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ABSTRACT: Mammalian host response to pathogens is
associated with fluctuations in high abundant proteins in
body fluids as well as in regulation of proteins expressed in
relatively low copy numbers like cytokines secreted from
immune cells and endothelium. Hence, efficient monitoring of
proteins associated with host response to pathogens remains a
challenging task. In this paper, we present a targeted proteome
analysis of a panel of 20 proteins that are widely believed to be
key players and indicators of bovine host response to mastitis
pathogens. Stable isotope-labeled variants of two concordant
proteotypic peptides from each of these 20 proteins were
obtained through the QconCAT method. We present the
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quantotypic properties of these 40 proteotypic peptides and discuss their application to research in host—pathogen interactions.
Our results clearly demonstrate a robust monitoring of 17 targeted host-response proteins. Twelve of these were readily
quantified in a simple extraction of mammary gland tissues, while the expression levels of the remaining proteins were too low for
direct and stable quantification; hence, their accurate quantification requires further fractionation of mammary gland tissues.
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B INTRODUCTION

Quantitative and reproducible analyses of specific proteins in
complex tissue samples are fundamental to understanding the
protein dynamics in cells and tissues and for developing
diagnostic methods for a wide range of diseases." Antibody-
based technologies, including sandwich enzyme linked
immunosorbent assay (ELISA) and Western blotting, as well
as isotopic labeled and label-free mass spectrometry based
methods have been developed to improve protein detection.
However, measuring the absolute or relative amounts of specific
proteins within complex tissue samples remains a challenging
task, particularly for proteins that are present in low
concentrations within body fluids or in low copy numbers in
cells.’™* The application of selected reaction monitoring
(SRM) mass spectrometry to proteomics has greatly enhanced
the selectivity and sensitivity of protein quantification, and the
use of precisely quantified stable isotope labeled peptides can
support protein quantification in absolute terms. For such
quantitative measurements, the preparation of accurately
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quantified stable isotope labeled standards has proven to be a
bottleneck. To meet this challenge, the QconCAT method was
developed as an affordable alternative to the preparation of
stoichiometrically equal, chemically synthesized reference
peptides and is a promising way of providing absolute and
relative quantification of specific proteins in complex tissues.>®

Mastitis caused by bacteria infections in the bovine mammary
gland is a major health challenge in the dairy industry, and the
detection of improved diagnostic markers for mastitis will
benefit early diagnostics and treatment.”® Many factors
influence the mammalian host response to pathogens, and
molecular dissection of host response is complicated by the
large number of proteins involved and by the fact that these
response proteins are present over a wide concentration range.
This range includes highly abundant proteins associated with
the acute phase response in body fluids,” as well as leukocyte-
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derived proteins that are secreted into milk and plasma in
relatively low copy numbers.'® Moreover, it is well-known that
there is considerable individual variation in the timing, in extent
of response and of the molecular pathways involved, which
most likely reflects both complex genetic heterogeneity in the
host as well as of the specific pathogens involved.'"'?
Therefore, for efficient monitoring of bovine host response to
mastitis pathogens, it is important to develop selective and
quantitative protein assays that will allow large scale analyses of
specific protein fluctuations in complex tissue and milk samples.
The ultimate aim is to create better protein quantification
assays by increasing sensitivity, precision and speed, all while
reducing cost which will allow analysis of the large numbers of
individual animal samples that are adequate for dissecting the
complex molecular mechanisms of bovine host response to
mastitis pathogens.

In this study, we have developed a targeted proteome
method that may become useful for routine and large scale
analysis of 20 proteins that are widely held to be key players
and indicators of bovine host response to mastitis pathogens.
Each of the 20 proteins was targeted through isotope mass
tagged versions of two proteotypic peptides that were obtained
through the QconCAT expression system, and we have tested
the robustness by which these peptides allow quantification of
the 20 targeted proteins in a noninfected and experimentally
infected mammary gland. Here we present a thorough analysis
of the quantotypic properties of these 40 proteotypic target
peptides, and we discuss the potentials of the QconCAT-based
method in building and optimizing quantitative assays for
targeting functional subsets of proteins.

B EXPERIMENTAL METHODS
Selection of Targeted Proteins

Proteomics and transcriptomics studies have contributed to
biomarker candidates for mastitis and inflammation.”'¥'¢
From these candidates, 20 target proteins were selected (Table
1) based on previous findings of their relevance to mastitis. A
selection of cytokines that are well-known to change abundance
during mastitis were included to explore c7[uantification of
relevant proteins in the low expression range.

Selection of Quantotypic Peptides for QconCAT
Construction

Proteotypic peptides for the 20 target proteins were selected
from the Bovine PeptideAtlas (www.peptideatlas.org) based on
their suitability score which takes into account both
observations from our previous shot-gun proteomics experi-
ments and predicted observability derived from physiochemical
properties.’” Only unique and true tryptic peptides with a
length of 7—20 amino acids which mapped to single genome
locations were chosen. Detailed criteria for selecting target
peptides are given in Supplementary File 1 (Supporting
Information).

Five to six peptides (either observed or predicted in
PeptideAtlas) from each protein were selected and synthesized
using inexpensive Spot-synthesis technology (JPT Peptide
Technologies GmbH, Berlin, Germany) and used without
purification for optimizing the SRM assay conditions of the
naturally occurring peptide analogues.'® A detailed description
of SRM assay optimization using synthetic peptides can be
found in Supplementary File 1 (Supporting Information). The
two most reproducible peptides for the QconCAT protein
design and peptide synthesis were chosen based on these SRM
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assays. According to previous findings,"” two independent
proteotypic peptides per protein should be sufficient to provide
a robust quantification of the specific proteins. For CXCL3,
TNEF-q, and ILIR, only a few proteotypic peptides were suited
as target peptides. From these three proteins, four of the
selected peptides originated from signal sequences; hence, our
assays for CXCL3, TNF-q, and IL1R quantification are
expected to be more robust in analyses of tissue samples than
body fluids.

Isotope-labeled Heavy QconCAT Peptides

The experimental methods for the expression of QconCAT
proteins have previously been described.® A QconCAT protein
is concatamer of tryptic standard (quantotypic or Q-) peptides
used for quantification. It is the product of a synthetic gene that
uses highly abundant codons to maximize expression. In
addition, the predicted transcript is scanned for features that
might impede translation and if such features are found, the
codon usage pattern or sequence of tryptic peptides is adjusted
to remove them. Within the QconCAT the quantotypic
peptides are present in a 1:1 stoichiometric ratio.’ In addition
to the 40 proteotypic peptides, a [Glul]-FibrinopeptideB
(Glufib) peptide and a His-tag was included in the QconCAT.
A more detailed description of the QconCAT construction is
provided in Supplementary File 1 (Supporting Information).
MALDI-TOF mass spectrometry of the purified QconCAT
confirmed that the protein was intact and that most of the
tryptic peptides were readily discernible (Supplementary Figure
1, Supporting Information). The concentration of purified
QconCAT protein was determined using the Pierce BCA
Protein Kit (Bie and Berntsen, Denmark) with bovine serum
albumin (BSA) as standard, according to manufacturer’s
manual. Purified QconCAT protein (4 fmol) was added to 1
ug of every protein sample before tryptic digestion, hence 1 pg
protein digest spiked with four fmol QconCAT peptides was
injected on every SRM analysis. This QconCAT plasmid is
available free of charge for research applications, and is
distributed upon request from DNASU http://dnasu.asu.edu/
DNASU/Home.jsp.

Mammary Gland Tissue Samples

The experimental procedures for inducing mastitis in dairy
cows and obtaining mammary gland tissue have previously been
described.”® Briefly, a cow was challenged by inoculating a high
dose of Streptococcus uberis (S. uberis) in the right frontal
quarter of the udder. Simultaneously the left frontal quarter was
inoculated with sterile milk (control). The inoculation resulted
in a peracute S. uberis mastitis with a marked inflammatory
response.20 Eight hours after inoculation, the cow was
euthanized and the udder samples were collected. Approx-
imately S g of tissue were collected from both infected and
control mammary glands (distal site), frozen in liquid nitrogen
and stored at —80 °C until use. Tissue samples were
homogenized in S yL/mg TES buffer (10 mM Tris-HCl, pH
7.6; 1 mM EDTA, 0.25 M sucrose) using a TissueLyser
(Qiagen, Switzerland). Homogenized samples were centrifuged
at 10000X g for 30 min at 4 °C. Supernatants were collected for
further analysis. Protein concentrations in the supernatants
were determined using the Pierce BCA Protein Kit as described
above for the concentration determination of the QconCAT
protein. All procedures involving animals were approved by the
Danish Animal Experiments Inspectorate and complied with
the Danish Ministry of Justice Law concerning animal
experimentation and care of experimental animals.
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www.peptideatlas.org
http://dnasu.asu.edu/DNASU/Home.jsp
http://dnasu.asu.edu/DNASU/Home.jsp

Article

Journal of Proteome Research

6 6 9TL 9TL
S99 S99 w©y w©y
SST SST 8Tt 8TV
vTs vTs SOt SOt
818 8 L0°S YeL
(4253 €0t 90t LYy
€9°S (4N ree (49
8¢C'TI 8¢'TT LT'TT LT'TT
86°L 61°ST L8'1 L8'1
£€8°¢S 8 LT'TT LT'TT
L9ET L9ET 988 988
Wy 8t €0'¢ 9T¢
STT STT LYy LYy

e/u 891 B/u Y9'1S
8901 8901 6L'¢ 6L'¢
1571 L6 108 108
LYY i244! 8¢ 95°¢
1L°8 69CC So0'¢ 8996

B/u (4533 e/u LT'ST
LE6T LE6T STY1 STY1
$9°81 S9°81 It it
179 €LY °0°'S 1¢°S
LY'9 S¢9 9SY 8LY
601 LEOT STV IL'E
90°L 90°L £€9°¢ £€9°¢
19°C¢ LT9T 90°¢ 6T LT

B/u 96'C¢ e/u 8618

e/u 90°€T B/u €01
1844 104 8'S S8°S

T'T1 9801 vL'S N
90T 90'C €0C €0C
66'ST 66'ST 1T ITL
€SI €SI 8811 8811
STL 96'0€ 85611 6TEY1
'L 'L 66'8 66'8
166 19'6 €51 ¥S'T
179 179 S8 S8
€58 €58 ¥S'e ¥S'€
9¢tY 9¢Y 60°S 60°S
Y0'L 10°2 (4% % 8y
pa1a[y 2103 pa1a[y 2103

A+v ﬁomcmzmau Alv [o13u0d

(%)AD

(+S/+V) v 2d4T1,
(+8/+V) v 2d4L
(+5/-V) g 2d4L
(+$/-v) g 2d41,
(+S/+V) v 2d471,
(+S/+v) v 2d41,
(+8/+V) v 2d4L
(+S/+V) v 2d471,
(+8/+V) v 2d4],
(+S/+V) v 2d471,
(+8/+V) v 2d4T,
(+S/+V) V adfy,
(+5/-V) g 2d4L
(=s/=v) D 4L,
(+S/-V) g 2d4L
(+$/-v) g 2d41,
(+S/-V) g 2d4L
(+S/-V) g 2d4L,
(=S/-v) D 2dAL
(+S/+V) v 2d4T1,
(+s/—Vv) g 2d4L
(+S/+V) v 2d4T1,
(+8/+V) v 2d4],
(+S/+V) v 2d471,
(+s/-v) g 2d47,
(+$/-v) g 2d41,
(=S/-V) D 2dAL
(=s/=Vv) D 2d4L,
(+S/+V) v 2d41,
(+8/+V) v 2d4T,
(+S/+V) V adf 1,
(+S/+V) v 2d471,
(+8/+V) v 2d4L
(=S/-V) D 2dAL
(+8/+V) v 2d4L,
(+S/+V) V adAy,
(+S/+V) v 2d4T1,
(+8/+V) v 2d4L
(+S/+V) v 2d47,
(+8/+V) v 2d4],
Ayirenb spndad

6heighelLheioheishe
9A¢{SAC6AT BAT T TAT OTAT
vAc 64T 84T LAT 94T 0TAT
ehel/ATiohTichripht
LAg 6hT 84T  LAT 94T
YAS 6AT 84T LAT 9hT SAT
YA ehe ght LAT 9k
LASiORe T TAT OTAT
LAct9heiSheioTAc AT 8AT
9hgishe phet LATiohTishT
LAgioheichetphel ATiohy
yhetche gh! 1T 9hTishT
PAS eAc 9hTSAT PAT
64¢8he ! LAc 94e 0 TAT
8he!LAe ke 6hTighT
9heishetpheiehet L hTioht
9hgishe pActLATi9hT
64 8h¢ct LAe 0hcl6hT
9h¢ SAC A AT AT 9k
LAS 9AE6AT AT TTAT 01T
ghefLhctohetcheighriLhT
YAgiehe! 1 AT 9hTiSATivAT
cheighrtLATiohricht
che! 1 ATiohTishrivaT
6Aei8he! LAeoTAe
The! LAT 9AT AT HAT
6hcigheiAe 014
6h¢ghe LAe 0T4E
6Aci8heiLActoheishel0TAT
8ActLAetohet6hTi8ATIOTAT
6ATi8AT LAT T TATIOTAT
9heishe pAct6hTiLAT
SheipAeieheiohisht
YAS CAc oA TiSAT PAT
9hetshetphet L hTioht
chelohkrishrivhe
pAc 64T 84T  LAT 94T
8het hetoheiche 6highT
64Ti8hT LATI9KT SAT
pAe‘ehe L AT 9KT AT

suor €0

LLVDUO3D snusely ay3 ur pasn sapnda ds1dfjojueny) ayj jo sonsuajderey) ‘1 dqe,

SLITYI
S8'TOLT
9¢'8TL
89'6SET
€ST611
TL09¢T
L8'9T81
$'960T1
9TLTT
TLETET
S99SH1
L¥'6S01
1S°LT8
L8'TSLT
18¥C81
S¥'996
86'LT81
TL6LET
€8'S191
6V TH0T
L¥'L00T
YL'8S9T
1S°LS6
6¥'6L6
Y'LTL
96'9¥81
96'8061
S6'v681
€8'76ST
66'L19T
L'SLYT
YL TISET
TS'6701
'S8
€9'98T1
81°6S8
+9'60CT
8L°0LET
€08
LTI

MIN

MSVSLAVOITIAIN
YIVO.LLIASTLNAYSA
MASTATIVTIAQ
ASHOIHOV
MATdA.LIDOLLE
AOMANVIOAY
MAVO.LADAK
MAOVIAIADDAINTVAVID
MIHAJIATAOIL
MANIHIVAAND
MANAHTOINNAA
MOIVOMVOVA
MAIADAA
MAIISNIDHIDSHIA
MOSHISKODIHOIAD
YASOVIHAA
YTSTOTINTIN
MATIALNLVALLITIAVI
ADTIHOV.LAS
MLNdOOTAOVATONN
YTAAAHIAHVAVSN
YAALIdODD
ADMDSAXDA
MTATATON

N TLVIALLOODHIDIdIA
AAVVV.LVV
NTLVIAZLOAOHIDALIA
NISVIAZLOADHIDI.LLA
MTSNHSTATSOJOA
WIAVATIOVAADVVYOT
YV.LNANANHS.LNOD.L
MAdLAINIDHAN
JINTLAIHDA

AALLIOA

MOI'TLAXAHOT

N TANATH

MVSHIAANIAT
YAISYTTLHHOI
NTAXLASIST

ALIDSTIAV

souanbas apndad

TINVA
T-INVA
TPAINL
T-0ANL
TEVVS
1-€VVS
4L
T-4LT
TESTVOT
1-€STVOT
TISTVOT
T-1STVOT
T8I
1-8T1
Y911
1991
(a4
1-9T1
Va1l
I-VI1TL
a1
T-4171L
TdH
I-dH
T¢I0XD
1-€TOXO
TTTOXD
I-TTOXO
Tr1ad
1-+1dD
TOLVD
1-DLVD
TOITVO
1-D9TVD
TdOTVO
1-499TVO
TNTY
184(4%
TIVIV
I-LVIV
spndad

1 uruep
eydpe 1030€] SISOIDIU Iown,

€V projfwe wnisg

ULLI3JSURI}01R]

¢ ‘dIqnjos %Eﬁ&@.oﬁmﬁuﬂdm ‘unoaT
1 ‘s[qnjos &:%:E.o_,umo“uﬂmm ‘unoa]
§ UR[na[IU]

103dadar 9-71

9 UR{Na[IAUL

jstuoejue 103dodar 1 p

¢/1 upmapejug

urqo[Soydery

€ pue| (Jnow D-X-D) dUPOWdYD)
(10¥D) 1710XD

¥1dD

D ursdaye)

(21v00T1S) D urnueide)

(6v00TS) g wnues[eD
urnqoSomewr ¢ eydpy

uisddnnue 1-eydpy

urjoxd

dx.doi.org/10.1021/pr201064g | J. Proteome Res. 2012, 11, 1832—1843

1834



Journal of Proteome Research

Protein Digestion

Protein (100 pg) from each sample plus 400 fmol (22 ng)
QconCAT protein was precipitated using ice-cold acetone and
resuspended in 20 uL digestion buffer (0.5 M triethylammo-
nium bicarbonate (TEAB), 0.1% (v/v) SDS). Cysteine residues
were reduced with 2.5 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCI) (60 °C for 1 h) and then alkylated
with 10 mM methylmethanethiosulfate-labeled (MMTS)
(room temperature, 10 min in the dark). Proteins were then
digested with trypsin (1:10 w/w) (ABSciex, CA) at 37 °C
overnight and all samples were passed through a VWR
Centrifugal Filter (pore size 0.2 ym) (VWR International,
West Chester, PA), for 10 min at 10000X g.

Mixed-mode Cation Exchange (MCX) Purification of
Sample Peptides

Fifty micrograms of dried peptides were dissolved in 2% (v/v)
ACN, 0.1% (v/v) formic acid and purified with mixed-mode
ion-exchange. An Oasis MCX pElution Plate (Waters, Milford,
MA, USA) was preconditioned with 800 yL methanol and
equilibrated with 3 X 800 uL 0.1% (v/v) trifluoroacetic acid
(TFA) in water. The SO ug peptide samples were loaded on the
plate and the wells were washed with 2 X 800 yL 0.1% TFA
followed by 80% (v/v) acetonitrile/0.1% (v/v) TFA and
Millipore water. The peptides were eluted from the wells with 2
X 800 uL 10% (v/v) NH,OH/90% (v/v) methanol and the
eluate was evaporated to dryness in a speed vacuum centrifuge
and stored at —80 °C.

TIQAM Transitions

SRM transitions specific for the 40 selected peptides were
generated in silico with the Targeted Identification for
Quantitative Analysis by MRM (TIQAM) Digestor software”!
(from Seattle Proteome Center, http://tools.proteomecenter.
org/TIQAM/TIQAM.html) with the following settings:
precursor charges 2+ and 3+, 10 fragment ions from y-ion
series with precursor Q1 m/z < 1800, Q3 m/z < 1250 and Q,
— Q; m/z > +20. Collision energies (CE) were calculated in
TIQAM according to the following formulas: CE (2+) = 0.044
X m/z + 5.5 and CE (3+) = 0.051 X m/z + 0.5. The five
transitions with highest intensity optimized according to
Supplementary File 1 were used for the final LC-SRM analysis
(Supporting Information).

LC-SRM Analysis of Mammary Gland Tissue Digests

Prior to LC—MS analysis dried tissue digests were reconstituted
in 2% (v/v) ACN, 0.1% (v/v) formic acid to 1 pg/uL and 1 uL
(corresponding to 1 ug protein equivalent of peptides loaded
on column) were injected on the Eksigent Tempo nano MDLC
LC system equipped with a peptide captrap column (Microm
Bioresources Inc.). Peptides were loaded in 0.1% (v/v) formic
acid in water for $ min at a flow rate of 3 yL/min. The samples
were separated by a 70-min linear gradient of 2—25% (v/v)
acetonitrile with 0.1% (v/v) formic acid at a flow rate of 300
nL/min on a Acclaim PepMap 100 C18 analytical column (0.75
X 150 mm, 3 um particles, Dionex, Sunnyvale, CA). An
ABSciex 5500 QTRAP fitted with the NanoSpray III Assembly
and controlled by Analyst 1.5 software was used for all LC-
SRM analyses of tissue samples. The following parameters were
used: 2400 V ion spray voltage, a curtain gas setting of 20 p.s.i,,
a 150 °C interface heater temperature, a declustering potential
of 70 and Q1 and Q3 set to unit resolution. In SRM mode, a
dwell time of 20 ms was used and in the scheduled SRM mode

“For each target protein, peptides were selected by a combination of prediction algorithms and ad hoc rules. For each protein, the table shows the selected peptides, the respective peptide molecular
weights (MW), 5—6 best transitions (Q3 ions) for each peptide, CV of total and filtered transition data of standard QconCAT peptides in control (—) and challenged (+) mammary gland analyses. The

Q3 ions: ions that passed the manual validation step and were further used and analyzed in the study are emphasized in bold text. Q3 ions are named according to charge state and position in the y ion
series; hence 2y6 refers to a doubly charged y6 ion. Peptide Type classification: Type A (A/S), both good analyte and standard detection was obtained; Type B (—/S), good standard detection but weak

analyte detection; and Type C (—/—), weak detection of both standard and analyte.

Table 1. continued
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Figure 1. Selected reaction monitoring (SRM) chromatograms of three pairs of transitions that exemplify extracted Q3 ions from the analyte
peptides (light transitions) in the left panels and the standard peptides (heavy transitions) in the right. When clear, sharp peaks were acquired from
both standard and analyte peptides they were classified as a Type A (A+/S+) peptide. Weak detection of the analyte is classified as a Type B (A—/S
+) peptide, while poor detection of both standard and analyte is classified as a Type C (A—/S—) peptide. The y-axis ranges (signal intensity) are
presented at [0, 1.5 X 10°] in panel (a) and [0, 1.5 X 10%] in panels (b) and (c).

a 2 s cycle time and a 6 min SRM detection window was
applied.

SRM Data Analysis

All SRM data were processed using MultiQuant 1.2 with the
MQL algorithm for peak integration. A 6 min retention time
window and a one-point smooth with a peak-splitting factor of
4 were used. For noise percentage and the baseline subtraction
window default MultiQuant values of 40% and 2 min were
used. All data were manually inspected to ensure correct peak
detection and accurate integration. Transitions not detected or
with low resolution were excluded from further data analysis.
SRM data from this study is deposited and freely available in
the publically accessible SRMAtlas (www.srmatlas.org) and
SRM chromatographic data will be freely available in the
PASSEL database (www.peptideatlas.org/passel/).

Statistical Analysis

The R statistical software (R Development Core Team, 2010)
was used for data handling and statistical analysis of variation
estimates — CV9%, t tests, protein concentrations and fold
changes. The p-value for each protein fold change was obtained
from one-sample ¢t tests with null hypothesis: mean ratio (+/—)
equals zero in log2 space. The protein concentration was
calculated from all Q3 ion information within each replicate as
the back-transformed average ion ratios (i.e., exp(2)) with
known denominator = 4 fmol of purified QconCAT protein.

B RESULTS AND DISCUSSION

The aim of this study was to develop a targeted quantification
method applicable for future large scale multiplexed analyses of
specific proteins that are involved in the pathogenesis of bovine
mastitis. We chose to test this in mammary udder tissue, where
we expected that the host response proteins we wanted to
quantifzf were differentially expressed upon pathogen chal-
lenge.”” The QconCAT method for manufacturing isotope

1836

labeled standard peptides was chosen because this method can
provide reference peptides needed for quantitative analyses.
Once the QconCAT-gene has been synthesized, repeated
production of the QconCAT is quick and inexpensive, and the
access to quantifiable standard peptides is effectively unlimited.
Despite this advantage, only a few QconCATSs have yet been
reported and to the best of our knowledge, none have been
reported for analyses of bovine proteins. This may reflect the
novelty of molecular biology approaches to generation of
standards (compared, for example, to commercial peptide
synthesis) or the perceived cost. We estimated that at a
coverage of two peptides per target protein, a QconCAT
becomes cost-effective compared to synthetic stable isotope
labeled peptides when quantification is required for more than
five different proteins simultaneously. We designed the current
study to include 20 proteins, and thus, the QconCAT approach
was favored. An overview of the 40 selected peptides that were
assembled into the present QconCAT is summarized in Table 1
together with 210 selected transitions. Detailed transition-level
information is given in Supporting Information Table S1.

The 40 peptides were selected for their structural and
chemical properties, as described in the Methods section and in
Supplementary File 1 (Supporting Information). To investigate
their quantotypic properties the QconCAT peptides were
expressed as heavy labeled protein concatamers, added and
codigested with crude protein fractions extracted from
mammary gland tissues sampled from a healthy and an
inflamed mammary gland. A MALDI-TOF MS spectrum of
the heavy QconCAT peptides after trypsin digestion of the
purified QconCAT protein is presented in Supplementary
Figure 1 (Supporting Information).

The gland infected with S. uberis showed clear signs of
induced mastitis inflammation;*° hence, the selected 20
proteins are anticipated to be up-regulated in this infected
tissue sample. Observing the quantotypic properties of
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Figure 2. Peak areas of the 40 heavy QconCAT peptides codigested and coanalyzed with the healthy mammary gland tissue. Each point symbol
represents the mean area of a transition group of every separate injection/SRM analysis. All peptides with good standard detection (including both
Type A and Type B peptides from Table 1) were used to calculate the mean. The vertical error bars define +1 SD about the mean from four
repeated measurements of the areas (log;,) of all fragment ions that represent the QconCAT standard peptides. Each transition was inspected and
manually curated, whereby in (a) peptide quantifications are based on automatic peak detection in MultiQuant before manual curation, and includes
all data while (b) presents data after manual curation and exclusion of unclear peak data.

QconCAT peptides within these two different samples was
therefore expected to provide a physiologically relevant set of
test samples that could closely reflect the experimental
conditions for which these standard peptides typically will be
used in future biological experiments. QconCAT peptides act
here as internal standards, supporting quantification of the
endogenous peptides in the healthy and infected samples.

Manual Validation and Curation of Transition Peak
Detection

For the first pass of data analysis we relied on automated
spectral peak detection and integration methods of the
MultiQuant software. Further manual verification of peak
detection was made to exclude transitions that exceeded the
selected retention time window and transitions in the noise
level. Transitions with partially overlapping peaks that could be
manually distinguished were edited and corrected.

Since the errors in the automated data processing affect both
the analyte (A, light) and the standard (S, heavy) transitions,
we classified the transitions in three categories. Type A (A+/S
+): good analyte detection and standard detection; Type B
(A—/S+): weak or no analyte detection but good standard
detection, and Type C (A—/S—): weak analyte and standard
detection. Figure 1 shows typical transitions from each class in
panels a, b and ¢, respectively.

Based on the quality of transition detection we categorized all
peptides into quantotypic classes Type A (A+/S+), Type B
(A—/S+) and Type C (A—/S—). In all, 25 peptides were of
Type A (A+/S+), 10 of Type B (A—/S+) and five of Type C
(A—/S—) (Table 1). Supporting Information Table S1 includes
complete peptide and transition data from the three classes.
Peptides of Type A have excellent analytical properties and thus
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are the best candidates for quantification. Type B peptides
imply that a good standard signal could be detected, but the
weak signal in the present samples prohibited quantification of
the analyte. Nevertheless, type B peptides allow estimating the
maximum quantity of low abundant proteins in mammary
gland, as discussed in more detail in the following text. Peptides
of Type C were excluded from further analyses in this work, but
it may be expected that they could provide robust quantotypic
traits if spiked and analyzed within different tissue extracts, or if
spiked in at higher concentration to at least promote these to
Type B peptides. After manual curation, 53 out of the 210
initial transitions were excluded from further data analysis
(shown in plain text in Table 1; the 157 retained transitions are
in bold text).

Reproducibility/Stability of QconCAT Peptide Detection

A primary requirement for using internal standards in SRM
based quantification is that the standard peptides can be
monitored robustly in repeated analyses and in multiple types
of samples. Hence a first step in our investigation was to check
the reproducibility of the heavy QconCAT peptides among
four repeated injections on the Q-trap instrument. The
QconCAT construct was spiked into and codigested with
both healthy and challenged tissue samples and tested for
stability of detection by monitoring the variation of signal
intensity.

Transition ion chromatograms were obtained and processed
for all 40 QconCAT peptides. Peak areas of the 40 heavy
QconCAT peptides codigested and coanalyzed with the healthy
mammary gland tissue is presented in Figure 2. Notwithstand-
ing the selection of “optimal” peptides, the peak areas cover at
least 2 orders of magnitude of response, reflecting the variation
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in ionization efficiency of different peptides. The data are
expressed on a logarithmic scale for better visualization. The
coefficients of variation (CV %) for all QconCAT peptides,
both raw and manually filtered, are given in Table 1. However,
correct peak detection of standard QconCAT peptides is
compromised when only low intensity ion signals are present.
Manual inspection of the data revealed that in this study four
QconCAT peptides, namely CXCL1-1, CXCL1-2, Interleukin 1
receptor antagonist (ILRA)-2, and Interleukin 8 (IL8)-1 were
all type C peptides and represented by low peak intensities
which could not be correctly integrated using MultiQuant, and
these peptides were therefore excluded from further analyses in
this study. Consequently the analyses of the CXCLI1 protein
could not be supported by the current SRM method. Figure 2b
shows the effect of manual editing of MultiQuant based peak
detection. It indicates that the above peptides are not present
within the intensity range that allow reproducible detection,
and are prone to interfering peaks that make peak integration
ambiguous. Manual editing was not necessary for 21 target
peptides, mapping to 14 proteins, as determined by the
identical values for CV in the control columns “total transition
data “(=)” and “filtered transition data ”(—)” in Table 1.
Detection of Chemokine (C-X-C motif) ligand 3 (CXCL3)-1
and Interleukin 6 (IL6)-1 was greatly improved but in general,
only marginal improvements (e.g, LTF-2) or even deterio-
rations (e.g.CD14-1) were achieved by critical filtering and
exclusion. Except for CALGC-1, all standard peptides have a
CV <15% in the control (—) sample. Similar variation is
observed in the challenged (+) sample, with only 3 peptides
showing CV > 20%. As an example, the LGALS3 peptide
GNDVAFHFNPR has a CV = 53.83%. This is caused by small,
but relevant retention time (RT) variation from replicate to
replicate, due to the performance limitation of the Eksigent-
Tempo liquid chromatography (LC) system used in this study.
Here, two of the four replicate analyses, the peptide eluted at
the threshold of the selected RT window limit, thus the
integration of the peak could not be performed as accurately as
in the other two replicates. Usually the selected 6 min retention
time window would accommodate minor RT variations of the
LC system.

There is a clear correlation between expected cellular protein
abundance and robustness of detection. The 20 targeted
proteins represent both high and low abundance proteins, and
although their absolute amounts have not yet been
characterized in mammary gland, we can estimate likely ranges
of their relative cellular abundances in healthy and challenged
glands from studies of their concentrations and fluctuations,
which typically have been measured in bovine and human milk
and serum. All 20 proteins must be regarded as relatively low
abundant proteins compared to, for example, structural proteins
and metabolic enzymes.>> The five acute phase proteins: A1AT,
A2M, LTF, HP, and SAA3 are typically secreted in the range of
pug/mL to mg/mL to body fluids as a primary response to e.g,,
pathogens and to cytokine signaling.”'®*® The proteins
estimated to be present at pg/mL level in milk include
CD14,** the calgranulins (CALGB and CALGC) secreted by
neutrophils and macrophages,” cathepsin C (CATC) secreted
from a variety of granulated immune cells,*® and the immune
regulatory galectins (LGALS1 and LGALS3).”” The groups of
very low abundant proteins include cytokines (IL1B, IL6, ILS,
TNF-a), cytokine receptors (IL1RA, IL6R) and chemokines
(CXCL1, CXCL3) which all are highly potent mediators of
inflammation. These mediators elicit biological responses at
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very low concentrations often in the femtomolar to nanomolar
range in both bovine’ and human®*® tissues, hence their
abundances may be below our current detection or
quantification limit. Our study clearly reflects that there is a
correlation between expected protein abundance and the
robustness of quantotypic traits, as will be discussed below.

Effect of Sample Background on QconCAT Standard
Detection

To be efficient, the heavy isotopically labeled QconCAT
standard peptides must be monitored with similar stability
irrespective of the subject sample matrix. Hence, to estimate
whether different tissue samples influenced the detection of
QconCAT standard peptides, the heavy labeled peptide peak
areas of all transitions were measured in both a healthy control
(=) mammary gland sample as well as in an infected (+)
sample, and the two sets of peak intensities were compared. For
this evaluation we used the transitions from Type A and Type
B peptides with good standard detection (157 transitions,
Table 1). There was no significant difference in the variances of
the heavy peak areas between the two sets (P = 0.47, sample
estimate ratio of variances = 1.06, CI = [0.9, 1.24]) and there
was no significant replicate effect (P > 0.4). Figure 3 shows the

Control (-) replicates
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Figure 3. Pair-wise correlations of the standard (heavy) peak area of
individual transitions within control (—), challenged (+), and between
() replicates. Linear regression and the 95% prediction intervals are
shown for each pair. The entire sets of 157 manually curated
transitions from both Type A and Type B peptides from Table 1 were
used.

strong correlations of the measured light peptide transition
intensities, irrespective of the sample type and thus clearly
reveals that the differences in the background protein
expression levels does not significantly interfere with the
variation of the signal intensity of the spiked-in QconCAT
peptides. The coefficients of determination (R*) are around 0.9
with slightly better fits among the replicates of the same sample
types (control or challenged) than across samples (control
versus challenged). Hence we concluded that these peptides are
suited for targeted comparative quantification across biological
samples that are expected to have different expression levels of
proteins.

dx.doi.org/10.1021/pr201064g | J. Proteome Res. 2012, 11, 18321843



Journal of Proteome Research

a) b)  LeALst LGALS1
A1AT - ADLSGITK A1AT - LSISETYDLK DAGAWGAEQR DDNNLCLHFNPR
7 ' 7
8 [ 865
= 3
_|°6.5 . ) . ! o 6 . B
g "I 8ss
) . N
5 i
5 6
5.6 . { 4 . 55 . .
£54 8 s |
© © x
x52 b H T 45 i
e 2 4 |t
8 ° I N ER Y I A T B | L el
4.8 i i 3.5 {
50 80
o 40 o
® i g {} } i Sm ’
S 30 f Ho e }
3 840 {1
£ 20 ; s il [ I
H L] =
S1of- |3 f : . 520
0 .
2y5 2y6 2y7 2y5 2y6 2y7 2y8 2y9 2y5 2y6 2y8 2y62y7 3y4 3y53y6 3y7
Q3 lon Q3 lon Q3 lon Q3 lon

Figure 4. Quantitative properties of concordant peptides A1IAT and LGALSI. Peak area of light (L) and heavy (H) peptides (log10) and H/L area
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(red) are shown. Error bars span =1 SD around the mean of 4 replicates.
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Figure S. Log2 challenged/control (+) protein ratios displayed in increasing order of the CV % in (a), and in increasing order of average ratios in
(b). Relative quantification included only Type A peptides (Table 1) that provide both good standard and analyte detection. Error bars span the 95%
confidence interval for the mean of each protein from four repeated measurements. No correlation between the CV and the average ratios can be

observed (r = 0.1).

Quantotypic Properties of QconCAT Peptides

The quantitative properties of the 40 presented QconCAT
peptides were evaluated at multiple levels as each component
(measured peak areas or calculated ratios) is a source of
variation for quantification/quantotypic traits. Figure 4a gives
an example of robust and reliable protein quantification based
on the transitions of the two peptides from the A1AT protein.
All 8 transition ratios reflect approximately a 3-fold up-
regulation of AIAT in the challenged sample which is in line
with previously reported changes of AIAT in milk during
mastitis."* The LGALS1-1 peptide indicates a small but still
significant up-regulation induced by the S. uberis challenge in
(Figure 4b) However, the LGALS1-2 peptide while confirming
this increase, also shows that the quantification is greatly
affected by insufficient heavy QconCAT area detection, which
implicitly gives rise to a large variation in the L/H area ratio
(Figure 4b). A complete list of peak detection data for all
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peptides and transitions is presented in Supporting Information
Table SI.

Robustness of QconCAT-based Protein Quantification

The ultimate aim of developing the present QconCAT SRM
assay was to provide an efficient, accurate and affordable
method that can support protein quantifications which are
needed for testing hypotheses on bovine host response to
mastitis pathogens, exemplified here with S. uberis. CXCL3 and
Interleukin 6 receptor (IL6R) which both were represented by
two type B peptides, could not be quantified because the
endogenous peptides were not detectable in our extraction of
mammary gland tissues. The relative abundances of the 17
mastitis-related proteins that were successfully quantified are
shown in Figure S. Protein fold changes are plotted by
increasing CV in panel a and by increasing average ratios in
panel b. Ratios were calculated from the mean of both
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Table 2. Summary of Relative (+) and Absolute (fmol/ug) Quantification in Challenged/Control (+) Samples Shown in Figure

sa
protein  number of peptides number of transitions conc. (—) fmol/ug
CD14 2 9 0.88
Al1AT 2 8 19.13
LGALS1 2 9 67.31
LGALS3 2 11 7.30
A2M 2 11 17.49
SAA3 2 7 0.72
LTF 2 6 3143
CATC 2 10 0.63
CALGC 1 7 6.80
CALGB 2 7 191
VAN1 2 11 0.45
HP 2 7 0.20
TNF-a 2 11 0.20
ILIRA 1 6 0.29
IL1B 2 9 0.06
IL8 1 2 0.04
IL6 1 4 0.13

conc. (+) fmol/ug mean ratio (+) log2 mean ratio p-value CV (%)
0.98 1.12 0.17 1.86 X 1073 220
66.59 3.48 1.80 630 X 107° 3.59
78.83 1.17 0.23 8.51 x 1073 521
8.78 1.20 0.26 6.56 X 1073 5.55
162.00 9.26 321 1.49 x 107° 8.38
7.30 10.13 3.34 1.80 X 107° 9.24
190.81 6.07 2.60 6.65x 107 1091
1.05 1.67 0.74 453 x 107 1395
28.28 4.16 2.06 531 % 107 16.40
111.90 58.73 5.88 285 % 10°  18.84
223 4.94 2.30 8.02 X 107*  21.88
20.95 105.36 6.72 331 %107 25.00
0.15 0.72 —0.47 1.06 x 107 25.60
1.69 5.89 2.56 131 X 107 27.01
0.41 6.91 2.79 1.07 X 107 33.96
025 6.65 273 373 X 107° 47.41
0.35 2.65 1.41 437 X 1072 59.73

“The number of supporting peptides and transitions, absolute concentrations in fmol/ug protein load (which reflects extraction from S0 yg tissues)
in the control and challenged samples, the mean fold changes, p-values and CVs are provided. The proteins are listed according to increasing CV.

concordant peptides from each protein except for the
quantification of CALGC, IL6, IL8 and IL1RA where ratios
could only be based on data from a single peptide.

Table 2 presents estimated abundance of these 17 proteins in
udder tissues, as well as summary statistics (p-values and CV %)
and fold changes. Concentration estimates are based on the
equivalent of 4 fmol QconCAT protein added to the 1 ug of
total protein sample that was loaded for each injection on the
Q-TRAP instrument. The 1 pg protein represents extraction
from 0.05 mg wet weight tissue. The first 12 proteins have CV
< 25% indicating robust reproducibility of quantification with
QconCAT standard peptides. The largest ranges of variation,
that is, CV > 25% is observed for the low intensity fragment
ions of the low abundance analytes (e.g., IL6, IL8, and tumor
necrosis factor alpha (TNF-)). As expected, the observed fold
changes show that 16 of the 17 proteins, that is, all proteins
except TNF-a were significantly up regulated (p < 0.05) in
mammary gland after challenge with S. uberis. Also CD14,
LGALS1 and LGALS2, measured with relatively small fold
changes, were significantly increased after pathogen challenge.
To our knowledge, only one previous study has provided
quantitative analyses of the inflammatory response in mammary
gland tissues upon S. uberis challenge.”® This study presented
transcriptome profiles using a combination of microarray and
quantitative real-time reverse transcription PCR (qRT-PCR),
reported fold changes that were dependent on the RNA
quantification technology used and did not correlate well with
each other. However, they demonstrated considerable increases
in the transcripts for SAA3: 6.91/55.0, HP: 2.37, LTF: 3.39,
CALGB: 1.61, CALGC: 7.26/20.0, LGALS3: 1.91, CD14: 1.75,
IL8: 7.9, IL1B: 15.9, IL6: 6.0, and TNF-a: 3.4 (bold numbers
refer to qRT-PCR data while numbers in plain font refer to
microarray data) when measured in mammary gland tissue 60 h
after S. uberis challenge.*® Although fold changes of mRNA and
proteins are not guaranteed to be directly comparable,>" the
consistent overall trend indicates the ranges of relative protein
expression that might be expected in the mammary gland tissue.
The fold changes we observed for SAA3 (10.13), LTF (6.07),
CALGC (4.16), LGALS3 (1.20), CD14 (1.12), IL8 (6.65),
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IL1B (6.91), and IL6 (2.65) are similar to the transcriptome
fold change values whereas proteins HP (105.36) and CALGB
(58.73) are significantly higher than the transcriptome fold
change. TNF-a (0.72) is slightly down regulated at the protein
level when compared to the published transcriptome fold
change.”® The difference in fold change may reflect the quite
large span in sampling time in these two experiments, as our
samples were collected 8 h after infection, rather than the 60 h
in the transcriptomics study. Two other studies measuring
TNEF-a using ELISA after S. uberis challenge were not able to
detect increased concentrations of TNF-a in milk until >66 h
after infection. Therefore TNF-a have probably not been
present in a high enough concentration to be detected.
Furthermore TNF-a is a cytokine that is expressed in low
copy numbers, and the robustness by which it can be quantified
is likely limited by its low abundance in mammary gland tissues.
Taken together, the general close agreement between the
measured protein fold changes by our SRM quantification and
previous transcriptome data®® supports the robustness of our
QconCAT-SRM based quantification method, allowing detec-
tion and relative quantification of these 17 mastitis related
bovine proteins. To date, there is very limited information
about expression patterns and cellular abundances of these
important host-defense proteins in bovine samples. The
QconCAT-SRM method presented here provides for the first
time a truly rapid method for the quantification of these
proteins in a wide range of bovine tissues.

We conclude that the expression levels of the five proteins
TNEF-a, IL1RA, IL1B, IL8 and IL6 that were quantified with
uncertainty (CV > 25%) and the two proteins CXCL3 and
IL6R that could not be quantified are below our current limit of
quantification in mammary gland tissues. Nevertheless, the
robust standard peptide signals (the A and B type peptides in
Table 1) allow us to estimate the maximum amounts (upper
limits of expression) of these low abundant proteins in
mammary gland tissues. Assuming that 5% of standard peptide
signal intensity represents the lower limit of quantification, 0.2
fmol of these low abundant proteins would allow stable
detection, and therefore robust quantification in the 1 ug
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protein extracts. Hence, we estimate that there is less than 0.2
fmol of TNF-a, ILIRA, IL1B, IL8, IL6, CXCL3, and
Interleukin 6 receptor (IL6R) peptides in the analyzed protein
load (1 pg) and consequently less than 4 fmol of these proteins
in 1 mg udder tissue.

The seven proteins TNF-a, ILIRA, IL1B, IL8, IL6, CXCL3,
and IL6R are all a part of the cytokine/chemokine family.
Cytokines and chemokines take part in the innate immune
response signaling, and are well-known to be expressed in only
low abundance in mammary gland tissue as well as milk.”**
Therefore, further studies are needed to evaluate the
quantotypic properties of their target peptides. A limitation in
depth of quantification is the quantity of protein that can be
applied to the reversed phase chromatography column as
column overloading leads to peak broadening, RT shifts and
results in impaired quantification. Prior fractionation with
increased sample concentration (e.g, OFFGEL electropho-
resis”***) can enhance the signal of low abundance peptides
without overloading the column. Optimally, future validation in
other tissue samples should be done by analyzing protein
extracts from cells that are major sources of cytokines during
infection. These could include lymphocytes, macrophag7es and
neutrophils that can be isolated from milk and blood.” SRM
based protein quantification may become particularly advanta-
geous for species where detailed antibody availability is very
low, which particularly includes most farm animals. For
investigation of the immune response in cows, only a limited
number of bovine-specific antibodies are commercially available
and likewise, very few commercial and noncommercial ELISA
methods have been developed so far including assays for SAA3,
BSA, LTF, CSa, IFN-y, IL1B, IL8, IL10, LBP, sCD14, and
TNF-a>**>7* (Bethyl Laboratories Inc. Montgomery, TX).

The advantages of mass spectrometry based protein
quantification are becoming increasingly obvious, as these
methods provide specific, fast and affordable protein
quantification at an ever increasing speed.” In particular, the
rapidly growing field of SRM-based targeted protein
quantification provides interesting alternatives to current
analytical and diagnostic methods in farm animals. For
improving analyses of pig and cattle proteins/proteomes, the
accumulation of LC—MS/MS proteotypic peptide data by the
development of pig and cattle peptide data in the PeptideAtlas
repository (www.peptideatlas.org) have greatly improved the
resources for design and development of SRM mass
spectrometry based protein assays for use in farm animal
sciences.

B CONCLUSION

The aim of this study was to develop a robust, inexpensive,
highly sensitive and specific quantitative assay system based on
QconCAT coupled SRM methodology that can support future
studies and particularly allow verification of specific and
absolute protein abundances, including proteins that are of
major interest for understanding molecular mechanisms in
bovine host response to pathogens. We present a fast and cost
efficient method that will allow frequent sampling and multiple
measurements to be made, and will support in depth temporal
characterization of tissues involved in host response, and
particularly support studies where including many biological
replicates is of key interest. The method presented here will
support studies of biological variation and fluctuation of these
inflammatory proteins, and may prove useful for diagnostics
and surveillance in dairy herds. Additional studies using the
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presented QconCAT construct to characterize the level of these
20 proteins in other tissues, body fluids and cells may provide
important additional information about the quantotypic traits
of the target peptides presented in this work.

Our results clearly demonstrated that the QconCAT
construct provides an excellent and robust targeted relative
quantification method for 12 of the selected proteins in the
specific mammary gland tissues studied. The QconCAT based
spike peptides showed robust quantotypic performance for 17
of the targeted proteins, and only five peptides were classified
Type C (A—/S— ;meaning weak analyte and standard signal)
peptides which cannot yet support routine quantification using
this current approach. These might be successfully substituted
by other proteotypic peptide candidates in new QconCAT
constructs or by adding additional fractionation or antipeptide
immunopurification. The 10 Type B (A—/S+) peptides all
belong to the group of low abundant proteins and although
their stable detection makes them suited for routine
quantification; their quantotypic performance remains to be
verified in tissue extracts and body fluids where the abundance
of these targeted proteins is higher than in the bovine udder
tissues which were chosen for this study. The relative
quantification methods we provide for 17 of the targeted
proteins will be particularly useful for characterizing tissue
samples where in vivo labeling methods such as stable isotope
labeling by amino acids in cell culture (SILAC) are not feasible.

The QconCAT-SRM approach described here has revealed,
at the protein level, similarities in protein fold changes when
compared to transcriptome studies and significant differential
fold changes for three proteins (HP, CALGB and TNF-a)
using easily established quantitative direct measurement assays.
These targeted QconCAT-SRM based assays can circumvent
the considerable cost and effort that is associated with
developing species-specific ELISA assays which have prohibited
their development and use within farm animal studies. Hence,
we expect that SRM based mass spectrometry will be a valuable
approach for both research and diagnostics in farm animals, and
will in the future allow protein quantification at much larger
scales than what has so far been feasible. In this study we
present a first subset of SRM based protein assays targeting the
bovine inflammatory response using a QconCAT method to
provide stable isotopically heavy labeled peptides for the
targeted quantification of 17 inflammatory proteins.
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