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A Novel LC-MS/MS Assay for Quantification of
Des-carboxy Prothrombin and Characterization of
Warfarin-Induced Changes

Abdul Basit"?, Bhagwat Prasad'?®, Joanne K. Estergreen? Daniel E. Sabath?, Nathan Alade', David L. Veenstra®, Allan E. Rettie* and
Kenneth E. Thummel'*

Warfarin is a narrow therapeutic index anticoagulant drug and its use is associated with infrequent but significant adverse
bleeding events. The international normalized ratio (INR) is the most commonly used biomarker to monitor and titrate war-
farin therapy. However, INR is derived from a functional assay, which determines clotting efficiency at the time of measure-
ment and is susceptible to technical variability. Protein induced by vitamin K antagonist-ll (PIVKA-II) has been suggested as
a biomarker of long-term vitamin K status, providing mechanistic insights about variation in the functional assay. However,
the currently available antibody-based PIVKA-II assay does not inform on the position and number of des-carboxylation
sites in prothrombin. The assay presented in this paper provides simultaneous quantification of carboxy and des-carboxy
prothrombin that are essential for monitoring early changes in INR and, thus, serves as the superior tool for managing war-
farin therapy. Additionally, this assay permits the quantification of total prothrombin level, which is affected by warfarin
treatment. Prothrombin recovery from plasma was 95% and the liquid chromatography-tandem mass spectrometry (LC-MS/
MS) assay was linear (r2 = 0.98) with a dynamic range of 1-100 pg/mL. The assay interday precision was within 20%. A des-
carboxy peptide of prothrombin (GNLER) was negatively correlated with active prothrombin (Pearson r = 0.99, P < 0.0001),
whereas its association was positively linked with INR values (Pearson r = 0.75, P < 0.015). This novel LC-MS/MS assay for
active and inactive prothrombin quantification can be applied to titrate anticoagulant therapy and to monitor the impact of
diseases, such as hepatocellular carcinoma on clotting physiology.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Protein induced by vitamin K antagonist (PIVKA-II)
has been adopted as a long-term marker of prothrombin
activity. The conventional enzyme-linked immunosorb-
ent assay (ELISA) assay for PIVKA-II quantification uses
an antibody that is not validated to distinguish different
prothrombin y-carboxylation states, some of which have
varying degrees of biological activity. Moreover, the ELISA
assay does not provide quantification of total and fully ac-
tive (10 Gla residues) prothrombin.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study investigated the effect of warfarin on
the des-carboxylation of prothrombin and defined the

Biologically active prothrombin (factor Il) contains 10
y-carboxylated glutamic acid (Gla) residues, which are
formed post-translationally by vitamin K-dependent hepatic
y-glutamyl carboxylase during prothrombin biosynthesis in

des-carboxylation sites that correlate well with interna-
tional normalized ratio value.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This study provides a high throughput and sensitive
liquid chromatography-tandem mass spectrometry assay
for the quantification of des-carboxylated, fully carboxy-
lated, and total prothrombin using only 10 pL plasma.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?

The test we developed provides a more comprehensive
assessment of hepatic vitamin K status and post-
translational modification of factor I, which may improve
the safety and efficacy of long-term warfarin therapy.

the liver.! Warfarin exhibits its anticoagulant effect by inhib-
iting the recycling of vitamin K epoxide to the reduced form
of vitamin K, a cofactor used by y-glutamyl carboxylase,z'3
and thereby slowing the synthesis of active prothrombin,
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extending blood clotting time, and reducing the chance of
a systemic blood clot in at-risk individuals. The pharma-
codynamic response to a fixed starting dose of warfarin
varies substantially between individuals, necessitating an
adjustment of dose to achieve a common, safe degree of
anticoagulation. This interindividual variability in warfarin
pharmacodynamic response can be explained partly by de-
mographic and clinical factors, as well as polymorphisms
in genes encoding the: (i) warfarin metabolizing enzyme
(i.e., cytochrome P450 2C9 (CYP2C9)),*® (i) warfarin tar-
get enzyme, vitamin K epoxide reductase complex subunit
1,57 and (jii) vitamin K catabolizing enzyme, CYP4F2.8
Achieving a safe therapeutic response can be challenging
due to warfarin’s narrow therapeutic index and high inter-
individual variability in the dose requirement. International
normalized ratio (INR) of prothrombin time is used as a
biomarker of warfarin efficacy® in order to avoid adverse
events associated with both under and over anticoagula-
tion. Prothrombin time represents the time needed for clot
formation in a plasma sample under a defined chemical
stimulus. Interindividual and intra-individual variability in
warfarin response can be due to drug interactions affect-
ing warfarin metabolism, liver dysfunction, and alteration in
dietary vitamin K intake.'°™" An INR value > 4 is associated
with an increased risk of bleeding,15 and the risk of intracra-
nial hemorrhage increases approximately twofold for every
one unit rise in INR above 4."

INR is a functional assay of pharmacodynamic response
to anticoagulation therapy that measures prothrombin time
under prespecified conditions, normalized for laboratory
variation. Readouts of the assay can be affected by method-
ological variables, such as blood collection procedure and
sample handling temperature and duration.'”'® Moreover,
depending on the half-life of vitamin K-dependent coag-
ulation factors, there is a time-lag between warfarin dose
and the initiation of the therapeutic response. For example,
during the initial days of warfarin therapy, prolongation of
INR correlates with decline in factor VIl (half-life 4-6 hours),
whereas the effect of altered prothrombin on INR appears
later (half-life 60-70 hours).®>'® To address limitations of the
INR assay, quantitation of plasma under- y-carboxylated
forms of prothrombin, also referred to as protein induced
by vitamin K antagonist (PIVKA-II) has been adopted as it is
considered to be a more specific and long-term marker of
prothrombin activity. PIVKA-II in plasma exists as a mixture of
proteoforms with a variable number (1-9) of non-carboxylated
glutamate residues in the prothrombin Gla domain in warfarin-
treated patients. Vitamin K deficiency, warfarin treatment and
liver dysfunction (e.g., hepatic carcinoma) lead to PIVKA-II
build up in the blood.’®®® Conventionally, an enzyme-
linked immunosorbent assay (ELISA) assay is used for
plasma PIVKA-II quantification. Although the ELISA method
is sensitive, the antibody is not validated to distinguish dif-
ferent prothrombin y-carboxylation states. The activity of
the prothrombin is defined by its carboxylation states. Fully
active prothrombin contains 10 carboxy glutamic acid res-
idues (Glu). Carboxylation of prothrombin Glu residues is
thought to occur stepwise and in a specific order described
by Uehara et al.?! The absence of two carboxylation mod-
ifications (GC-10 and GC-9) leads to a 50% reduction in
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prothrombin activity, whereas the absence of three or more
carboxylation modifications results in nearly complete loss
of activity.?>? The ELISA assay does not provide quantifica-
tion of total, fully active (10 Gla residues) prothrombin, which
may bring added mechanistic value. An liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) assay that
quantifies a peptide, ERECVEETCSY, representing one form
of PIVKA-II (des-carboxylated at 7, 3, 6, and 5 Glu positions
in the Gla domain) has been reported,?*?® but again it does
not test for fully active prothrombin nor carboxylation at spe-
cific glutamate residues. Thus, this peptide might not reflect
early changes in coagulation status, as initial increases in
INR likely reflect, in part, the absence of carboxylation at the
last three glutamic acid residues (8-10) to be carboxylated
(i.e., ANTFLEEVRK and GNLER). The assay also involves
immuno-enrichment of prothrombin prior to protein digestion,
which is time-consuming and expensive. To systematically
address these limitations, we developed and validated
an LC-MS/MS assay to quantify multiple forms of des-
carboxylated that are shown to be critical for the activity
(GC-10 through GC-7),222® fully carboxylated, and total pro-
thrombin levels using 10 pL of plasma and a high-throughput
prothrombin enrichment procedure. This novel, targeted
proteomic method was applied to quantify des-carboxy and
fully carboxy prothrombin in plasma samples of warfarin-
treated and untreated individuals.

Targeted proteomics is a selective and quantitative
methodology that utilizes stable isotope labeled surrogate
peptides for the quantification of peptides or proteins in
complex biological specimens in a high-throughput manner.
Moreover, targeted proteomics generally does not require
immuno-enrichment and protein fractionation to achieve
sensitive quantification (down to low nanomolar levels). We
believe that the method presented in this paper is superior
to the ELISA assay in multiple ways: (i) it provides biochem-
ical and mechanistic insight into the des-carboxylation of
glutamic acid residues that drive changes in prothrombin
activity and blood clotting potential; (ii) it allows simultane-
ous quantification of multiple forms of prothrombin—fully
active, partially active and inactive; and (iii) it allows quanti-
fication of total prothrombin levels that are also affected by
warfarin or vitamin K deficiency. Moreover, this assay com-
plements our previously developed LC-MS/MS method for
quantification of vitamin K metabolites in urine.?® The novel
proteomics-based assay is potentially applicable for (i) ti-
trating anticoagulant therapy, (ii) investigating the impact of
variable dietary vitamin K and genetic variation on prothrom-
bin activity in the absence and presence of anticoagulation
therapy, and (jii) for monitoring the impact of diseases, such
as hepatocellular carcinoma on clotting physiology.

METHODS

Chemicals and reagents

LC-MS grade acetonitrile, methanol, chloroform, and
formic acid were purchased from Fisher Scientific (Fair
Lawn, NJ). Standard human prothrombin, trichloroacetic
acid (TCA), and trifluoroacetic acid (TFA) were purchased
from Sigma-Aldrich (St. Louis, MO). Isopropanol (IPA) was
purchased from VWR DBH Chemicals. The protein quan-
tification bicinchoninic acid assay kit was purchased from
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Pierce Biotechnology (Rockford, IL). Ammonium bicarbon-
ate buffer (98% purity) was purchased from Acros Organics
(Geel, Belgium). Human serum albumin, a surrogate pro-
tein matrix, was obtained from Calbiochem (Billerica, MA).
lodoacetamide, dithiothreitol, MS grade trypsin, and sur-
rogate heavy peptides representing carboxy-forms and
des-carboxy-forms of prothrombin were purchased from
Thermo Fisher Scientific (Rockford, IL).

Sample procurement

The plasma samples were collected from two groups.
Group 1 consisted of 12 individuals receiving antithrom-
botic warfarin therapy at the University of Washington
Medical Center and group 2 were 12 healthy adults (con-
trols) from University of Washington Medical Center. The
samples from warfarin-treated patients were archived, and
anonymized specimens were obtained from University of
Washington Laboratory Medicine. The group of adult con-
trols were part of a University of Washington Institutional
Review Board-approved protocol for collecting anonymized
blood samples to develop coagulation tests.

Sample preparation

Serum albumin was depleted from plasma (10 pL) using
a published IPA-TCA extraction methodology?’ with few
modifications. Briefly, 10 volumes of 0.1% TFA in IPA was
vortex mixed with plasma for 2 minutes and centrifuged at
1,500 x g, 5 minutes at 4°C. The resulting supernatant that
was primarily enriched with albumin was discarded. The
protein pellet was washed with 0.5 mL ice cold methanol
and re-dissolved in a mixture of ammonium bicarbonate
buffer (100 mM) and 4% sodium dodecyl sulfate (1:1, v/v,
100 pL). Extracted proteins were digested as described
previously?® with slight modification. A detailed protein di-
gestion protocol is described in the Supplemental Data.

LC-MS/MS assay development and validation
for quantification of carboxy and des-carboxy
prothrombin
Two peptides from the Gla region of prothrombin (carboxy/
des-carboxy forms) and three peptides from a non-Gila re-
gion were selected as surrogates for active/inactive and
total prothrombin, respectively (Figure 1). LC and multi-
ple reaction monitoring (MRM) parameters for individual
peptides were optimized using a digest of purified human
prothrombin. The heavy labeled peptides were used as in-
ternal standards (Table S2). LC-MS/MS analysis of carboxy
and des-carboxy peptides was performed on a SCIEX 6500
triple quadrupole mass spectrometer coupled to a Waters
Acquity UPLC system. Chromatographic separation of
peptides was achieved on a reversed phase HSS T3 C18
column (2.1 x 100 mm, 1.8 p particle size; Figure S1). The
mobile phase consisted of 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B) was used. The gradient
conditions and MS parameters are reported in Table S1.
Data were acquired by Analyst 1.6 software and ana-
lyzed by Skyline software 4.1 (MacCoss Lab, University of
Washington, Seattle, WA).

The LC-MS/MS assay was validated for linearity, pre-
cision, accuracy, and recovery. Linearity of the assay was
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assessed by spiking different concentrations of the standard
prothrombin (1-100 pg/mL) into serum albumin. Accuracy
and extraction recovery were assessed using the stan-
dard addition method by spiking standard prothrombin at
two concentrations (40 and 80 pg/mL) into pooled human
plasma from control adults. Interday precision of the assay
was performed with the plasma samples processed on
three different days. Prothrombin time for INR determination
was measured using a STA-Compact coagulation analyzer
(Diagnostica Stago, Parsippany, NJ).

Data analysis

Peptide peaks were identified by matching the retention
time with isotope labeled internal standards and alignment
of selected precursor ion to daughter ion fragments. Data
were normalized to internal standard and then with endog-
enous serum albumin to reduce the technical variability in
the sample preparation. To address interindividual differ-
ences due to variable prothrombin concentration, active
and inactive (Gla region peptides) prothrombin levels were
normalized by non-Gla peptide signals. Absolute or rela-
tive protein abundance (pmol/g) across healthy control and
warfarin treated adults (group 1) and control adults (group
2) were then compared by the Kruskal-Wallis followed by
a Mann-Whitney test. Associations between different pep-
tide/protein measurements and INR were evaluated by
linear regression. The protein abundance data are pre-
sented as mean + SD.

RESULTS

Selection of surrogate peptide and optimization of
MRM transitions for quantification

We identified two surrogate tryptic peptides (ANTFLEEVRK
and GLNER) using Skyline®® that represent Gla region of
prothrombin covering the initial des-carboxylation sites (GC-
10 through GC-7 states). To quantify total prothrombin, we
also identified three surrogate peptides from non-Gila region
of prothrombin (i.e., SGIECQLWR, TATSEYQTFFNPR, and
ELLESTIDGR). For ANTFLEEVRK, four different possible
carboxylation modifications on two glutamic acid residues
(E) were possible (i.e., () carboxylation of both E residues,
(i) des-carboxylation of both E residues, (i) carboxylation
of first E residue, and (iv) carboxylation of second E residue;
Figure 1). Similarly, for GNLER, two different possible iso-
forms were predicted (Figure 1). y-lons and b-ions for both
Gla and non-Gla peptides were selected for MRM quantifi-
cation. However, Gla peptides did not show any signals for
predicted MRM transitions. Therefore, to optimize the MRM
transitions for carboxy-peptides, we performed a pilot MS/
MS experiment using custom synthesized carboxy peptide
standards. We found that the neutral loss of CO, molecule(s)
from the y-ion of the mono-carboxylated or di-carboxylated
ANTFLEEVRK peptides resulted in identical fragmentation
patterns of des-carboxy and carboxy peptides (Figure 2).
To selectively quantify individual prothrombin proteoforms,
the LC method was optimized to separate the carboxy and
des-carboxy proteoforms of individual peptides, which re-
sulted in good resolution between fully carboxylated ANTFL[E]
[EIVRK, mono-carboxylated ANTFLE[E]VRK, and fully
des-carboxylated ANTFLEEVRK with retention times of 14.3,
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Figure 1 Schematic representation of sample preparation and analysis protocols. Proteins from plasma samples (10 pL) were
precipitated with 0.1% trifluoroacetic acid (TFA) in isopropanol (IPA). Extracted proteins were reduced with dithiothreitol (DTT), alkylated
with lodoacetamide and digested with trypsin. Finally, digested samples were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Prothrombin surrogate peptides from both glutamic acid (Gla)-region and non-Gla region (highlighted by

blue color) were selected for the analysis.

12.5, and 13.0 minutes, respectively, confirmed by standard
synthetic peptides (Figure S1) and fragmentation patterns
(Figure 2). Des-carboxy GNLER representing the absence of
carboxylation at seventh glutamic acid residue (Figure S1),
was detected at 6.0 minutes, whereas carboxy GNL[E]R
was not observed in the reversed phase LC, perhaps due to
(i) high-polarity and early elution and/or (ji) poor ionization.
The optimized LC and MRM transitions with y-CO, loss frag-
ments are provided in Tables S1 and S2. Capitalizing on the
CO, loss during in-source fragmentation of y-carboxylated
peptides and construction of MRM transitions for selected
peptide quantification is the major new technical finding of
the present work that has broad applicability.

Optimized plasma sample preparation protocol

Plasma proteomics are often challenging due to ioniza-
tion suppression and high background because of highly
abundant proteins (e.g., albumin) in plasma. Here, we opti-
mized a recently published cost-effective albumin depletion
method?” to enrich prothrombin, which utilizes IPA and TCA
to remove albumin. For the modification, we replaced TCA
by TFA, as the latter is a better solvent for dissolving serum

albumin.?® High (> 95%) and reproducible recovery was ob-
served with the standard addition method using optimized
conditions (i.e., 0.1% TFA-IPA and 10 pL plasma).

LC-MS/MS assay validation

Analyte recovery with the LC-MS/MS assay was calculated
using three replicates of standard prothrombin addition to
the pooled plasma samples, with two different prothrombin
concentrations (40 and 80 pg/mL). At both concentrations,
the extraction recovery was > 95% (Figure 3). The assay
was linear (? = 0.98; Figure 3) across a 100-fold dynamic
concentration range (1-100 pg/mL). All of the calibration
curve points were analyzed in triplicate. Limit of detection
and lower limit of quantification values were determined
based on signal-to-noise ratios of 3 and 10, respectively.
The assay was relatively sensitive, with a lower limit of quan-
tification of 1 pg/mL of protein and a precision of + 20%.
The interday precision of the assay was also within + 20%,
as assessed by extracting and digesting prothrombin from
plasma on three separate days (Table S3). Importantly, the
use of isotope labeled internal standards in LC-MS/MS
assay provides high accuracy and precision in a complex
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Figure 2 Tandem mass spectrometry (MS/MS) spectra of carboxy and des-carboxy forms of a representative peptide, ANTFLEEVRK.
(@) MS/MS spectrum of parent ion, m/z 607.8386 (ANTFLEEVRK - des-carboxy peptide) showing y-ions as dominant fragment,
(b) MS/MS spectrum of parent ion, m/z 829.8301 (ANTFLE[E]VRK — mono-carboxy peptide) showing ions with one CO, loss (y-CO,)
as dominant fragment and (¢) MS/MS spectrum of parent ion, 651.7717 (ANTFL[E][E]VRK - di-carboxy peptide) showing ions with two

CO, losses (y-2C0O,) as dominant fragments.
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Figure 3 Assay performance. The linearity of the liquid chromatography-tandem mass spectrometry assay was determined by
spiking heavy peptide into human serum albumin (a- 2.5-100 pg/mL) and human serum matrix (b- 10, 40, and 80 pg/mL). Recovery
was calculated by spiking the standard prothrombin at 40 and 80 pg/mL into pooled control serum samples (c).

matrix, unlike the ELISA assay. For example, incorporation
of heavy internal standards into the method addressed an-
alytical variabilities, including ion suppression/matrix effect
in the MS/MS. Additionally, peptide correlation provides a
quality check on the data. Peptides from the non-Gla region
correlates very well both in control and warfarin treated
group (Figure S3,a-c). Although correlation between fully
carboxy peptide from Gla region and peptide from non-
Gla region highlights lower levels of carboxy peptides in
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warfarin treated group (Figure S3,d-f). Similarly, correlation
between des-carboxy peptides and peptide from non-Gla
region highlights higher levels of des-carboxy peptides in
the warfarin-treated group (Figure S3,g-i).

Correlation of INR wit
prothrombin

h carboxy and des-carboxy

The mean total plasma prothrombin concentrations were
475 + 6.7 and 30.1 + 13.4 pg/mL for control and warfarin



treated samples, respectively. Total prothrombin was signifi-
cantly reduced (*P < 0.02; Figure 4a) in the warfarin-treated
group compared with the control group. Further, no sig-
nificant correlation was observed between INR and total
prothrombin when testing within the warfarin-treated group
(Figure 5a). In addition, fully carboxylated prothrombin,
represented by the surrogate peptide with y-carboxylation
at glutamic acid residues 9 and 10 (ANTFL[E][E]VRK), was
quantified to monitor the effect of warfarin treatment on the
final steps of prothrombin post-translational modification
(i.e., biological activation). To address interindividual vari-
ability in total prothrombin concentration and its effect on
the quantification of fully carboxylated and des-carboxy
prothrombin proteoforms, the average non-Gla peptide
response was used to normalize the carboxy and des-
carboxy prothrombin levels.

The mean plasma concentrations of fully carboxyl-
ated prothrombin were 49.2 + 1.2 and 32.6 + 5.9 uyg/mL
for the control and warfarin treated samples, respectively
(Figure 4b). Fully carboxylated prothrombin levels were
significantly reduced in the warfarin treated subgroup as
compared with the control subgroup (Figure 4b). Fully car-
boxylated prothrombin levels were reduced to ~ 90-50% of
mean control and accompanied by an INR of 1.6-3.5. There
was a significant negative correlation (Pearson r = -0.77,
*P = 0.013) between fully carboxylated prothrombin concen-
tration and the INR value (Figure 5b).

To fully address the effect of warfarin on prothrombin
carboxylation, additional prothrombin proteoforms were
quantified; des-carboxy tryptic peptide GNLER representing
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the absence of carboxylation at Glu residues 7, 8, 9, and
10 (GC-6 or lower, assuming ordered y-carboxylation) and
ANTFLEEVRK representing the absence of carboxylation at
glutamic acid residues 9 and 10 (GC-8 or lower). Plasma
levels of both des-carboxy peptides were significantly in-
creased (**P < 0.0001) in the warfarin-treated group, as
compared with its control group (Figure 4c,d). Additionally,
the levels of the two des-carboxy peptides (GNLER and
ANTFLEEVRK) were positively correlated (Pearson r = 0.75
and 0.69) with the INR values (Figure 5c,d). Interestingly,
the increase in GNLER and ANTFLEEVRK was sevenfold
and eightfold, respectively, whereas INR values ranged from
1.6-3.5. There was a strong negative correlation (Pearson
r = -0.99 and -0.78) between peptides corresponding to
fully carboxylated prothrombin (ANTFL[E][E]VRK) and des-
carboxy prothrombin peptides (GNLER and ANTFLEEVRK,
respectively) representing GC-6 or less and GC-8 or less
proteoform states, respectively (Figure 5e).

DISCUSSION

Active prothrombin contains ten y-carboxylated glutamic
acid residues (Gla region). Carboxylation of glutamate res-
idues in the Gla region reportedly takes place in a specific
order resulting in different prothrombin proteoforms (GC-1
to GC-10), as shown in Figure $2.2" During warfarin therapy
or vitamin K deficiency, PIVKA-II is detected in blood as
unspecified (i.e., with regard to site of des-carboxylation)
des-carboxylated prothrombin. When tested in vitro, the
absence of two carboxylation modifications (GC-10 and
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Figure 4 Comparison of abundance of total prothrombin, carboxy peptide (ANTFL[E][E]VRK) and des-carboxy peptides (ANTFLEEVRK
and GLNER) in serum samples from control and warfarin treated individuals. Each dot and square represent the individual subjects
from control, and warfarin treated groups, respectively. Error bars indicate the standard deviation. Significant reduction in the levels
of total prothrombin (P = 0.02) and carboxylated prothrombin (P < 0.0001) in warfarin treated subjects compared with control subjects
was observed. Des-carboxylated prothrombin was significantly (P < 0.0001) elevated in warfarin treated subjects. Des-carboxy peptide
ANTFLEEVRK is a low response peptide, which was quantifiable in first analysis only (n = 1). Mann-Whitney test. *P value < 0.05,

**P value < 0.01 and ***P value < 0.001.
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Figure 5 Correlation between international normalized ratio (INR) value with abundance of total prothrombin, carboxy peptide, and
des-carboxy peptides in serum samples from warfarin-treated subjects. (a-d) represent correlations with INR in warfarin-treated
samples (group 1). (e,f) Represent the correlation between carboxy peptide ANTFL[E][E]VRK with des-carboxy peptides GNLER and
ANTFLEEVRK in the same sample set. INR values negatively correlated with carboxy peptides while positively correlated with des-
carboxy peptides. In addition, there was a strong negative correlation between carboxy peptide and des-carboxy peptides.

GC-9) leads to a 50% reduction in prothrombin activity,
whereas the absence of three or more carboxylation mod-
ifications results in nearly complete loss of activity.??3
Accordingly, we posited that quantification of individual
des-carboxy peptides, representing glutamic acid residues
that are the last four to be carboxylated (i.e., GC-10, GC-9,
GC-8, and GC-7; Figure S2), will more accurately repre-
sent the status of prothrombin under-carboxylation in blood
during warfarin therapy. Two tryptic peptides ANTFLEEVRK
and GNLER, that cover the GC-10 through GC-7, were se-
lected for precisely quantifying the extent of warfarin effect
during anticoagulation therapy.

While quantifying the fully carboxylated peptides, the
predicted MRM transitions through Skyline for Gla pep-
tides did not work. This was not surprising, as the analysis
of Gla region peptides by MS is challenging and hindered
by (i) presence of multiple carboxy modifications that im-
pacts ionization efficiency of Gla peptides in ESI positive
mode, (ii) in-source fragmentation of the y-carboxy group,
and (jiii) an unpredictable and unstable fragmentation pattern
due to y-carboxylation of multiple glutamic acid residues.
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Methylation of carboxy groups can be used to generate
stable fragments®; however, an unpredictable number of
methylated carboxy sites complicates the data analysis
using this strategy. Identification of neutral loss of CO, mol-
ecule(s) from the y-ion of the carboxylated ANTFLEEVRK
peptides confirmed by MS/MS analysis was the key finding
for the optimizing the MRM transition for the carboxylated
peptides.

Plasma proteomics often encountered with higher ma-
trix effect due to high abundant proteins. To address this,
a number of approaches can be used, such as protein
fractionation,®’*2 albumin depletion by immunoaffinity
column,®334 and immunoaffinity purification of target pro-
teins.'?% Prothrombin proteoforms have been analyzed
from plasma by multiple sample preparation protocols, such
as immune-enrichment, using specific prothrombin antibody
or depleting this highly abundant protein using resin-based
columns.?%%% However, these methods are low throughput,
expensive, and also prone to variability due to nonspecific
binding of the antibody. The optimized protocol provides
prothrombin enrichment and a reduction in ion suppression



because of the removal of highly abundant proteins, such as
albumin. The optimized TFA-IPA method is a high through-
put strategy that can be automated, similar to ELISA, for
prothrombin analysis. Moreover, this approach can be ex-
tended to enrich other y-carboxylated proteins and small
molecules, where ionization is hindered due to the presence
of highly abundant plasma proteins.

Warfarin treatment affects y-carboxylation of prothrom-
bin leading to decreased levels of total prothrombin. This
could be due to reduced stability of under-carboxylated
prothrombin or a reduction in prothrombin synthesis. Fully
carboxylated prothrombin represents the most active
form of the protein, whereas mono-descarboxy prothrom-
bin (ANTFLE[E]JVRK) and di-descarboxy prothrombin
(ANTFLEEVRK) correspond to progressively less active
carboxy prothrombin, whereas lower des-carboxy pro-
thrombin states represented by the GNLER peptide are
reported to be inactive. Our results were consistent with
the literature that warfarin treatment significantly reduces
the levels of full carboxylated prothrombin whereas accu-
mulation of des-carboxy proreform (PIVKA-II) in the plasma
were positively correlated with increasing INR value. More
precisely, des-carboxy prothrombin representing com-
pletely inactive proteoform (GNLER) shows strong negative
correlation with fully carboxylated proteoform also validate
our results. PIVKA-II has been identified in a biomarker in
multiple pathophysiological conditions. Apart from its role
in warfarin treatment, the PIVKA-Il assay is also useful for
the diagnosis and monitoring of hepatocellular carcinoma
(HCC), particularly in patients with HCC with low alpha fe-
toprotein levels.?%:36-38

Vitamin K deficiency is also associated with an increase
in the plasma PIVKA-II levels,® thus it has importance in
vitamin K-related disorders. High PIVKA-II values also have
been reported for liver cirrhosis, hepatitis, benign nodule,
and hepatic adipose infiltration. Among these conditions,
HCC presents with significantly higher PIVKA-II levels, as
compared with others that exhibit small or no statistically
significant changes.'®?* However, the standard ELISA-
based assay may not distinguish between the differentially
under-carboxylated forms of prothrombin, which our novel
method can accomplish. Such discrimination may provide
added diagnostic specificity.

Regarding limitations of this study, the method we de-
veloped does not provide quantification of all possible
des-carboxy prothrombin proteoforms (e.g., detection of
des-carboxylation at GC positions 8 or 1-6) because we
used trypsin as proteolytic enzyme and it generates a sin-
gle large poorly ionization peptide containing those glutamic
acid residues. An alternative digestion method (e.g., chymo-
trypsin) might address this limitation.

To our understanding, this is the first comprehensive
LC-MS/MS method for the simultaneous quantification of
fully carboxy (active) prothrombin, different des-carboxy
prothrombin proteoforms, and total prothrombin. This
method is highly sensitive, requiring only 10 pL of
plasma, unlike the ELISA and INR assays, which require
100-200 pL of plasma. Further, this method has potential
application for dry-blood spot analysis, due to its low sam-
ple volume requirement. This may facilitate the analysis
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when venipuncture is not feasible (for patients living in re-
mote settings), or less accepted by the study population.
The LC-MS/MS quantitative proteomics approach devel-
oped for quantification of prothrombin proteoforms may
also be applicable to the quantification of other vitamin
K-dependent proteins, such as coagulation factor VI, IX,
X, osteocalcin, matrix Gla protein, protein C, protein S,
and protein Z.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).

Supplemental Data. Tables S1-S3, Figures S1-S3.
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