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Rationale: Studies identified kininogen as a potential biomarker of preeclampsia, a major cause
of adverse maternal outcomes. High-molecular-weight kininogen (HK) and its activated form
(HKa) participate in numerous pathways associated with establishing and maintaining pregnancy.
However, dynamic changes in HK and naturally occurring HK-derived peptides during natural
course of pregnancy are largely unknown.

Methods: Longitudinal serum samples during course of normal pregnancy (Trimester [T]1, 2, 3)
from 60 pregnant women were analyzed by western blot with an anti-HK antibody. Circulating
peptides in longitudinal serum specimens derived from 50 participants were enriched using
nanoporous silica thin films. Peptides were identified by LC-MS/MS and database searching.
Relative quantification was performed by MaxQuant and in-house scripts. Normality was
evaluated by either ANOVA or Friedman tests with p-value < 0.05 for statistical significance.

Results: Western blotting revealed that HK significantly decreased during normal pregnancy (T1
vs T2, p<0.05; T1 vs T3, p<0001). A 100 KD intermediate increased during pregnancy (T1vs T2,
p<0.005; T1 vs T3, p<0.01). Moreover, the heavy chain (T1 vs T2, p<.0001; T1 vs T3, p<.0001;
T2 vs T3, p<0.01) and light chain (T1 vs T2, p<0.0001; T1 vs T3, p<.0001; T2 vs T3, p<0.05)
significantly increased during pregnancy. LC-MS/MS analysis identified 180 kininogen-1
peptides, of which 167 mapped to domain 5 (D5). 73 peptides with ten or more complete data sets
were included for further analysis. 70 peptides mapped to D5, and 3, 24, and 43 peptides showed
significant decrease, no trend, and significant increase, respectively, during pregnancy.

Conclusions: This study demonstrates dynamic changes in HK and naturally occurring HK-
derived peptides during pregnancy. Our study shed lights on the gestational changes of HK and its
peptides for further validation of them as potential biomarkers for pregnancy related
complications.

Keywords
Kininogen; pregnhancy; mass spectrometry; peptide; proteomics

1 Introduction

In the United States, hypertensive disorders affect 6-8% of pregnancies and are the second
leading cause of maternal mortality. Among the various etiologies leading to pregnancy-
induced hypertension (PIH), pre-eclampsia (PE) is a major maternal morbidity with
immediate complications for the pregnant mother and her baby and increases risk of later
developing cardiovascular disease, chronic kidney disease and diabetes. Early detection of
PE can aid in reducing maternal mortalities 1-2. Several studies have discovered and
validated PE biomarkers, including kininogen-1 and high molecular weight kininogen (HK)
and their proteolytic fragments/peptides3-2.

The kininogen-1 (KNG- 1) gene is located on chromosome three. KNG-1 mRNA is
alternatively spliced to produce two structurally and functionally distinct proteins, HK and
low molecular weight kininogen (LK). HK is a 120 kDa cysteine protease inhibitor with six
functional domains, labeled D1 to D6 10. HK and LK share identical D1-4; however, LK
contains an alternate, 4 kDa D5 and lacks D6 entirely 11. The function of LK remains largely
unknown. HK and three serine proteases, FXII, FXI, and plasma prekallikrein, comprise the
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plasma kallikrein-kinin system (KKS), which regulates coagulation, inflammation, and
blood pressure 12. Kallikrein cleaves HK to release bradykinin (BK, D4) and generate
activated HK (HKa), composed of the 65 kDa heavy chain (HC, D1-D3) joined by disulfide
bond to the 56 kDa light chain (LC, D5-D6) 1113,

Ovulation, endometrial proliferation, and implantation are inflammatory processes that
locally activate the KKS 14-16_ Kallikrein protein is detectable in rat uterus, placental
vessels, and amniotic fluid and in porcine endometrium and in human placental villous
capillaries 1518, HK is detectable in porcine endometrium and human placenta 17:19, HK
and its D5 peptides are implicated in the regulation of diverse functions relevant to normal
pregnhancy and PE pathogenesis including blood pressure regulation, smooth muscle
contraction, coagulation, angiogenesis, immune response, immunity, and endothelial cell
migration, proliferation, and apoptosis 112021 HK is highly concentrated in the female
reproductive tract and may be an important regulator of placental vascularization and
nutrient transport to the fetus 22.

Previous biomarkers studies compared HK protein and/or HK-derived peptide levels in
normal and hypertensive pregnancies, but interpretation of the results is confounded by
differing methodologies and a lack of knowledge regarding kininogen dynamics in the
course of normal pregnancy. To the best of our knowledge, no study has systematically
examined HK protein and peptide dynamics during pregnancy. Here we performed a
longitudinal analysis on serum samples using western blot and unbiased proteomic
approaches to understand the natural processing of HK protein during the course of normal
pregnancy.

2 Experimental

2.1 Samples

In this retrospective study, coded serum specimens were obtained from the Washington
University Women and Infant’s Health Specimen Consortium (WIHSC). 354 specimens
were collected from 118 women receiving prenatal care at Washington University/Barnes
Jewish Hospital, St Louis MO. The patients were recruited from October 19, 2010 to August
26, 2013. Specimens from subjects =18 years with singleton/viable pregnancies were
utilized. Subjects had sequential samples of venous blood drawn in the first trimester (T1,
<13 weeks), second trimester (T2, 13-27 weeks), and third trimester (T3, = 27 weeks).
Samples were collected and stored in liquid nitrogen for up to 4 years and then transferred to
—-80°C freezer for up to 2 years before analysis.

2.2 Western Blot

Western blotting was performed on 180 serum samples from 60 participants. Serum was
diluted four-fold and equal volumes were size fractionated on Novex WedgeWell 10% Tris-
Glycine polyacrylamide reducing gels (Invitrogen) and then transferred to PVDF
membranes. Membranes were incubated for 30 minutes at room temperature in Odyssey
Blocking Buffer TBS (Li-Cor) then incubated at room temperature for 2.5 hours with 1:500
dilution of rabbit HMW Kininogen Antibody (GeneTex, GTX100833). Membranes were
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washed three times in TBST for ten minutes. Then membranes were incubated at room
temperature in 1:10,000 dilution of IRDye 800CW Donkey anti-Rabbit 1gG (Li-Cor)
secondary antibody for one hour. Membranes were washed twice in TBST for ten minutes
and once in TBS for five minutes before imaging on an Odyssey Classic Imaging System
with densitometry quantification by Image Studio v.3.1. Relative intensity was calculated by
normalizing to trimester one intensity values.

2.3 Liquid chromatography- high resolution tandem mass spectrometry (LC-HRMS/MS)

150 longitudinal serum samples from 50 participants were enriched for naturally occurring,
circulating peptides using nanoporous silica thin films (NanoTraps) 23. A Thermo Fisher
Scientific EASY-nLC 1000 coupled on-line to a Fusion Lumos high resolution mass
spectrometer (Thermo Fisher Scientific) was used for comprehensive peptide analysis.
Buffer A (0.1% FA in water) and buffer B (0.1% FA in ACN) were used as mobile phases
for gradient separation. A 100 um x 15 cm chromatography column (ReproSil-Pur C18-AQ,
3 um, Dr. Maisch GmbH, German) was packed in-house for peptide separation. Peptides
were separated with a gradient of 3-30% buffer B over 25 min, 30%—-90% B over 10 min at
a flow rate of 600 nL/min. The Fusion Lumos mass spectrometer was operated in data
dependent mode. Full MS scans were acquired in the Orbitrap mass analyzer over a range of
300-1500 m/z with resolution 120,000 at m/z 200. Time between master scans was set at 15,
and the top most abundant precursors with charge states between 2 and 10 were selected
with an isolation window of 1.6 Thomsons and fragmented by higher-energy collisional
dissociation with normalized collision energy of 35. MS/MS scans were acquired in the
Orbitrap mass analyzer with resolution 30,000 at m/z 200. The automatic gain control target
value was 1e6 for full scans and 5e4 for MS/MS scans respectively, and the maximum ion
injection time is 60 ms for both. The raw files were processed using the MaxQuant
computational proteomics platform version 1.5.5.1 (Max Planck Institute, Munich,
Germany) for protein identification. The fragmentation spectra were used to search the
UniProt human protein database (downloaded August 22, 2016) containing 70,630 protein
sequences. Oxidation of methionine and protein N-terminal acetylation were used as
variable modifications for database searching. The precursor and fragment mass tolerances
were set to 7 and 20 ppm, respectively. Both peptide and protein identifications were filtered
at 5% false discovery rate based on decoy search using a database with the protein sequences
reversed. Peptide quantitation was based on the peptide intensity values reported by
MaxQuant.

2.4 Statistics

Analysis of peptide intensities was performed in GraphPad Prism 6. Normality was assessed
with the D’ Agostino-Pearson omnibus normality test. Normally distributed data was
analyzed using the repeated-measures one-way ANOVA and Tukey’s multiple comparison
test. Non-normally distributed data was analyzed using the Friedman test and Dunn’s
multiple comparisons. p < .05 was considered significant.
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2.5 Protease Prediction

The amino acid sequence of HK was retrieved from UniProt (entry P01042) and protease
predictions were obtained from PROSPER 2425, All amino acid numbers match the UniProt
sequence.

3 Results

3.1 Western blot reveals increased HKa

T1, T2, and T3 serum samples from 60 women were diluted and size-fractionated on Tris-
Glycine SDS gels before blotting with a polyclonal antibody that specifically detects HK,
but not LK. Figure 1a is diagram depicting LK, HK, and some known steps of HK
processing. Our western blot revealed four bands, 120 kDa, 100 kDa, 65 kDa, and 56 kDa,
as shown in the representative blot (Fig 1b). Figure 1c—f displays bar graphs, showing the
means and SEMs of densitometry values relative to T1, where T1 values were set equal to
one. Densitometry values displayed a non-normal distribution. Since the experiment is a
repeated-measures design the Friedman test with Dunn’s multiple comparison was used to
calculate p-values. The 120 kDa band represents inactive HK, which significantly decreased
in abundance from T1to T2 and T3 (T1 vs T2, p<0.05; T1 vs T3, p<0001). The decrease
between T2 and T3 was not statistically significant. (Fig 1¢) The 100 kDa band increased in
abundance during the course of pregnancy with significant increases observed from T1 to T2
and T3 (T1 vs T2, p<0.005; T1 vs T3, p<0.01) (Fig 1d). The 65 kDa HC (T1 vs T2,
p<.0001; T1 vs T3, p<.0001; T2 vs T3, p<0.01) and 56 kDa LC (T1 vs T2, p<0.0001; T1 vs
T3, p<.0001; T2 vs T3, p<0.05) increased progressively during pregnancy with statistical
significance found with every trimester to trimester comparison (Fig 1e—f). Further
processing of HKa by kallikrein at Arg419-Lys420 creates a 45 kDa LC 26, However, neither
the 45 kDa band nor any smaller HK fragments were detected by our antibody.

3.2 LC-MS/MS analysis reveals differential processing of Domain 5

Longitudinal serum samples from 50 participants were enriched for small, naturally
occurring peptides using nanoporous silica thin films 23. Enriched samples were analyzed by
LC-MS/MS and database sequencing, which revealed 180 peptides that mapped to KNG-1.
Six peptides mapped uniquely to LK. Three peptides mapped to D4, and four peptides
mapped to D1 or D2 and could be derived from either LK or HK. The remaining 167
peptides mapped uniquely to HK D5. Peptides with less than ten complete data sets, defined
as a value recorded in all three longitudinal T1, T2, and T3 samples for ten participants,
were excluded from statistical analysis, leaving 73 analyzable HK peptides. 70 of these 73
peptides mapped to D5. Table 1 summarizes the 73 HK peptides and their statistics. Three of
the D5 peptides significantly decreased during the course of normal pregnancy while 24
peptides displayed no significant trend, and 43 peptides significantly increased.

3.3 Analysis of proteolysis patterns and potential protease cleavage sites

The N- and C- terminal positions of the 167 peptide sequences that mapped to D5 were
counted. Figure 2a shows the number of D5 peptides that share the same N-terminal amino
acid. The top three most-common N-terminal amino acids are 458G, 438K, and 479L, which

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Droll et al.

Page 6

revealed that the most common N-terminal proteolytic sites were between 457R-458G,
437R-438K, and 479L-480D. Figure 2b shows the number of D5 peptides that share the
same C-terminal amino acid. In our study, the most common C-terminal amino acid is 477F,
and the most common C-terminal cleavage site is 477F-478K. Four additional positions,
475H, 497H, 504G, and 510G, are tied for the second-most common C-terminal amino acid.

Although many proteases are known to cleave HK, their proteolytic sites and the resulting
HK fragments are not well defined. Therefore, we utilized PROSPER to predict which
proteases could cleave HK. PROSPER proteolytic site predictions are indicated under the
bar graphs with an arrow (Fig 2a—b). Cathepsin K (CTSK), matrix metalloproteinase 9
(MMP9), and matrix metalloproteinase 3 (MMP3) were predicted to cleave within D5;
however, these predictions almost exclusively explain minor cleavage events in our cohort.
The exception is a predicted MMP9 site that explains the third-most common N-terminal
site, 478K-479L, in our cohort.

4 Discussion

This study is the first to systematically examine both HK protein and its natural occurring
peptide dynamics in longitudinal serum samples during the course of normal pregnancy. Our
results revealed decreased 120 kDa HK, increased 100 kDa intermediate, and increased HC
and LC that comprise HKa. The 100 kDa band was previously reported to be an intermediate
cleavage product created by the action of plasma kallikrein 13. Using LC-MS/MS analysis,
we also revealed dynamic, gestational changes of naturally occurring HK-derived peptides.
The majority of these peptides mapped to D5 and significantly increased in intensity during
pregnancy. Overall, our results suggest increased proteolysis of HK to HKa as pregnancy
progresses. HK D5 has been implicated in specific, pregnancy-related processes. D5
peptides have been shown to down-regulate angiogenesis, inhibit endothelial cell
proliferation, and exert anti-microbial effects 1127, Additionally, D5 binds heparin, induces
vascular permeability, and binds to endothelial cells (EC) 28-30, Using LC-MS/MS analysis,
we identified 174 naturally occurring HK-derived peptides. 167 of those peptides mapped to
D5. This suggests that the LC is specifically targeted for additional proteolysis to release
potentially biologically active peptides or to degrade and regulate HKa/D5 activity.
Although prior studies designed overlapping synthetic peptides to completely cover domain
5 and used these in functional studies, to the best of our knowledge, we show for the first
time that these sequences are naturally produced, with increased release of domain 5, in
maternal circulation.

Many of the D5 peptides detected in our study contain previously reported functional
synthetic peptides. Activation of HK occurs in circulation and on the EC surface. HKa
maintains anti-proliferative and anti-adhesive signaling in HUVECs 31, Recombinant D5
was shown to induce apoptosis of cultured EC 32, Colman et al. synthesized D5 peptides and
showed that synthetic peptides, His459-Asp492 and Gly458-His473, could inhibit in vivo
angiogenesis and EC proliferation and migration 33, The His459-Asp492 sequence was
detected in our serum samples with an m/z = 3797.7908. An additional 17 larger peptides in
our cohort contained the His459-Asp492 sequence. Three peptides with ten or more
complete data sets showed no trend, and six peptides significantly increased during normal
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pregnancy. The second sequence Gly458-His473 occurred in our samples with an m/z =
1656.762. The Gly458-His473 sequence was contained within 68 larger peptides. 34 of
these peptides presented 10 or more complete data sets, with 11 peptides showing no trend
and 23 peptides significantly increasing during the natural course of pregnancy. Zhang et al.
showed that Lys498-Asn513, a synthetic peptide containing an EC binding site, inhibits EC
proliferation 30, In our cohort, seven peptides contained this synthetic sequence, and one of
significantly increased during pregnancy. Our results demonstrate a temporal increase of
numerous D5 peptides with the potential to inhibit EC function and angiogenesis.

D5 shares both structural and functional features with antimicrobial peptides. The synthetic,
Gly458-Phe477, showed potent antibacterial properties by radial diffusion assay?’. We
detected this sequence within 51 naturally occurring peptides. Of peptides with 10+
complete data sets, nine showed no trend, and twenty significantly increased during
pregnancy. Our results confirm the natural production and temporal increase of numerous
peptides containing a functional antimicrobial sequence in the serum of pregnant women.
The diverse actions of D5 combined with the large number of peptides significantly
changing during pregnancy strongly suggest that D5 is an important regulatory domain that
requires further investigation. In contrast, three D5 peptides were identified that significantly
decreased during pregnancy; however, these three peptides contain none of the previously
annotated functional sequences.

Acute phase proteins, the complement pathway, and coagulation are important to the
pathology of PE, making HK a potential target for understanding PE °. Using a BK-release
assay, Mohamed et al. compared five sites within placentas obtained from healthy and
hypertensive pregnancies and found decreased LK and HK in PIH 8. Using western blot,
Blumenstein et al. detected decreased HK in the plasma from women with PE complicated
by small for gestational age at 20 weeks of gestation compared to healthy controls .
However, LC-MS/MS analysis of serum samples revealed that peptides mapping to KNG-1
were increased in severe PE 5. Likewise, two-dimensional gel electrophoresis and MALDI-
TOF, detected increased abundance of KNG-1 peptides in the plasma of HELLP patients 3.
Wen et al. compared serum samples from healthy and late-term PE pregnancies and
developed a diagnostic panel of 19 differentially expressed peptides, which included two HK
peptides 4. Finally using BLOTCHIP and MALDI-TOF, Araki et al. reported a D5 peptide
with an m/z = 2126.006 was significantly decreased in serum from PIH compared to healthy
pregnancy 2. In our cohort, this peptide significantly increased during normal pregnancy.

Plasma kallikrein accounts for the two most frequent N-terminal proteolytic sites in our
cohort. While numerous proteases are known to cleave HK, most of the proteolytic sites in
our cohort remain unexplained because prior studies focused on BK release and HK
activation. Proteolysis of HK produces highly vasoactive and pro-inflammatory kinins at
sites of tissue injury and inflammation 27. Proteolysis by Kkallikrein dramatically changes the
conformation of HK and exposes D5 34, FXI releases a large D5 fragment, Arg428-Lys520
35, Recently studied HK-interacting proteases include: MASP-1 and MASP-2 (lectin
pathway of complement activation), neutrophil elastase (increased in PE), FXII (increased in
response to estrogen and implicated in recurrent pregnancy loss), tissue kallikrein, plasmin,
and calpains 36-40, Human mast cell tryptase was shown to cleave multiple sites within the
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LC of HK 41, Additionally, HK bound to ECs is internalized and fused to lysosomes,
containing proteases such as cathepsins B and L 40.

PROSPER analysis predicted proteolysis by Cathepsin K, MMP-9, and MMP-3, which have
been implicated in normal placentation, trophoblast invasion, and PE 4245, However, this
analysis is limited due to PROSPER’s exclusion of many known HK-interacting proteases
from its database. For example, although kallikrein and MASP-1 are excluded from
PROSPER, kallikrein has been shown to cleave the 457R-458G site while both kallikrein
and MASP-1 can cleave the 437R-438K site, which were the two most common N-terminal
cleavage sites in our cohort 3746, Future studies should determine which proteases produce
D5 peptides to clarify the role HK and its interacting proteases play in normal and
pathogenic pregnancy.

Our data demonstrate the importance of studying dynamic, gestational changes of HK and
HK-derived peptides. Further investigation is required to determine the mechanism of D5
peptide release, biological activity, and worth as a disease biomarker. Prior studies have not
elaborated on the diversity of D5 peptides in serum despite interest in using HK peptides as
disease biomarkers. Current challenges in developing a viable PE biomarker may be the
result of comparing PE and control samples at a specific time point rather than considering
differences in the trends of peptide abundance. Future studies comparing PE to healthy
pregnancy might be clarified by considering peptide dynamic changes during the natural
course of pregnancy.
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Figure 1. Western Blot Reveals Increased HKa.
A. Schematic comparing the structure of LK to HK. LK and HK share identical D1 to D4.

LK contains an alternate D5 and lacks D6. 120 kDa HK contains six functional domains.
D4/BK release generates HKa, composed of the 65 kDa HC connected by disulfide bond to
the 56 kDa LC. Further proteolysis produces a 45 kDa LC and D5 peptide release. B.
Representative blot showing four bands (120, 100, 65, 56 kDa) derived from HK. C-F. Bar
graphs showing mean densitometry values with SEM. T2 and T3 values are relative to T1,
which is set equal to one. Friedman’s test for repeated measurements of non-parametric data
was used to obtain p-values. C. 120 kDa band representing intact HK significantly decreases
during T1 to T2 and T1 to T3. D. 100 kDa band increases T1 to T2 and T1 to T3. E. 65 kDa
band representing the HC increases significantly during pregnancy. F. 56 kDa band
representing the LC increases significantly during pregnancy. * p < 0.05; ** p < 0.01; ****
p < .0001; ns not significant.
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Figure 2.
Analysis of D5 Proteolysis. A. Bar graph showing the number of peptides sharing the same

N-terminal amino acids. B. Bar graph showing the number of peptides sharing the same C-
terminal amino acid. A-B. Bars are subdivided and color coded according to legend.
“Decreased” indicates peptides that significantly decreased during the course of normal
pregnancy. “Increased” indicates peptides that significantly increased during normal
pregnancy while “no trend” indicates peptides that displayed no significant trend. “<10 Data
sets” indicates peptides that presented less than 10 complete datasets and were therefore not
statistically analyzed. Arrows underneath the bar graphs indicate protease cleavage sites
predicted by PROSPER. Arrows in A indicate the protease is predicted to generate the start
site immediately to the right of the arrow. Arrows in B indicates the protease is predicted to
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generate the end site immediately to the left of the arrow. CTSK = Cathepsin K, MMP9 =
Matrix Metalloprotease 9, MMP3 = Matrix Metalloprotease 3.
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