlike humans, dogs have ovulation occurring twice a year
[5]. That is, the mating process requires more effort to fulfill. Failing to breed within this time
span would be a waste of efforts. If the dog was to become pregnant, it would still be difficult
to determine this at an early stage. For humans, pregnancy checks can be performed from
pregnancy-specific hormone assays, such as hCG. However, dogs do not produce such
hormones [6]. Relaxin is a protein hormone related to pregnancy, that T. Tsutsui and D.R.
Stewart reported to be present in the canine placenta [6,7]. One of the functions that relaxin
has is to break down collagen, though relaxin is usually associated with pregnancy-related
functions [8]. Relaxin is thus the closest pregnancy-specific hormone in female dogs. The
drawback with relaxin is that the relaxin concentrations are significantly higher than normal
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starting 20-30 days of gestation [7], which is half-way through the gestation. Therefore it is
necessary to evaluate early pregnancy from another source than relaxin.
2.1.2. Acute phase proteins
Acute Phase Proteins (APP’s) are proteins that are altered during inflammatory diseases but
also appear in normal physiological conditions [9]. Acute phase responses (APR’s, i.e.
changes in APP concentration) have been observed by P.D. Eckersall et al. during midgestation in bitches by studying serum CRP [4]. According to a review article by J.J. Cerón et
al., APP concentrations increase during embryonic implantation and placental growth during
gestation [10]. These include APP’s such as CRP and SAA1 as well as HP, Ceruloplasmin
(CP), Fibrinogen Gamma chains (FGG) and Alpha-1-acid Glycoprotein (AGP). Therefore it
is evident to further study APP’s such as those mentioned above in order to confirm
biomarker possibilities [10]. However, since APP’s are also altered under inflammation and
other conditions, they might not be selective enough to be used as true biomarkers, but rather
as indicators. It is important to note that all dogs are not the same. Instead, there are a large
number of different possible dog breeds, so an individual variation is to be expected in
protein expressions. This plays a crucial part in finding reliable pregnancy indicators using
APP’s, as some breeds may produce one APP more than other breeds. Some breeds may also
be susceptible to certain inflammations which would affect the studied APP’s. In this work,
all case dogs studied were of different breeds and all control dogs were beagles, so the above
issue is relevant for finding a reliable protein for pregnancy indication.

2.2. Method workflow
The workflow of this project is reviewed in Figure 1. The screening shotgun experiment is
carried out with in-solution digestion and desalting, followed by MS analysis. The analysis
step derives data for protein identification, which will vary depending on the MS analysis setup (i.e. different instrumentation and settings). The method optimization involves using
different dilutions of samples prior to analysis, testing different mass spectrometers and
different gradients. The first step of optimization is to find an optimized method for detection
and identification of as many proteins as possible. Once this is achieved, important proteins
are selected for targeted screening analysis, for which the method is optimized once more.
Therefore, method optimization and protein identification go hand-in-hand prior to targeted
analysis. Once the method is optimized for a set of selected proteins, targeted screening
analysis is carried out by including the selected proteins. The targeted screening analysis is
evaluated and further optimized prior to the targeted final analysis. For the final experiment,
3 out of 11 case dogs and 3 of 7 control dogs were used. These serum samples were prepared,
analyzed, and interpreted the same way as the samples during the screening experiment.
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Figure 1. Flow-chart of the workflow considered in this work. Shotgun screening experiment is carried
out beginning with sample preparation. Then method optimization–protein identification development –
takes place in order to obtain optimal results for the targeted analysis. Once the targeted screening
analysis is functioning, a targeted final analysis is carried out.

Throughout this work, Label-free Quantification (LFQ) is employed. This approach is simply
to measure the peptide amounts in case and control samples separately (relative
quantification). Quantification is done by either counting the Peptide Spectrum Matches
(PSM) or through peptide peak intensities or peak areas (chromatographic data) [11]. It is the
cheapest quantification technique and provides the largest dynamic range (i.e. detection of
more proteins) cf. labeling techniques [12]. It also allows for comparison between many
different sample runs. The main drawback, however, is the variation between each run which
may lead to false results. This method also involves a lot of separate runs, greatly increasing
the total run time. Labeled techniques excel in multiplex analysis, meaning that several
different samples can be pooled together and distinguished within the same run, reducing the
total run time [13].

2.3. Sample preparation and separation
2.3.1. Determination of total protein concentration
When preparing the serum samples, it is important to know the total protein concentration.
Therefore, spectrophotometric measurements were employed using a Bradford protein assay
for determining the total concentration of proteins in the serum samples. This method
considers how much proteins are bound to a dye-reagent – the more proteins present in each
sample, the more dye-reagent will be bound, resulting in stronger color. Thus, the more dye9

reagent that is bound, the higher is the protein concentration [14]. By using a defined
wavelength, absorbance measurements are carried out over a 96-well plate. Blank samples
and standard solutions are also included for construction of a calibration curve. Calculations
are done directly with the software post-measurement.
2.3.2. In-solution tryptic digestion and desalting
To enable shotgun and targeted proteomics, proteins in solution need to be digested into
peptides. The proteins are digested by the use of trypsin as this is a common enzyme for
digestion. Trypsin also allows for proteins to be digested into peptides of convenient masses
within the mass range of the MS [15]. For trypsin to work, some additives need to be applied
before trypsin incubation. Proteins in solution are often first denaturated by addition of urea.
Disulfide bonds within the protein need to be cleaved and this is done by adding
Dithiothreitol (DTT) to the solution. The samples are incubated at elevated temperatures
(around 50 °C) for enhancing the DTT reaction. To prevent the denaturated proteins to reestablish their disulfide bonds, Iodoacetamide (IAA) is added and samples are incubated.
Afterwards the urea concentration is lowered to allow trypsin to function accordingly.
Finally, trypsin is added and the protein solution is incubated overnight (about 16-17 h) at
37°C. The incubation is carried out in 37 °C as this temperature is optimal for the in-solution
digestion [15]. It is necessary to desalt the peptide solutions prior to MS analysis, as salts will
typically interfere with the analysis. This can be performed by using e.g. Spin Columns with
wash solutions containing Acetonitrile (ACN), Trifluoroacetic acid (TFA) and Milli-Q
purified water. Spin columns has C18 reverse-phase resins as chromatographic media which
the peptide solutions are applied on. Then these spin columns are placed in a centrifuge and
the solutions are spun down into Eppendorf tubes. The result will be that the peptides are
stuck to the chromatographic media while the salts are removed. The spin columns are then
placed on top of other Eppendorf tubes and the peptides are washed out with a 70 % ACN
solution. The clean peptide solutions are then dried and stored in -80 °C prior to MS analysis.
2.3.3. Nano-Ultra performance liquid chromatography
All desalted peptide digests are reconstituted and then automatically injected into the UPLC
tandem to the MS. A chromatographic set-up is required because the peptide mixtures are too
complex for the mass spectrometer alone to separate the peptides. The column typically used
for proteomics is a reversed-phase column. This allows for polar buffers to be used as mobile
phase, which is advantageous for Electrospray Ionization (ESI) [16], which is considered in
this work (see section 2.4. Mass Spectrometry). A nano-UPLC system coupled to the MS is
typically employed for MS proteomics. Such a system is beneficial because both sample
consumption is reduced, and it increases the sensitivity together with the ESI interface [16].
The employed nano-UPLC in this work is performed with gradient elution. This is typically
good, as peptides are of different sizes and will elute much slower if isocratic elution would
be used. Gradients suited for proteomics research are typically designed as seen in Figure 2.
Most of the peptides elute at an early stage of each gradient, little organic modifier (denoted
as % B) is added, thus the long, flat gradient. Afterwards the gradient is strongly increased to
force out the remaining peptides. The only significant difference between different gradients
is the time spans. Typically, the longer the gradient, the more resolved the chromatographic
10

peaks become, meaning in this case that more proteins can be identified. However, a longer
gradient takes longer to operate compared to a shorter gradient [17]. Therefore the trade-off is
whether more proteins or shorter run-time is more valuable in this particular study.

Figure 2. The shape of a gradient typical for proteomics research. The ACN concentration is indicated
with % B (gray curve) and the flow is set at a constant value (black line).

2.4. Mass Spectrometry
Today, MS is a common analytical method within many different fields. Generally, all mass
spectrometers available function by the same principle: detection of molecular ions in gas
phase. All mass spectrometers are constructed with emphasis on three major parts: The ion
source, mass analyzer and detector. These parts are interchangeable for different applications
depending on what sort of analysis one wants to perform as well as on the analyte. For
example, the ionization source could either be of hard or soft ionization character, meaning
that more fragment ions or less fragment ions are formed during the ionization process.
Depending on the samples and pre-MS configurations, the ionization can take place in either
vacuum or atmospheric pressure. The mass analyzer handles and separates the incoming
molecular ions and/or fragment ions. Separation of ions is done in by monitoring the different
mass-to-charge ratios (m/z) of each ion prior to detection. Each mass analyzer performs
differently in terms of mass range, resolution, accuracy as well as compatibility to certain
pre-MS configurations [18]. Therefore it is important to know the advantages and
disadvantages of each mass analyzer. There are a handful of different mass analyzers and
their corresponding advantages are described in, e.g., de Hoffmann and Stroobant [18]. It is
possible to perform isolation and fragmentation of ions, which is a process referred to as
MS/MS. It can be run using either one mass analyzer alone but also with two or more mass
analyzers in tandem. Tandem MS typically deals with Quadrupole (Q), Ion-trap, Time-ofFlight (ToF), Fourier Transform Ion Cyclotron Resonance (FTICR) and Orbitrap in different
combinations.
In proteomics research, typically ESI or Matrix Assisted Laser Desorption Ionization
(MALDI) is used as ionization sources. The ESI operates in atmospheric pressure and
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introduces the ions to the MS through a spray that is created by inducing an electric potential
between the spray capillary and MS inlet. The MALDI operates in much higher vacuum and
is not suitable together with a nano-UPLC system coupled on-line to ESI. By having a polar
buffer as mobile phase, the peptides can be ionized before the spray, enabling for better
evaporation of the mobile phase (i.e. peptide ions are introduced to the MS easier). The exact
theory of the spray formation can be found in, e.g., de Hoffmann and Stroobant [18].
In this work, nano-UPLC-ESI was employed together with the hybrid instruments Linear
Trap Quadrupole (LTQ)-Orbitrap Velos Pro ETD and Q-Orbitrap QExactive Plus separately.
For shotgun screening of candidate proteins, MS scan was used (i.e. analyzing the entire
sample) and for targeted analysis, Selected Ion Monitoring (SIM) was employed for
enhanced detection and high-quality quantitative data.
2.4.1. Orbitrap Mass Analyzer
The “Electrostatic Trap”, known as the Orbitrap, uses Fourier transformation to obtain mass
spectra. As the name suggests, the mass analyzer traps the incoming ions or fragments in an
electrostatic field and the technique was first described in patents by Alexander Makarov
[19,20]. However, it was not until Thermo Electron Corporation first marketed the Orbitrap
in 2005 that it became a commercialized mass analyzer [18]. Thus, the Orbitrap is a very
recent mass analyzer that is found in a wide range of applications in today’s MS research,
including proteomics. Compared to a regular ion trap, the Orbitrap does not use
radiofrequency or magnetic fields to hold ions in place. Instead, Orbitraps use an electrostatic
field around an electrode, see Figure 3. Ions are injected into the Orbitrap tangentially
through the openings of the external electrode (barrel-shaped). The internal electrode
(spindle-shaped) has an applied voltage of several kilovolts (negative for positive ions) while
the external electrodes remain at ground potential. This leads to that the ions will start to orbit
around the internal electrode in a forced spiral pattern and oscillate along the internal
electrode. The oscillation patterns are detected for all trapped ions simultaneously and then
Fourier transformed into mass spectra. This results in very high resolution and allows for
low-ppm mass accuracy, which are properties well suited for proteomics research [18,21].

Figure 3. Cut-off of an Orbitrap mass analyzer with two different ions (red and blue) oscillating across
the internal electrode. Ions enter the Orbitrap along the r-axis and start to oscillate along the z-axis.

2.4.2. Linear ion trap-Orbitrap Velos mass spectrometer
The LTQ-Orbitrap Velos Pro ETD (“Velos”) is a hybrid MS/MS instrument consisting of a
linear ion trap followed by an Orbitrap mass analyzer. This set-up offers high sensitivity
while maintaining quick analysis and also allows for fragmentation of the analyte. Because
the LTQ consists of a high-vacuum part and a low-vacuum part, fragmentation and analysis
12

respectively are done quickly. Fragmentation of different orders of n (referred to as MSn) is
done in the high-vacuum part through e.g. Collision Induced Dissociation (CID). This is
followed by analysis in the low-vacuum part. Finally, detection of the different fragments is
done in either the LTQ or the Orbitrap: LTQ provides shorter runtime and the Orbitrap higher
resolution. The LTQ and Orbitrap mass analyzers can work separately or in combination
depending on if shorter run time or higher resolution is desired, respectively [21].
2.4.3. Quadrupole-Orbitrap QExactive plus mass spectrometer
The Q-Orbitrap QExactive plus (“QExactive”) differs from Velos as the LTQ is exchanged
with a regular Quadrupole. This allows for a much faster mass selection compared to Velos
and together with a Higher-energy Collisional Dissociation (HCD) cell for fragmentation,
detection and fragmentation is achieved almost simultaneously. However, without the ability
to trap ions as in the LTQ, it is not possible to do MSn fragmentation with the QExactive.
This mass spectrometer set-up only allows for both Q and Orbitrap to work in combination.
The QExactive, however, can perform multiplexed scan modes with up to 10 times in both
MS and MS/MS. That is, precursor ions or fragment ions can be selected, stored and finally
analyzed simultaneously in the Orbitrap. This is all possible due to the storing capacity of the
HCD cell and the selection speed of the quadrupole [22].
2.4.4. SIM
A set of molecular ions from the ion source enters the mass analyzer, at which one specific
m/z is chosen for detection. This MS mode is called SIM and is typically performed in order
to increase the sensitivity of a specific analyte. This mode can be used for quantification of
analytes with a high sensitivity compared to an MS scan (i.e. detection of all molecular ions).
However, SIM mode requires knowledge about which m/z is the most representative for
selection. Thus, one may have to run an MS scan before performing a SIM experiment, which
could take longer experimental time.
2.4.5. Selected reaction monitoring and parallel reaction monitoring
To further increase the selectivity of a quantitative analysis, cf. SIM, Selected Reaction
Monitoring (SRM) could be advantageous. This method is a targeted MS method commonly
used, and could consist of, for instance, a triple quadrupole (QqQ) tandem MS. The principles
of an SRM experiment with a QqQ could be seen in Figure 4. The digested sample peptides
are ionized and introduced into the first quadrupole (Q1). This is performed with respect to
the selected m/z and the selected peptide ion is called precursor ion. One of the precursor ions
is selected and then fragmented in the second quadrupole (q2) into fragment ions. In the third
quadrupole (Q3), one fragment ion of choice is detected. Each selected precursor – fragment
pair are called transitions. Selected transitions are monitored over time to yield
chromatographic data with retention time and signal intensity [23]. Each run with SRM can
handle 1,000 transitions within a specified retention time window.
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Figure 4. Selected reaction monitoring over one transition. Ions enter the MS and the desired precursor
ion (black square) is selected in Q1. This precursor ion is then fragments into fragment ions (green, blue
and red) in q2. In Q3, one fragment ion is selected (blue) and detected.

However, constructing SRM methods is usually time-consuming as all transitions need to be
selected before-hand. Therefore, PRM is an alternative. This method is suitable with a QOrbitrap, such as the QExactive. The sample is introduced to a quadrupole for selecting the
precursor ion and then a HCD cell for fragmentation. This is followed up with an Orbitrap for
detection of multiple fragments. This allows for detection and monitoring of all fragments
available simultaneously (i.e. a full MS/MS spectrum) c.f. SRM which only selects a few
fragments [24]. Then it is possible to select interesting fragments for quantification postacquisition. However, specific precursors (i.e. peptides) have to be selected before-hand just
like with SRM.

2.5. Data Analysis
Once MS data is acquired, it needs to be analyzed in. The software programs perform
calculations using the canine proteome so that proteins can be identified through peptide
sequence matching. Each software performs differently depending on how one sets up
filtering settings, including peptide confidence, amount of unique peptides per protein, posttranslational modifications (carbonylation, oxidation, glycosylation, etc.), and so on. It is
necessary to use several different software programs to complement each other as one
software may excel in a specific feature compared to another. For this work, the exact
algorithms for how each software performs is not of importance, rather it is essential to know
and compare data between the software programs.
2.5.1. UniProt
In order to evaluate the processed raw data from the MS analysis, the canine proteome is
required. This is downloaded from the Universal Protein Resource (UniProt), which is a
protein sequence database accessible online [25]. This resource database is also used to
distinguish proteins in the samples that are otherwise not characterized through searching
against the proteome. Once the proteins are identified and selected for further studying,
protein sequences (FASTA-files) are downloaded for the proteins in order to specify them in
software such as SkyLine (see section 2.5.4. SkyLine). For further information about UniProt,
see the official website www.uniprot.org [25].
2.5.2. Proteome Discoverer
Proteome Discoverer™ v1.4 (PD) from ThermoScientific™ is the software used for searching
the raw data against the canine proteome by setting up specific parameters to suit the search
for the mass spectrometer used [26]. The raw data files are converted to so-called “.msffiles”, which can be interpreted by setting up different protein/peptide filters – the more
filters applied and how specific each filter is, the narrower and accurate the data becomes. By
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opening the msf-files in PD with filters active, one can interpret qualitatively protein
abundances in samples, as well as what peptides are used for identifying each protein.
Parameters such as score and coverage % give good information on the presence of a protein
in the samples. By opening several msf-files at once, it is possible to compare files
simultaneously in terms of, e.g., amount of proteins (illustrated as Venn diagrams) or the
score and coverage % parameters.
2.5.3. MaxQuant
MaxQuant is a software which pools together a set of raw data files into several data reports
[27]. The raw data files are searched against the canine proteome under specific conditions
and then reports are interpreted separately. Most importantly for MaxQuant compared to PD
is that MaxQuant also presents LFQ-intensities for each sample of a specific protein. These
LFQ-intensities are quantitative measures that resemble the amount of a protein in each
sample. For example, one protein may have no LFQ-intensity in Day 1-samples and the same
protein has a rather high LFQ-intensity in Day 15-samples, indicating an upregulation of this
protein. It is therefore possible to compare samples directly with quantitative data to evaluate
whether there are significant differences between case-control dogs or between days, e.g.,
with student’s t-test. For analysis in-between groups, t-test between two different means is
used, and paired t-tests for in-between days evaluations. The t-tests are calculated as a twosample location test (i.e. “2-sided” t-test) at a 95 % confidence level, which are found in
equation (1) and (2) for the t-test between different means and paired t-test respectively.

(1)

(2)
where t is the calculated t-value,

is the LFQ-intensity mean and n the number of data points

for indicated groups, spool is the pooled standard deviation. For the paired t-test, the is the
mean of the difference between each pair (case – control) and sd is the standard deviation for
the differences. The calculated t-values are then compared to the critical t-value
corresponding to the amount of degrees of freedom. If the calculated t-value for a protein
exceeds the critical t-value, then this protein is rejected, i.e. the null hypothesis that “the
calculated t-value and critical t-value are not different” is rejected. Therefore it is simple to
use LFQ-intensities in MaxQuant to select interesting proteins.
As a 95 % confidence level was used for statistical evaluations, there is a 5 % probability that
all evaluated proteins may not actually turn out to be as calculated from equation (1) and (2).
Prior to the statistical evaluations, it is possible to account for this error with e.g. Bonferroni
correction [28]. However, such correction is not considered in this work, as emphasis lies in
finding candidate proteins through a screening approach.
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Some proteins are also evaluated by thorough interpretation as some samples may not contain
the protein in Day 1-samples but in Day 15, and vice-versa. Such proteins will not appear in
the t-tests suggested above, simply because they yield no mean LFQ-intensity value or the
mean value is inadequate. The process of interpreting such proteins is referred to as “uniquely
identified” proteins in this work, as such proteins are interesting even without statistical
support. Ultimately, MaxQuant is the software of choice for protein identification and
selection.
2.5.4. SkyLine
SkyLine is an open-source software of choice for development of targeted SRM and PRM
methods [29], as peptides are easily interpreted visually. Peptide peak areas can be extracted
from the chromatograms and different transitions can be studied simultaneously, which lays
ground to the quantification in this work.
By including the FASTA-files for each interesting protein in SkyLine, one obtains all
available tryptic peptides (if specified) for each protein. By importing the raw data, one can
interpret each peptide individually within multiple samples (i.e. multiple raw data files)
simultaneously. Peptides are verified and selected in SkyLine mainly through MS/MS data to
confirm that the peak area corresponds to the actual peptide or not. However, MS/MS data
may be missing for a peptide, which could be due to low peptide abundance in the sample
(i.e. the peptide does not exist) or by m/z overlaps. Verification of the different isotope peak
area distribution of transitions from a peptide and retention times compared to the targeted
inclusion list is necessary. If the transitions agree with the targeted inclusion list, then the
transitions would represent the peptide. Ultimately, optimal peptides (best chromatographic
shape, MS/MS data available, area distribution match as well as retention time agreement)
are selected for targeted analysis from all available peptides.

2.6. Quantification
The selected proteins need to be quantified. For relative quantification, several approaches
can be followed in order to obtain quantitative data. One of these includes construction of
calibration curves for single peptides. That is, by diluting a sample with known peptide
abundances into a series of aliquots, the peptide peak areas can be plotted against the relative
concentration (e.g. dilution factor). This is an appropriate approach for determining how, e.g.,
the concentrations in Day 15 samples are higher or lower relative to corresponding Day 1
samples. This method gives a rather approximate estimation on how proteins are regulated
during pregnancy. Ideally, absolute quantification of the proteins with the use of, e.g.,
isotopic internal standards is much desired, although in this study it is sufficient with a
relative measure of protein concentrations.
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3. Materials and methods
3.1. Samples, Chemicals and Reagents
3.1.1. Serum samples and ethical approval
Serum samples were obtained in collaboration with the Swedish University of Agricultural
Science and were collected for use for other studies on canine pregnancy. Samples were
collected from 11 case dogs (different breeds) and 7 control dogs (beagles), and 5 samples
per dog from Day 1, Day 8, Day 15, Day 22 and Day 29 after optimal mating. These days
corresponded to the first half of the pregnancy, which was up to 60 days for dogs. In total
there were 90 serum samples, and this study has been approved by the animal ethical
committee in Uppsala, permission number: C23/9.
3.1.2. Chemicals and reagents
For the total protein concentration experiments, Bradford protein assay (Bio-Rad Protein
Assay Dye Reagent Concentrate, Bio-Rad™ Laboratories, München, Germany) was used.
Bovine Serum Albumin (BSA, approx. 99 %, Sigma, St. Louis, MO, USA) was used for
calibration standards.
For the in-solution tryptic digestion, urea, ammonium bicarbonate, DTT and IAA, as well as
ACN and Formic Acid (FA) for MS analysis, were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Trypsin was obtained from Promega (20 µg per vial, sequencing grade modified,
Promega, Madison, WI, USA). The TFA used for quenching trypsin and desalting was
obtained from Fisher Scientific (99 % extra pure, AcrosOrganics, Fisher Scientific™, PA,
USA). The purified water used for diluting and dissolving other chemicals was produced inlab using a Milli-Q purification system (Millipore, Bedford, MA, USA).

3.2. Total Protein Concentration of the Samples
Serum samples from all case and control dogs, Day 1, Day 15 and Day 29 were diluted 300
times and transferred to a 12x8 well plate. To each well, 200 µL of dye buffer (diluted 4
times) was added. Each sample was prepared in duplicates. Standard solutions containing
different concentrations of BSA were prepared (0, 0.06, 0.12, 0.24 and 0.48 µg/µL) together
with 200 µL of dye buffer and then added to the 12x8 plate. Each standard solution was
added as triplicates. The 12x8 plate was then transferred to the spectrophotometer (Bio-Rad™
Laboratories, Hercules, CA, USA) for spectrophotometric analysis at a wavelength of 595
nm.

3.3. In-solution Tryptic Digestion
For all screening experiments, serum samples were diluted accordingly with 8M urea in 50
mM AmBi into aliquots of 20 µg proteins per 20 µL (1 µg/µL). However, for the final
targeted analysis, the serum samples were normalized to 3 µL serum sample diluted in 213
µL of 8M urea in 50 mM AmBi. From these dilutes, 20 µL of each aliquot was transferred to
new aliquots. For all screening experiments, as well as the targeted final analysis, 1 µL of 1
M DTT was added to each aliquot and then the aliquots were incubated for 15 minutes in
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50ºC. Then 1 µL of 550 mM IAA was added to each aliquot and then incubated in darkness
for 15 minutes at room temperature. Afterwards the aliquots were diluted 4 times by addition
of 80 µL of 50 mM AmBi solution. Finally, 2 µL of 0.5 µg/µL trypsin was added to each
aliquot. Trypsin incubation at 37 ºC overnight (approximately 16-17 hours) was initiated right
after the addition of trypsin to the aliquots. After the elapsed time, trypsin was quenched by
addition of 30 µL 0.5 % TFA in 5 % ACN to each aliquot.

3.4. Desalting
After the trypsin incubation, desalting of the samples was performed. The chromatographic
media in the Pierce™ C18 Spin Columns (Thermo Scientific) were first settled by simple
tapping of the columns. Then each column was activated by addition of 200 µL 50 % ACN
solution. The activation solution was spun down in a accuSpin™ Micro 17 centrifuge (Fisher
Scientific™, PA, USA) at 1500 g for 1 minute. This centrifuge program was used for all spindowns throughout the desalting procedure. The activation procedure was repeated once, and
after that, the columns were equilibrated by adding 200 µL 0.5 % TFA in 5 % ACN solution.
The equilibration was repeated once more. Then all of the samples were applied to separate
spin columns and spun down. The flow-through was re-applied to the columns and spun
down to confirm total binding of the samples (up to 20 µg protein). The flow-through after
this repeated sample loading was discarded. The columns were washed using 200 µL of the
same solution used for equilibration and spun down. This washing procedure was repeated
once. Finally, the bound peptides were eluted using 30 µL 70 % ACN solution, spun down
and repeated once. Ultimately, desalted samples in 60 µL of 70 % ACN solution was put in
the Eppendorf concentrator plus SpeedVac system (Eppendorf™, Hamburg, Germany) until
completely dried.

3.5. nano-UPLC-MS
The dried samples were first reconstituted with 50 µL 0.1 % FA solution. Aliquots of the
samples for shotgun screening analysis were diluted in a series of different dilutions using 0.1
% FA solution in order to find an optimized concentration prior to MS-analysis. The aliquots
for such optimization step were as follows: non-diluted, diluted 1:1 and 1:10 reconstitute:0.1
% FA. The 1:1 reconstitute:0.1 % FA was used for all further experiments.
Aliquots were loaded on an 8x12 well plate and inserted into the EASY-nLC II nano-UPLC
instrument (ThermoFischer). The separation column was an EASY-column (10 cm, inner
diameter 75 µm, 3 µm, C18-A2, ThermoFischer Scientific) which was coupled to a precolumn prior to the separation column (EASY-column, 2 cm, inner diameter 100 µm, 5 µm,
C18-A1). The injection volume was set to 5 µL with a fixed flow rate of 250 nL/min for all
experiments performed. The two different gradients were used: 90-minute and 150-minute
gradients, see Table 1. The eluent consisted of 0.1 % FA with increased amount of ACN
(organic modifier, % B). The 150-minute gradient was primarily used for the screening
experiments prior to targeted analysis, where the 90-minute gradient was then employed
instead.

18

Table 1. The two different gradients used for analysis.
90-minute
150-minute
Time [min]

Duration [min]

%B

Time [min]

Duration [min]

%B

0

0

4

0

0

4

3

3

4

3

3

4

70

67

30

128

125

30

78

8

48

138

10

48

81

3

75

141

3

75

84

3

75

144

3

75

85

1

100

145

1

100

93

8

100

153

8

100

3.6. MS Analysis
3.6.1. MS instrumentation
The different settings for the QExactive and Velos mass spectrometers, are shown in Table 2
and 3, respectively. The Velos settings were only used for shotgun screening experiments,
whereas the QExactive had slight changes between the shotgun and targeted experiments. All
settings were used for both the 90-minute and 150-minute gradients.
Table 2. QExactive settings for the analysis performed (both 90-minute and 150-minute gradients). The
Shotgun screening experiments are shown in normal text and the targeted screening and targeted final
analysis within parenthesis.
Mode
Configuration
Parameter
General

Polarity
Default charge
Inclusion

MS event

2 (2)
Off (On)

Resolution

70000 (70000)

AGC target

3e4 (5e4)

Maximum IT
MS/MS event

Positive (Positive)

20 ms (100 ms)

Scan range

400 to 1750 m/z (---)

Resolution

17500 (35000)

AGC target

5e5 (2e5)

Maximum IT

60 ms (100 ms)

Loop count

10 (5)

TopN

10 (5)

Isolation window
Fixed first mass
NCE / stepped NCE
MS/MS settings Underfill ratio
Intensity threshold
Apex trigger
Charge exclusion
Peptide match
Exclude isotopes
Dynamic exclusion

2.1 m/z (4.0 m/z)
--- (---)
25 % (35 %)
1.0 % (1.0 %)
8.3e4 (2.0e4)
--- (---)
unassigned, 1 (---)
preferred (preferred)
on (on)
20.0 s (10.0 s)
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Table 3. Velos settings for the analysis performed (both 90-minute and 150-minute gradients).
Mode
Configuration
Parameter
General

Polarity
Default charge state
Inclusion

MS event
MS/MS event

Positive
4
Off

Resolution

100000

Scan range

400 to 2000 m/z

Activation type

CID

NCE / stepped NCE

35%

Activation Q
Activation time
Isolation window

0.25
10.00 ms
1.0 m/z

3.6.2. Proteins and peptides selection
The selection of proteins was performed during the shotgun screening experiments using
MaxQuant data from 6 case and 5 control dogs, Day 1 and Day 15 samples for each dog. A
set of interesting proteins were identified and selected for targeted analysis, see Table 4. The
FASTA-files for these proteins were downloaded from www.uniprot.org and included in
SkyLine.
Table 4. List of identified and selected proteins for targeted analysis.
Protein name
Gene
C-reactive protein

CRP

Alpha-1-acid glycoprotein

AGP

Alpha-1-antitrypsin

SERPINA1

Alpha-2-macroglobulin

A2M

Antithrombin III

SERPINC1

Ceruloplasmin

CP

Fibrinogen gamma chain

FGG

Haptoglobin

HP

Serpin G1

SERPING1

Serum Amyloid A protein

SAA1

Vitamin K-dependent protein S

PROS1

The selection of peptides was performed by analyzing 2 case dogs, Day 1 and Day 15
samples for each dog. Peptides were selected in terms of best chromatographic shape,
MS/MS data available, as well as area distribution match of the peptide using SkyLine. From
this analysis, an inclusion list for targeted analysis was constructed, see Table 5.
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Table 5. Peptide inclusion list for targeted MS/MS analysis. The underlined peptides were considered for
quantification.
Protein
Peptide sequence (charge)
Mass [m/z]
Retention time [min]
FYAPQHFCVTWESVTGLTELWVDGKPMVR (+4)

864.1744

74.32

ALSPNVLNWR (+2)

585.3249

49.75

TSDQVHFFFAK (+3)

442.8874

44.94

ITDVVPPDAIDELTVLVLVNTIYFK (+3)

929.8525

82.80

ANRPFLVLIR (+3)

400.2521

47.00

CP

NFASRPYTFHPHGITYR (+4)

516.7604

34.81

PROS1

LSTDAYPDLR (+2)

575.7906

34.73

CRP
SERPINC1

VYFAGLPR (+2)

461.7609

42.47

SERPING1

TSLEPFYLK (+2)

549.2975

47.52

A2M

QLSFPLSSEPFQGSYK (+2)

907.9516

56.08

SFVHLEPMPR (+3)

404.8780

38.10

LFASPVVSELQR (+2)

673.3774

49.29

NVVEESAR (+2)

452.2302

16.08

YGAATFTR (+2)

443.7245

25.45

AGP

GLSLYTR (+2)

405.2294

31.33

SERPINA1

IAPNLADFAFSLYR (+2)

799.4223

69.96

LSISGTYDLK (+2)

548.7979

40.11

GSFPWQAK (+2)

460.7349

38.41

ANDIAPTLK (+2)

471.7664

25.97

IGYVSGWGR (+2)

497.7589

38.20

VPSVLAWVQETIAGN (+2)

792.4250

80.72

HP

3.7. Targeted LFQ approach
For targeted screening experiments, 2 case and 2 control dogs were studied (Day 1 and Day
15). For the targeted final study, 3 case and 3 control dogs were used (Day 1, Day 8, Day 15,
Day 22 and Day 29). For both experiment type, the samples were injected into the MS and
run with the inclusion list of selected peptide precursors (see section 3.6.2. Proteins and
peptides selection). Peptides were selected in the MS through SIM and analyzed using
MS/MS. The retention times were estimated within a ±3 minutes window in order to assure
acquisition of the correct transitions.
3.7.1. Calibration curve for LFQ quantification
One serum sample from one case dog (Day 15 sample) was diluted with 0.1 % FA solution
into 5 aliquots. Each aliquot was diluted such as 1:0 (undiluted), 1:1, 1:1.5, 1:2 and 1:4
sample:FA. The aliquots were then loaded onto the MS and run with the targeted inclusion
list specified in section 3.6.2.Proteins and peptides selection. The raw data files were then
searched against the canine proteome using PD. Peptide peak areas were subsequently
evaluated using SkyLine and then the peak areas were plotted against their corresponding
concentrations.
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4. Results and Discussion
4.1. General Method Optimization
4.1.1. Total protein concentration
From the 57 analyzed serum samples (19 dogs in total, Day 1, Day 15 and Day 29 samples),
the total protein concentration was determined to be 71.9 µg/µL on average. This value was
within the total serum protein range of 55-80 µg/µL in humans [30]. For all screening
experiments, the protein concentrations were normalized to 1µg/µL for every sample
according to the derived total protein concentrations. For the targeted final analysis, the
samples were instead normalized to the same sample volume of 3 µL and dilution volume of
213 µL.
4.1.2. Sample dilution
The serum samples were tested with different dilutions prior to MS analysis in order to
optimize the analysis. For this, 3 different dilutions of the same sample (Day 1 case dog)
were injected: non-diluted (I), 1:1 (II) and 1:10 reconstitute:0.1 % FA (III). The results were
interpreted afterwards using PD. It was shown that, the more the samples were diluted, the
more the abundance would decrease, see Figure 5. The chromatogram of the most diluted
sample III seemed to be sparse compared to the other chromatograms, whereas the nondiluted sample I had the highest intensity. The 1:1 diluted sample II appeared to not be sparse
like III and the intensity was in-between I and III.

Figure 5. The dilution series of the same serum sample with non-diluted (top), 1:1 diluted (middle) and
1:10 diluted (bottom).

22

Furthermore, the total amount of proteins for each diluted sample was investigated, see
Figure 6. From this it was apparent that the more diluted the samples were, the less proteins
could be detected. However, it was seen that the total amount of protein did not differ much
between I and II, while for III much fewer proteins than for both I and II could be seen. Note
that the total amount of protein available in a sample was dependent on search filter
conditions, thus the numbers were arbitrary. However, despite the filters used, the numbers
followed the same proportions, thus indicating that, e.g., dilution I always resulted in the
lowest amount of proteins.
Proteins in plasma and serum have a wide dynamic range in protein abundance (up to 10
orders of magnitude for plasma proteins). However, all proteins cannot be detected with
conventional techniques including MS [31]. Some peptides were not separated accordingly,
or below the detection limit of the mass spectrometer, thus a reduction of the total amount of
proteins would be indicated. Seeing from the chromatograms, it would thus not be beneficial
to dilute samples more than 1:1 and the same amount of protein would be seen with 1:1
dilution as without dilution. Therefore, the 1:1 dilution was used throughout the entire
project, as high protein concentrations could pose a risk of harming the mass spectrometer as
well as overloading the column.

Figure 6. Venn diagram of the three different dilutions: non-diluted (I), 1:1 (II) and 1:10 (III). The total
amount of proteins is marked with bold text in the table next to the Venn diagram. The various fields
show how each dilution share the same proteins with each other (union). The gray field represents 99
proteins that are found in all dilutions.

4.1.3. QExactive vs. Velos
For all analysis performed in this work, it was evident that the QExactive out-performed the
Velos, in terms of amount of proteins detectable and sensitivity. Whether a non-targeted or
targeted approach was employed, the QExactive mass spectrometer was the instrument of
choice and therefore only QExactive data was considered.
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4.1.4. 90-min vs. 150-min gradients
The 90-minute and 150-minute gradients were compared using 1 case dog and 1 control dog,
Day 1, Day 15 and Day 29 for each dog, see Figure 7. For all samples, the 90-minute gradient
resulted in less proteins than the 150-gradient. However, both gradients provided unique
proteins only attained in each gradient. The choice of gradient was thus dependent on
whether these unique proteins were interesting or not. The 150-minute gradient allowed for
detection of more proteins and was used for screening experiments. Once proteins were
selected for targeted analysis, the 90-minute gradient was used, as the total run time could
then be reduced.

Figure 7. Venn diagram of Case dog samples (left side) and control dog samples (right side), with Day 1
(top row), Day 15 (middle row) and Day 29 (bottom row). The total amount of proteins for 150-minute
gradient is indicated with the yellow circle and 90-minute gradient with orange, and the joint proteins
(red).

24

4.2. Shotgun Screening: Protein Identification
For comparison of protein expression, samples from 6 case and 5 control dogs were analyzed
with unbiased LFQ. Protein expressions between Day 1 and Day 15 samples were compared;
a set of 22 data files were obtained in total. For this screening, the 150-minute gradient was
used with the QExactive mass spectrometer. The protein identification was then carried out
using MaxQuant. From this MaxQuant analysis, it was seen that a total of 252 proteins were
identified and quantified (LFQ-intensities) in the 22 data files. By comparing the same data
files with PD, more proteins could be identified using MaxQuant. This was due to that PD
used more selective filters, thus reducing the total amount of proteins. Therefore, protein
identification and selection for targeted analysis was done using MaxQuant.
4.2.1. Identification using statistical tests
Based on MaxQuant data obtained from the 22 pooled data files, statistical Student’s t-tests
were constructed. From these statistical evaluations, it was seen that 44 out of 252 proteins
were significantly different in several combinations, see Figure 8. All of the proteins that
posed a significant difference within the control group were excluded as such proteins were
not of interest from a pregnancy point-of-view, as well as all proteins that showed significant
difference within Day 1. Proteins that were significantly different within the case group and
within Day 15 were considered.

Figure 8. Statistical evaluation boxes demonstrating how many proteins that was significantly different in
various combinations. Arrows indicate significant differences that were found. For example, the top left
box indicated the ideal case where a protein was significantly different both between Day 1 and Day 15
within the case group, as well as the same protein is significantly different between case and control
within Day 15. However, such a protein was not found.

This statistical evaluation resulted in exclusion of 35 proteins out of the 44 proteins that were
significantly different. In total, 9 proteins were considered to be viable for targeted analysis:
AHSG, C2, CRP, KLKB1, PROS1, SAA1, APOC1, F12 and APOA4. The former 7 were
significant between groups within Day 15 (bottom right box in Figure 8) and the latter 2 were
significantly different between Day 1 and Day 15 in case dogs (bottom left box in Figure 8).
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4.2.2. Uniquely identified proteins
From the same data set studied in section 4.2.1. Identification using statistical tests, the
proteins were also evaluated using a different approach. The data was interpreted using
MaxQuant to see trends in LFQ-intensity regulation, e.g., if up-regulation occurred frequently
in case dogs but not in control dogs for one protein. By such an interpretation, a handful of
interesting proteins could be selected. The most apparent proteins were CRP and SAA1, as
these showed total up-regulations from Day 1 to Day 15 in case but not control dogs: For
CRP, 3 out of 6 case dogs were totally up-regulated and none of the 5 control dogs were
regulated in any way. For SAA1, 4 out of 6 case dogs were totally up-regulated and only 1
out of 5 were totally down-regulated. These results were promising as they were in agreement
with previous studies [10]. Proteins such as HP, FGG, A2M, AGP, CP, SERPINA1 and
SERPING1 showed not as clear trends as CRP and SAA1. However, these proteins were
generally up-regulated in most case dogs whereas no changes were seen in control dogs.
Therefore, these proteins were selected for targeted analysis. Another protein of interest was
SERPINC1, which was shown to be unchanged for most examined dogs. It was thus included
as a reference protein for controlling the repeatability of the method.
4.2.3. Identification summary
From the evaluations done, a total of 11 proteins out of 252 were selected and optimized for
targeted analysis. All of the selected proteins were APP’s except for PROS1, which was the
only non-APP. The other proteins from the statistical evaluations that were not of APP
character were excluded in order to allow the study to be narrowed down to a specific group
of proteins. For similar reasons, mostly APP’s were considered for the uniquely identified
proteins investigation. Furthermore, for both CRP and SAA1 to appear in both identification
procedures carried out in this work was convincing to include these proteins as well as other
APP’s for targeted analysis.

4.3. Shotgun Screening: Targeted Screening for Peptides Selection
Peptides from the 11 interesting proteins were evaluated using 2 case and 2 control dogs (Day
1 and Day 15 samples). This was performed using SkyLine in order to obtain a smaller set of
peptides of good quality (i.e. best chromatographic shape, MS/MS data available, distribution
match, as well as retention time) for targeted final analysis. Ultimately, 54 peptides in total
were selected for targeted screening analysis, see Appendix 1. It was shown, however, that
many of the selected peptides were either poor in signal or did not appear in SkyLine when
targeted analysis was employed. It also appeared that SAA1 and FGG never appeared in
SkyLine, which may indicate that their peptides were low in abundance for successful
identification, or the retention times were not specified correctly. Prior to the targeted final
analysis, the amount of peptides was further reduced from 54 to 21 in order to optimize the
targeted approach (see section 3.6.2. Proteins and peptides selection).
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Prior to the targeted final analysis, 3 case and 3 control dogs (Day 1, Day 8, Day 15, Day 22
and Day 29) were analyzed using the new inclusion list featuring the 21 peptides. For
quantification, 1 peptide per protein was considered for quantification, with the exception of
HP which had 2 peptides per protein. However, CP and SERPINA1 had no peptides that were
appropriate in terms of peak qualities (i.e. disagreement in area distribution, lack of MS/MS
information, etc.) and therefore these proteins were not considered for quantification.

4.4. Final Experiment: Targeted Final Label-free Quantification
4.4.1. Calibration curve
From the targeted final experiments, calibration curves were constructed using a dilution
series of 5 calibration samples for 1 case dog, Day 15: non-diluted, 1:1, 1:1.5, 1:2 and 1:4
diluted solutions. Calibration curves were then constructed for the 8 peptides that were picked
out of the 21 included in the analysis, see Appendix 2. As an example, the calibration curve
for CRP can be seen in Figure 9.

Figure 9. Calibration curve for ALSPNVLNWR peptide belonging to CRP.

The calibration curve for CRP correlated well, as demonstrated by an R2 of 0.9966, and
therefore it was anticipated that quantification of this protein should be straight-forward.
However, some of the peptides did not provide good correlation (see Appendix 2). For
example, both the peptides that belonging to HP showed poor correlation, see Figure 10.
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Figure 10. Calibration curve for IGYVSGWGR (top) and VPSVLAWVQETIAGN (bottom) peptides
both belonging to HP.

The cause of the poor correlations for some peptides could be explained with that the peak
areas were not systematically integrated; it was difficult to integrate the peaks in a repeatable
way due to the high complexity of the sample. Another reason could be the variation within
the MS analysis. Therefore, the quantification of the corresponding proteins was not entirely
reliable due to imprecise calibration curves. In order to improve the calibration curves, more
replicates of each concentration would be required so that more statistics could be obtained,
or include more standard solutions (i.e. more points). However, this was not possible within
the time frame of the project.
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4.4.2. Quantification
Three case dogs (A, B and C) and 3 control dogs (X, Y and Z) with Day 1, Day 8, Day 15,
Day 22 and Day 29 samples were analyzed using the inclusion list of the 21 peptides obtained
from the screening experiments. The results were evaluated using SkyLine and peak areas
were obtained for the 8 peptides of interest, for each sample. The relative concentrations for
each sample were calculated using the corresponding calibration curves and then plotted to
enable for visual interpretation of regulation, see Appendix 3. Of the 7 investigated proteins,
the results for CRP seemed most promising, see Figure 11. What could be seen was that the
concentrations of CRP were indeed up-regulated for the B and C dogs, whereas the
concentration was not obviously regulated for Dog A. According to the screening
experiments, the concentration of CRP was below the detection limit both Day 1 and Day 15
for Dog A. Dogs B and C however had a total upregulation from Day 1 to Day 15 (i.e. Day 1
samples were below the detection limit and Day 15 samples had high LFQ-intensities), which
could also be seen in the final study for these dogs.

Figure 11. The concentration plots for case dogs A, B, C and control dogs X, Y and Z for the
ALSPNVLNWR peptide belonging to CRP.

As for the control dogs, both X and Y seemed not to be regulated. These dogs also agreed
with the LFQ screening data obtained from the screening experiments, as LFQ-intensities
were not obtained for these dogs. The Z dog behaved much differently and no comparison
with LFQ screening data could be done as this dog was never included in the screening
experiments. By comparing the case and control groups, it would be evident that the
regulations seen in the control dogs were not as large as the regulations found in case dogs.
Although the patterns observed were not entirely clear, one study by S. Jitpean et al.
concluded that the concentration of CRP rose in dogs with pyometra (a uterine inflammatory
disease) [32]. This was relevant as other studies also proposed that CRP concentrations were
altered during canine pregnancy [3,10]. Thus, the results achieved for CRP in this work were
not inconsistent, though improvements in the quantification were necessary. Overall
inconsistencies of the results could be explained with that too few dogs were used in this
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study. Many factors on an individual level may have affected the CRP concentration as well.
Seeing how CRP was an APP could potentially lead to errors in the results. For the other
proteins considered in this work, they showed similar trends in both groups (i.e. within case
and within control dogs) separately. However, there were no clear differences between case
or control dogs in terms of concentration. Therefore, it was inevitable to conclude that these
proteins did not show any signs of regulation in case compared to control dogs. Just as with
CRP, more dogs would be required for obtaining statistical support to fully comprehend the
proteins.
Particularly interesting was, however, HP, which not only showed different patterns within
the same peptide (for both case and control), but also posed two inconsistent trends between
the 2 different peptides IGYVSGWGR and VPSVLAWVQETIAGN, see Figure 12. It was
expected that both peptides would pose similar trends, since both peptides belonged to the
same protein which was HP. However, seen from the quantitative data derived in this work,
this was not the case. This would mainly be due to the poor correlation between peak areas
and concentrations in the calibration curves for both peptides belonging to HP (see section
4.4.1. Calibration curve). Therefore, HP cannot be considered a potential protein according
to these results.

Figure 12. The concentration plots for IGYVSGWGR (top) and VPSVLAWVQETIAGN (bottom) for the
case (left side) and control dogs (right side).
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4.4.3. Targeted final Label-free Quantification summary
From the quantitative data obtained in this study, it was evident that the calibration curves
were not appropriately obtained in terms of correlation quality. This led to that all the
quantified proteins were difficult to interpret. A relative comparison with results obtained
from shotgun screening showed both agreement and disagreement with the quantitative data
obtained from the targeted final analysis, see Table 6 and 7 for the case dogs and control dogs
respectively. Agreement would be achieved if the shotgun screening data (Day 15/ Day 1
LFQ-intensity ratios) and targeted final analysis data (Day 15/ Day 1 concentration ratios)
were similar. From these data, there was no convincing agreement achieved for neither group
of dogs, other than CRP, which had somewhat good agreement.
Table 6. Shotgun screening data (“Shotgun”) with LFQ-intensity ratios for proteins and targeted final
analysis (“Target”) concentration ratios for peptides, for case dogs. The “Total up” notation indicated
that there was no data in Day 1 and data in Day 15.
Protein
Peptide
A
B
C
Shotgun

Target

Shotgun

Target

Shotgun

Target

CRP

ALSPNVLNWR

No data

1.71

Total up

4.83

Total up

23.14

SERPINC1

TSDQVHFFFAK

0.85

0.39

1.11

0.58

0.71

1.16

PROS1

VYFAGLPR

0.73

0.60

1.48

0.84

1.06

1.37

SERPING1

TSLEPFYLK

Total up

0.43

1.75

0.44

6.34

0.69

A2M

SFVHLEPMPR

1.21

0.79

1.53

1.22

1.55

1.35

AGP

GLSLYTR

0.69

0.31

1.23

0.66

0.87

0.81

HP

IGYVSGWGR

1.73

0.90

1.37

1.68

0.61

0.90

HP

VPSVLAWVQETIAGN

1.73

0.08

1.37

0.68

0.61

0.98

Table 7. LFQ screening data (“Shotgun”) with LFQ-intensity ratios for proteins and targeted final
analysis (“Target”) concentration ratios for peptides, for control dogs. The “Total up” notation indicated
that there was no data in Day 1 and data in Day 15.
Protein
Peptide
X
Y
Shotgun

Target

Shotgun

Target

CRP

ALSPNVLNWR

No data

Total up*

No data

0.65

SERPINC1

TSDQVHFFFAK

1.01

1.76

0.99

0.84

PROS1

VYFAGLPR

1.11

1.68

1.12

0.79

SERPING1

TSLEPFYLK

0.67

3.17

0.47

0.91

A2M

SFVHLEPMPR

1.10

2.07

1.17

0.84

AGP

GLSLYTR

0.66

1.12

1.32

HP

IGYVSGWGR

1.15

1.61
No data

0.32

0.00

HP

VPSVLAWVQETIAGN

1.15

3.24

0.32

0.15

*Day 15 concentration was 0.17, which was low, though it was higher than the Day 1 concentration of 0.

The two methods showed different results, which was expected since the targeted final
analysis was in fact a targeted approach. This targeted method was expected to output more
precise data and should thus be considered preferable over the shotgun screening data.
However, further development around the quantification would still be necessary in order to
fully understand the concentration behavior of these proteins. Ideally, it would be beneficial
if isotopic labeled standards could be used for the quantification. This could be performed
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with PRM analysis, as a fundamental basis for a PRM-based method could be found from this
work.

5. Conclusion and Summary
In this work, a label-free quantitative method was developed for a list of identified proteins. It
was shown that depending on the instrumental set-up and how strict the search filters were in
the data analysis software, different amounts of proteins would be obtained. The QExactive
mass spectrometer outperformed Velos and was thus the mass spectrometer of choice
throughout the whole work. Dilution of samples pre-analysis were shown to be optimal for a
dilution factor of 1:1 sample:0.1% FA solution. The 150-minute gradient runs resulted in
more proteins than the 90-minute gradient. However, the 90-minute gradient was faster and
applicable for targeted analysis. The 150-minute gradient was thus used for screening
whereas the 90-minute gradient was more convenient for targeted analysis.
The screening experiments revealed 252 identified and quantified proteins in the serum
samples. From statistical evaluations and uniquely found proteins, a set of 11 proteins were
selected for targeted analysis. These proteins were CRP, AGP, SERPINA1, A2M,
SERPINC1, CP, FGG, HP, SERPING1, SAA1 and PROS1, with the last protein being the
only non-APP selected.
Further screening analysis allowed for 54 peptides to be selected for targeted screening
analysis. It was shown that SAA1 and FGG did not appear, so these proteins were excluded.
Targeted screening over these 54 peptides led to a reduction to 21 peptides of good quality
prior to targeted final analysis. For the targeted final analysis, 8 peptides were selected for
quantification, with 1 peptide per protein except for HP which had 2 peptides per protein.
The approach of choice for quantification in this work was the use of calibration curves
constructed from data using targeted final analysis. For CRP and HP, the correlations were
good and poor respectively. The correlations could be improved by including more replicates
to enhance the statistics or include more standard solutions. Ideally, isotopic labeled
standards should be invested for a more certain quantification.
The quantitative data calculated from the calibration curves showed that CRP was upregulated in case dogs but not in control dogs. It was also shown that quantification of HP
seemed inconsistent mainly due to poor calibration curves, as the concentration for its studied
peptides did not agree with each other. Thus, HP should be excluded in further studies. The
other proteins showed similar trends in both case and control groups, and none of these
indicated any particular regulation. It would be important to study more dogs in order to
confirm these trends for all proteins studied. From the screening experiment and targeted
final experiment, the quantitative data did not agree. This indicated that more work would be
required for understanding how the proteins were affected during pregnancy.
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6. Future Studies
From this study, it was seen that for many of the quantified proteins it was difficult to grasp
how the concentration changed over the first half of the canine pregnancy. The calibration
curve quantification method requires improvement, mainly by increasing the number of
replicate calibration standard solutions. If more time was available, more dogs could have
been examined and thus clearer trends within the individual groups could have been seen.
What should be done, however, is to focus more closely on the studied proteins in this work,
especially CRP. This work provides a fundamental basis for construction of a PRM method.
This PRM method allows for a full MS scan over all precursor ions from an inclusion list,
followed by a full MS/MS scan over all the fragment ions from these precursor ions. Then it
is possible to select fragment ions post-acquisition for quantification. Otherwise, with e.g.
SRM, each fragment ion would have to be analyzed in separate runs. Therefore the PRM
method is much desired for reducing runtime, while maintaining good quantitative results.
To continue with a PRM method, isotopic labeled standard peptides for the desired proteins
(e.g. CRP’s ALSPNVLNWR peptide sequence) should be invested and adding these to the
serum samples. Knowing the exact amount of added standard, one can obtain absolute
quantitative data for the labeled proteins. Another possibility is to use e.g. internal standards
prior to the digestion step for controlling possible errors in the digestion step [33]. The former
suggestion is of course good, because one derives not only how much a protein is regulated
from e.g. Day 1 to Day 15 (relative quantification), but also exactly how much regulated this
protein is (absolute quantification). The drawback with this technique is the cost of the
isotopic labeled standards and the screening set-up for finding candidate proteins, and their
corresponding peptides (method optimization, protein identification, targeted method
development, etc.) for PRM analysis. With many things already covered in this work, it is
very possible to develop a PRM method with the identified proteins, as well as the non-APP’s
excluded in this work if a more direct biomarker is desired. With such method available, it
would be possible to expand the method for other species and into other fields of veterinary
research, such as animal diseases and veterinary medicine.
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7. Popular Scientific Summary
Dogs are loved and adored companions to humans and they have been around for centuries.
They are well-known to be domesticated into different breeds for different purposes: Some
are found in police services and others in beauty contests, but most common is to have dogs
as trustworthy pets. That is why the breeding process plays a big role for dog owners and it is
important for both the dogs and owners to have control over the gestation process.
It is well-known that women can check whether they are pregnant or not through pregnancy
tests. These tests are based on the hormone human Chorionic Gonadotropin (hCG), which is
found in urine and blood during pregnancy. Unfortunately, there is no such hormone that
would indicate pregnancy known for dogs. Worth noting however is that dogs are pregnant in
a time-span of up to 60 days, and half-way through a protein hormone called Relaxin which
can be detected using e.g. protein assays. However, at this time the development of fetuses
can be followed through sonography. Would it not be possible to indicate pregnancy in
female dogs then? What is discussed below is a possibility that holds the answer to this
question.
Because other than hormones, there are also proteins present in urine and blood. Proteins
come in different forms and have different functions, which will play a role in the
determination of useful biomarkers. In order to study these proteins, Mass Spectrometrybased proteomics is the approach of choice for this work. Proteomics is the field of studying
structures and functions of proteins and Mass Spectrometry (MS) is a leading technique for
protein screening in an unbiased fashion. Proteomics in this work is divided into Bottom-up
(“Shotgun”) proteomics and Targeted proteomics (“targeted analysis”). The former is used in
order to scan for all existing proteins in a sample, whereas the latter is used for enhanced
quantification of selected proteins. This is performed by coupling MS with a nano-Ultra
Performance Liquid Chromatography (nano-UPLC), separation and identification of
hundreds of proteins can be performed within the same analysis.
What has to be done is shown in Figure A below. First, blood was sampled from the dogs and
the serum part of the blood was extracted. This was done before-hand at the Swedish
University of Agricultural Sciences, from 11 pregnant dogs and 7 non-pregnant dogs in total.
The sample preparation of the samples was carried out with in-solution trypsin digestion.
This was done so that the proteins were digested into peptides which could be analyzed in the
MS. The digested samples were then purified from high salt concentrations in the samples.
This was done by using spin-columns to protect the mass spectrometer from harmful
contaminants. During post-analysis, the raw data was interpreted with different data analysis
software. From this it was possible to identify and select proteins of interest.
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Figure A. The workflow starts with sampling serum from dogs followed by sample preparation. Proteins
are digested into peptides and then purified from salt before injection into the nano-UPLC-MS system.
The raw data is then interpreted with software to yield protein information.

From the above workflow, one obtains protein information on a rather large scale. This is
good for identification of the different proteins in the samples. It is possible to perform
quantification on this data, although more precise data can be obtained by excluding
uninteresting proteins. By doing so, it is possible to increase the sensitivity and selectivity of
the desired proteins, which ensures that the quantitative data for each selected protein is more
representative (i.e. the detected peptides do in fact belong to the corresponding protein). This
process is referred to targeted analysis, as selected proteins are targeted for more specific
analysis.
In this work, 6 out of 11 pregnant dogs and 5 out of 7 non-pregnant dogs were studied as a
screening experiment. From each dog, Day 1 and Day 15 samples were studied. It was
possible to identify 252 proteins in total from these 22 serum samples. Out of the 252
identified proteins, it was possible to select 11 proteins for targeted screening analysis by
statistical evaluations, as well as through unique identification. Some of these proteins were
also included as they showed agreement with other studies. For these 11 proteins, 54 peptides
were selected for targeted screening analysis. The targeted screening approach was performed
using 1 pregnant dog and 1 non-pregnant dog and it was shown that 9 out of 11 proteins were
available: CRP, FGG, SERPINA1, SERPINC1, SERPING1, PROS1, HP, AGP and A2M.
From these 9 proteins, 21 peptides in total were selected for further targeting. Ultimately, 3
pregnant dogs and 3 non-pregnant dogs were studied for targeted final analysis. It was shown
that all proteins, except HP and CRP, did not show clear trends in concentration regulation by
comparing case dogs with control dogs. The HP protein showed no clear relation between the
two studied peptides, thus HP was suspected to be poor and should therefore be excluded in
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future studies. However, CRP on the other hand, seemed to be up-regulated in case dogs and
rather unchanged in control dogs. This protein seemed to be interesting for further study. The
overall quantification of the proteins was rather uncertain because more than 3 per group
would be necessary to obtain good statistics.
This work can be developed further, especially in the quantification part. It would be
interesting to know exact protein concentrations for identifying early pregnancy in dogs. By
using isotopic labeled standards for peptides belonging to the proteins for each and every
sample, one can determine the absolute concentration of these peptides. The method itself
can also be further developed into a different field useful for veterinary research, such as
canine health and disorders.
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Appendix 1: Full peptide inclusion list derived from screening experiments.
Protein
CRP

SERPINC1

FGG

CP

PROS1

SERPING
1

A2M

AGP

Peptide sequence
(charge)
YETRGEVFLKK (+3)

Mass
[m/z]
457.253993

Retention
time [min]
34.05

SQSNEILLFK (+2)

589.82442

73.555

FYAPQHFCVTWESVTGLTELWVDGKPMVR (+4)

864.174423

126.565

ESENSYVILFPQLQKPMK (+3)

717.710002

93.285

ALSPNVLNWR (+2)

585.324922

80.15

AFTVCLQVYTDLTRPHSLFSYATK (+4)

705.361273

108.955

TSDQVHFFFAL (+3)

442.887422

71.06

ITDVVPPDAIDELTVLVLVNTIYFG (+3)

929.852526

142.58

ANRPFLVLIE (+3)

400.252147

74.94

IHLISTQSAIPYALI (+2)

841.983046

80.015

FLLEIYNSNSQI (+2)

728.377548

79.735

EGFGHLSPTGTTEFWLGNEI (+3)

736.351642

90.035

NFASRPYTFHPHGITYK

516.76042

51.91

VLPGQQYTYILDASQDHSPGEEDSNCVTI (+3)

1093.833476

85.46

NIDQEFVVMFSVVDENLSWYLDDNIT (+3)

1044.833866

143.285

QQSAYVGHYS (+2)

604.793986

22.625

LSTDAYPDLS (+2)

575.790578

51.775

VYFAGLPK (+2)

461.760895

66.395

TYDSEGVILYAESLDS (+2)

915.941438

101.71

GWNLMNQGASGVE (+2)

681.335161

64.91

TSLEPFYLK (+2)

549.297507

75.925

NLVIFEVQQPFLFLLWDQQHRFPVFMGR (+4)

876.965499

138.255

KVETNMAFSPFSIASLLTQVLLGAGENTKR (+4)

806.435235

140.315

LYHAFSAVK (+2)

518.284734

36.865

SLFTDLVGED (+2)

554.797871

90.535

VVSLDENFHPLNELIPLVYIQDPG (+3)

931.500487

125.11

QLSFPLSSEPFQGSYV (+2)

907.951609

92.1

SFVHLEPMPE (+3)

404.87798

58.13

GHFSMSVPVESDIAPVAL (+3)

633.652487

77.03

LLIYAILPDGEVVGDSAY (+2)

937.019491

106.89

LFASPVVSELQS (+2)

673.377351

79.285

SHELTDMVHFSEPLTETVK (+3)

743.35992

83.015

NVVEESAA (+2)

452.230156

16.53

QQNSQGGFSSTQDTVVALQSLSY (+2)

1219.598948

87.005

YGAATFTT (+2)

443.724509

34.24

KPEVTQEQMTVFHEALACMDLHS (+3)

914.773119

92.145

GLSLYTK (+2)

405.229428

45.335

DLCGPVER (+2)

459.223485

27.695
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Protein

Peptide sequence (charge)

Mass [m/z]

SAA1

GPGGAWAAK (+2)

407.713945

Retention
time [min]
24.87

VISDARENSQR (+3)

425.553102

12.4

NSDKYFHAR (+2)

569.275429

18.54

EANYKNSDKYFHAR (+3)

581.61302

29.265

IAPNLADFAFSLYQ (+2)

799.42229

118.335

QINNYVEG (+2)

504.261456

27.635

LSISGTYDLS (+2)

548.797871

61.93

AVLTIDEG (+2)

444.755475

39.415

EDTGSEATNNTEVSLPKPPVIENGYVEHMIY (+4)

857.417505

91.055

LHTEGDGVYTLNSEH (+3)

554.937169

42.33

GSFPWQAM (+2)

460.734877

58.715

ANDIAPTLL (+2)

471.766374

35.225

VVLHPDYSV (+2)

529.287474

28.29

IGYVSGWGN (+2)

497.758883

58.33

YVMLPVADQDC (+2)

639.823563

60.965

VPSVLAWVQETIAGN (+2)

792.42503

138.665

SERPINA1

HP
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Appendix 2: Calibration curves for the final experiment
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Appendix 3: Concentration plots for all proteins and their corresponding peptides constructed
using the calibration
curves.
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