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Abstract

Altered serum proline levels are related to cancer metabolism. This study developed and validated
a LC-MS/MS method to analyze proline in human serum. Surrogate blank serum, coupled with
stable isotope L-proline-13Cs, 15N as internal standard, were used for generating standard curves
ranging from 2.5 — 100 pg/mL. Proline was extracted from serum samples using methanol. A
Phenomenex Lux 5u Cellulose-1 column (250 x 4.6 mm) was used for chromatographic
separation with 40% methanol in 0.05% formic acid aqueous solution as a mobile phase. Mass
detection was performed under positive ionization electrospray. Intra- and inter-day accuracy and
precision were less than 10%. The extraction recovery and matrix factor were 99.17% and 1.47%,
respectively. Our study showed that the chiral column had high specificity and selectivity for
separating proline from serum components. The assay was successfully applied for the
quantification of human serum proline levels from 30 esophageal cancer patients and 30 healthy
volunteers. Statistical analyses showed significantly lower levels of serum proline in the patients
as compared to the healthy volunteers (P value = 0.011). We report here, a simple, specific, and
reproducible LC-MS/MS method for the quantification of proline in human serum was as a
potential screening biomarker for esophageal cancer.
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Introduction

Proline, which is actually an imino acid, is usually recognized as one of the 20 amino acid
commonly appears in animal proteins. In mammalian proteins, only the L form (L-proline)
can be found. Since it can be synthesized in the human body, it is not an essential amino
acid. This amino acid is one of the most abundant amino acids in the cellular
microenvironment, together with hydroxiproling, it constitutes around 25% of residues in
collagen, the main protein in extracellular matrix (Liu et al., 2012).

The role of amino acids has been recently highlighted by multiple metabolomics studies
showing the alteration of amino acid serum concentrations in different diseases including
cancer (Scioscia et al., 1998). Moreover, latest studies have suggested the importance of
proline metabolism and its relationship with cancer (Phang and Liu, 2012, Phang et al.,
2012), and altered patterns of proline levels have been found in patients with renal cell
cancer (Catchpole et al., 2011, Mustafa et al., 2011), oral cancer (Tiziani et al., 2009),
colorectal cancer (Qiu et al., 2009), and high risk individuals of esophageal cancer (EAC)
(Zhang et al., 2012). Therefore, a deeper study of the exact role of this metabolite in cancer
patients and the development of suitable assays for its quantification in a non-invasive
manner using serum samples is needed.

Through literature search, we found several previously reported chromatographic methods
that can determine proline in biologic fluids. The traditional methods, using ion-exchange
chromatographic (IEC) separation and ninhydrin detection (Le Boucher et al., 1997, Moore
et al., 1958), were time consuming (the retention time of proline was reported to be 87.82
min (Le Boucher et al., 1997). Other methods were developed by using either high
performance liquid chromatography (HPLC) with fluorescence detection (Inoue et al., 1995,
Schwarz et al., 2005, Wu, 1993) or gas chromatography—mass spectrometry (GC-MS)
(Husek 1991, Namera et al., 2002). All of those methods required pre-column derivatization,
which was time consuming and labor intensive in sample preparation. Armstrong et al.
(2007) developed a liquid chromatography—mass spectrometry (LC-MS) method that can
determine proline in human plasma without derivatization, and can analyze 25 common
amino acids simultaneously; however, their calibration standards were prepared in solution
instead of biological fluids, which did not comply with FDA’s requirement for bioanalytical
method. In summary, all of those currently available methods were not suitable for clinical
studies with a large sample size.

Therefore this work was designed to develop a rapid, simple, specific, and reliable LC-
MS/MS method to quantify proline concentration in human serum; and apply this method to
conduct an exploratory analysis in a subset of EAC serum samples and healthy controls, and
evaluate its potential role as biomarker for screening and diagnosis of this type of cancer.

Materials and methods

Chemicals and reagents

L-proline (= 99.5% pure), L-proline-13Cs, 15N (98 atom % 13C, 98 atom % 1°N, 95% pure,
internal standard, IS), bovine serum albumin (BSA), phosphate buffered saline (PBS),
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formic acid, and HPLC grade methanol and water were purchased from Sigma-Aldrich (St.
Louis, MO).

Standards and quality controls

Stock solutions of proline (10 mg/mL) and IS (2 mg/mL) were prepared individually by
dissolving each substance in water, and stored at 4°C until used. A series of standard
samples of proline were prepared by diluting the stock solution with water and then spiking
in surrogate blank serum (4% BSA in PBS) to obtain the following concentrations: 2.5, 5,
10, 25, 50, 75, and 100 pug/mL. The low, medium, and high concentration levels of quality
control (QC) samples were prepared by the same method as the standards at 4, 40, and 80
pg/mL, respectively.

Sample extraction

An aliquot (50 pL) of standard, QC, or human serum sample was first mixed with 50 uL of
working IS solution (25 pg/mL in water). The mixture was then mixed, extracted, and
deproteinized with 500 pL of methanol by vortexing for 30 sec. Followed by centrifugation
for 15 min at 13,000 rpm at room temperature, an aliquot of the supernatant was taken for
LC-MS/MS analysis.

Chromatographic conditions

The chromatographic separation was achieved by an Agilent 1200 series HPLC (Forster
City, CA) equipped with a Phenomenex Lux 5u Cellulose-1 column (250 x 4.6 mm,
Torrance, CA) with 40% methanol in 0.05% formic acid aqueous solution as a mobile phase
at flow rate of 0.8 mL/min at ambient temperature. Each sample injection volume was 5 L.
The chromatographic analysis was performed by an APl 3200 QTRAP triple quadrupole
mass spectrometer with a Turbo lon Spray ion source (Applied Biosystem/MDS SCIEX,
Foster City, CA). The quantification was performed by multiple reaction monitoring (MRM)
at positive mode to detect the specific precursor to product ion transitions n/z116 — m/z 70
for proline, and m/z122 — m/z 75 for IS. The compound dependent parameters for proline
and IS were listed in Table 1. The source parameters were set as follows: ionspray voltage,
4500 V; ion source temperature, 650 °C; nebulizer gas, 60 psi; heater gas, 55 psi; curtain
gas, 10 psi; and the collision gas, medium. The LC-MS/MS system was controlled and data
was acquired by Analyst software version 1.5. Figure 1 shows the product ion scan spectra
of proline and IS.

Equivalency between surrogate and real human serum

To test the equivalency between surrogate matrix and real human serum, a set of three QC
samples at high concentration level were prepared in human serum. The equivalency was
calculated according to Eq. 1:

Response —Response

serum spike

Responsesurroga‘te spike

%Equivalency= = X 100% (1

where Responseserym Spike is the peak area count for proline spiked high QC sample in
human serum, Responseserum is the peak area count for proline in “blank” human serum,
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and Responsesrrogate spike 1S the peak area count for proline spiked high QC sample in
surrogate serum.

The assay validation conducted in this work was based on FDA’s requirement described in
its “Guidance for Industry: Bioanalytical Method Validation”.

Calibration curve, lower limit of quantification (LLOQ), and upper limit of
quantitation (ULOQ)—Calibration curves in surrogate serum were created by plotting the
peak area ratio of proline to IS against the known concentrations of the proline. The least-
squares linear regression method with 1/x2 weighting was applied to generate the slope,
intercept, and correlation coefficient of each linear regression equation. Since proline is an
endogenous compound, both of the LLOQ and ULOQ were determined based on the normal
endogenous proline level in human serum.

Extraction recovery and matrix effect—To examine the extraction recovery and
matrix effect, the QC samples at three concentration levels were evaluated. The extraction
recovery was calculated according to Eq. 2:

Resp Onseprc —extraction spike

%Recovery= X 100% (2)

Responsepostfextraction spike

where Responsepre_extraction spike 1S the mean peak area count for proline samples been
through the extraction process, and Responsepost-extraction spike 1S for proline spiked into
extracted matrix after the extraction procedure. The matrix factor was calculated according
to Eqg. 3:

Response, qt _extracti ik
Y%Matrix factor= R POS— R 1] x 100%  (3)
CSPONSC atrix—free spike

where Responsepost-extraction spike 1S the mean peak area count for the proline spiked into
extracted matrix after the extraction procedure, and Responsematrix-free spike IS for the same
concentration of proline in water. Experiments were conducted in triplicate.

Accuracy and precision—The intra- or inter-day accuracy and precision of the LC-
MS/MS method were evaluated by analyzing the QC samples via calibration curves created
on the same day or three different days. In order to analyze sample with an even higher
concentration, samples with proline concentration of 400 or 800 pg/mL were diluted 5 or 10
times before analysis, and evaluated for accuracy and precision. Experiments were
conducted in sextuplicate.

Stock solution stability—The stock solution stability was determined by compare two
sets of samples: one set was obtained from a freshly prepared stock solution; another set was
obtained from a stock solution which was prepared 2 month ago and stored at 4 °C.
Experiments were conducted in triplicate.
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Short-term (bench-top) stability—Three sets of proline QC samples in pooled human
serum were freshly prepared and left on the bench-top at room temperature for 4, 8, or 24 h,
respectively. And all the samples were compared with freshly prepared samples at the same
concentrations. Experiments were conducted in triplicate.

Freeze-thaw stability—Proline QC samples prepared in pooled human serum which were
exposed for three cycles of freeze (at —80 °C) and thaw (room temperature) were compared
with freshly prepared samples at the same concentrations. Experiments were conducted in
triplicate.

Processed sample stability—The stability of processed sample was determined by
compare freshly obtained serum extracts to ones remained in the auto sampler for 24 h at
room temperature. Experiments were conducted in triplicate.

Long-term storage stability—A set of proline QC samples in pooled human serum were
freshly prepared and stored at —80 °C for 14 days. And all the samples were compared with
freshly prepared samples at the same concentrations. Experiments were conducted in
triplicate.

Assay application in quantification of clinical human serum samples

This validated LC-MS/MS method was applied to quantify the proline concentrations in a
set of 60 serum samples comprising EAC patients (n = 30) and healthy controls (n = 30)
matched by age and gender. These clinical samples were received from MD Anderson
Cancer Center. All cases were newly diagnosed, histologically confirmed patients with
esophageal adenocarcinoma who had not received chemotherapy or radiotherapy before
recruitment. Individuals for the control group who had no prior history of cancer were
identified from Kelsey-Seybold Clinic, The protocol was approved by the institutional
review board (IRB) at Texas Southern University. Differences in the host characteristics
between cases and controls were evaluated by Pearson y? test. After quantification and
quality control analyses, Wilcoxon rank-sum test was used to compare the proline
concentration levels between the EAC cases and healthy controls. All analyses were done
using STATA (StataCorp LP, College Station, TX) and P values less than 0.05 considered as
statistically significant.

Results and discussion

Chromatography

Before getting into the Phenomenex Lux 5u Cellulose-1 column, which is normally used in
separation of enantiomers and racemic mixtures, we have tried the following columns:
Waters XTerra MS C18 column (3.5 um, 4.6 x150 mm, Milford, MA), EMD Millipore
SeQuant ZIC-HILIC column (3.5 um, 4.6 x 150 mm, Billerica, MA), and Phenomenex Luna
5u NH2 column (250 x 4.6 mm, Torrance, CA). We found that C18 column did not provide
a satisfactory retention time to separate proline and 1S from the serum matrix, resulting
significant matrix effect; HILIC and NH2 column provided good retention times for
separation, but both resulted broader peaks compared to cellulose column. Therefore, the
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Phenomenex Lux 5u Cellulose-1 column was selected in this work because it provided a
satisfactory retention time to separate proline and IS from the serum matrix and sharp peaks.
The mobile phase composition was selected based on suggestions from the column’s user
manual. The total run time for each chromatographic analysis was 5 min. The retention time
for both proline and IS was 3.6 min. In this work, a stable isotope of proline was selected as
the IS, which is the best choice for a LC-MS/MS analysis, because it can effectively
compensate for variability such as in ionization efficiency, stability, and extraction recovery.
Figure 2 shows typical chromatogram representatives from: (A) blank surrogate serum, (B)
blank surrogate serum spiked with the IS only, (C) blank surrogate serum spiked with
proline (2.5 ug/mL) and the IS, (D) blank surrogate serum spiked with proline (25 pg/mL)
and the IS, and (E) a human serum sample. The data further demonstrated that: this rapid
method was suitable to apply in a study with a large sample size; the baseline was very
clean, no interferential peak appears; and the assay base on the selection of a stable isotope
as the IS were consistent and reproducible.

Equivalency between surrogate and real human serum

The average equivalency determined according to Eq. 1 was 97.49%. This result proved that
surrogate serum was equivalent to real human serum in this LC-MS/MS analysis of proline.

Linearity, LLOQ, and ULOQ

The linearity of the calibration curves was established over the concentration range of 2.5 —
100 pg/mL with correlation coefficient values > 0.999. Since proline is endogenous
compound, and the concentration of free proline in normal human serum was reported to be
15.8 — 29.1 pg/mL (Inoue et al., 1995), the LLOQ selected in this work was 2.5 pg/mL,
which was more than 6 times lower than the normal level. The ULOQ of the calibration
curves selected was 100 ug/mL, which was more than 3 times higher than the normal level.

Extraction recovery and matrix effect

The average extraction recovery rate determined by measuring QC samples at three different
concentration levels of proline were 99.20%, 98.06%, and 100.25%, respectively. The
average matrix factor determined by measuring QC samples at three different concentration
levels of proline were 0.54%, 1.73%, and 2.15%, respectively. Those data indicated that: the
simple onestep protein precipitation method yielded very high and stable extraction
recovery; the protein precipitation method plus the use of Phenomenex Lux 5u Cellulose-1
column resulted in no measurable matrix effect.

Accuracy and precision

The intra- or inter-day accuracy (present as relative error) and precision (present as
coefficient of variation) of the assay were excellent (within the 15% acceptance range,
results are summarized in Table 2). Those data indicated that the developed LC-MS/MS
method was validated to be accurate and precise in analysis of human serum samples with
proline concentration from 2.5 to 100 ug/mL. As mentioned previously, the ULOQ of the
calibration curves selected was more than 3 times higher than the normal level. However, in
order to cover the extraordinary cases which have abnormal higher proline level, the
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accuracy and precision in analysis of diluted samples were evaluated: accuracy and
precision for 5 times dilution were 2.50% and 5.57%, respectively; for 10 times were 1.23%
and 0.37%, respectively. Those results showed that this method can be used in determine of
samples with abnormal higher proline concentration upon 5 or 10 times dilution.

Stock solution stability—The samples obtained from the stock solution stored at 4 °C
for over 2 month displayed an average of 97.5% of proline compare to the samples obtained
from the freshly prepared stock solution, which suggested that the proline stock solution was
stable at 4 °C at least for 2 month.

Short-term (bench-top) stability—Three sets of QC samples in pooled human serum
displayed 97.3%, 98.5%, and 96.8% average proline amount remaining after 4, 8, or 24 h,
respectively. These data showed that proline in human serum was stable at room
temperature on the bench-top at least for 24 h.

Freeze-thaw stability—This set of QC samples prepared in pooled human serum
displayed 97.4% average proline amount remaining, which suggested that proline in human
serum was stable after three freeze-thaw cycles.

Processed sample stability—The serum extracts that remained on the bench-top for 24
h at room temperature displayed an average of 101.5% of proline compare to the freshly
prepared ones, which indicated that the processed proline serum extracts were stable at room
temperature at least for 24 h.

Long-term storage stability—This set of QC samples in pooled human serum displayed
95.8% average proline amount remaining, which indicated that proline in human serum was
stable in the —80 °C freezer at least for 14 days.

Clinical studies

In this study, we analyzed the serum proline metabolite levels from 30 EAC patients and 30
healthy controls matched by age and gender using the developed method. Proline data were
pooled for comparison and analyzed by Wilcoxon rank-sum test. Concentration range levels
of proline were 14.40 to 72.80 ug/ml in controls and 14.40 to 39.50 pg/ml in EAC cases. We
observed that proline levels were significantly lower in cases than in controls. The mean +
SD of proline levels were 24.93 £7.19 pg/mL versus 31.09 £11.00 pg/mL (P value = 0.011)
for cases and controls, respectively. Our data is in agreement with previously reported
studies, where significant differently lower levels of proline have been observed in serum
samples of renal cell carcinoma (Mustafa et al., 2011), oral cancer (Tiziani et al., 2009), and
colorectal cancer (Qiu et al., 2009). It is worth to note that no significance in proline levels
was found in previous studies in EAC, despite decreased levels in high risk individuals of
EAC were observed when compared to controls (Zhang et al., 2012). The lower level of
proline was believed to be an indication of overutilization of amino acids in the tumor tissue
as suggested previous studies.

Biomed Chromatogr. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liang et al. Page 8

Conclusions

In conclusion, we have developed a rapid, simple, specific, and reliable LC-MS/MS method
for the quantification of proline in human serum that is suitable for clinical sample analysis.
This method was validated to be accurate and precise over the concentration range of 2.5 —
100 pg/mL. To our knowledge, this is the first specific individual LC-MS/MS method
developed and applied for quantification of proline concentration levels in clinical human
serum samples. More importantly, this assay introduced a new approach to the analysis of
amino acids by using LC-MS/MS with selecting a stable isotope as IS and preparing
standard samples in blank surrogate serum. We have performed a serum metabolic analysis
to test the hypothesis if distinct metabolite proline levels are present in EAC samples. This
study provides preliminary evidence that EAC patients have significantly lower proline
levels as compared to the healthy controls, suggesting that proline levels may prove to be a
useful marker of screening and diagnosis of this disease. These results are promising, but
further validation studies in larger and independent series of patient samples are necessary
and ongoing.
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Figure 1.
The product ion scan spectra for (A) L-Proline and (B) L-Proline-13Cs,15N (1S).
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Figure 2.

Regpresentative LC-MS/MS chromatograms for (A) blank surrogate serum, (B) blank
surrogate serum spiked with the IS only, (C) blank surrogate serum spiked with proline (2.5
pg/mL) and the IS, (D) blank surrogate serum spiked with proline (25 pg/mL) and the IS,
and (E) a human serum sample.
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Compound dependent parameters for Proline and IS in MRM mode for LC-MS/MS analysis.

Parameters Proline | IS
Q1 Mass (U) 116.0 122.0
Q3 Mass (U) 70.1 75.0
Dwell Time (ms) | 200 200
EP* ) 7.5 12
CEP" (V) 12 10
CE* V) 21 19
CXP* (V) 4 4

*
DP = declustering potential; EP = entrance potential; CEP = collision cell entrance potential; CE = collision cell; CXP = collision cell exit

potential.
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