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ABSTRACT

Blood sampling by the dried blood spot (DBS) technique has become commonly applied in
newborn screening. It is often used for analysis of small molecules, such as metabolites.
Recently, DBS sampling has been applied for quantification of post-translational protein
modifications. Glyoxal and methylglyoxal are two simple oxoaldehydes released from
glycated proteins in the Maillard reaction. They are widely distributed in the environment
(e.g. cigarette smoke) and found in foods and beverages. Glyoxal and methylglyoxal are
shown to react with biomolecules including DNA and proteins. In this laboratory, we
previously identified the sites of modification by these two oxoaldehydes in human he-
moglobin and found that the extents of modification at certain sites of lysine and arginine
residues are significantly higher in type 2 diabetes mellitus patients than in nondiabetic
individuals. In this study, we examine the stability of these modifications of hemoglobin
stored on DBS cards at room temperature or 4 °C in the ambient air. After hemoglobin was
extracted from the DBS cards, it was digested by trypsin and analyzed by nanoflow liquid
chromatography coupled with nanospray ionization tandem mass spectrometry. The re-
sults show that the extents of all these PTMs are stable within 14 and 21 days when stored
on DBS at room temperature and at 4 °C, respectively. Extraction of globin from DBS cards
is mostly advantageous for hemolytic blood samples. This assay is sensitive as only a
quarter of a DBS card containing ca. 12 uL of blood is required. Thus, it is practically useful
to measure the extents of glyoxal- and methylglyoxal-induced hemoglobin modifications
from DBS cards.
Copyright © 2018, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Electrophiles from endogenous and exogenous sources can
react with biomolecules, including DNA and proteins, leading
to adverse effects. DNA adducts have attracted much atten-
tion because of the direct association with the mutagenic ac-
tivity. These covalently linked adducts are useful in assessing
the biological consequences and the exposure of the toxic
chemicals. However, it is hardly plausible to measure DNA
and protein adducts in target tissues. In addition, protein ad-
ducts are not repaired and proteins are much abundant than
DNA. Consequently, measuring protein adducts from the
abundant blood proteins, hemoglobin (Hb) and serum albu-
min, is a conceivable alternative [1,2]. Due to the fact that
hemoglobin has a longer life time (126 days in human) than
serum albumin (half-life of 20 days) [1], we aim to study he-
moglobin adducts as exposure biomarkers.

The requirement to acquire venous blood samples limited
the use of hemoglobin or albumin adducts in studies involving
large populations. Dried blood spots (DBS) can be obtained by
a simple skin prick as sources of blood. Currently, the
advancement in the specificity and sensitivity of mass
spectrometry-based assays has contributed greatly to identi-
fication and quantification of targets in DBS cards, not limited
to newborn screening [3]. Other advantages of DBS include
simple sample collection, decrease biohazards, and cost
effective storage and shipment. In addition, DBS sampling is
minimally invasive and is thus an ideal self-sampling method
for clinical screening in epidemiological studies [4,5].

Traditionally, analysis of from DBS has focused on small
molecules, such as drugs and metabolites. A decade ago, Funk
et al. developed a procedure to specifically isolate hemoglobin
from DBS and demonstrated that levels of hemoglobin ad-
ducts of benzene oxide are comparable in human globin
whether it is extracted from DBS or isolated from conven-
tional venous blood [6]. In this laboratory, we examined the
stability of oxidative associated hemoglobin modifications on
a total of 11 sites and types of hemoglobin modifications,
including nitration and nitrosylation of tyrosine and oxidation
of cysteine and methionine residues at various temperatures,
and compared the levels with those from direct extraction
from fresh blood. We found that the extents of these hemo-
globin adducts were stable for 14 days when stored on DBS at
room temperature and at 4 °C [7].

The simple oxoaldehydes glyoxal (gx) and methylglyoxal
(Mgx) are found in the environment as well as in beverages,
foods, and cigarette smoke [8—10]. They can be produced
endogenously from conjugation of glucose with proteins
(Maillard reaction) [11—14]. These aldehydes react with bio-
logical targets forming irreversible advanced glycation end-
products (AGEs), which are implicated in complications orig-
inated from hyperglycemia [12,13,15]. Glyoxal reacts with
DNA forming monoadduct as well as crosslinked adducts
[16—19]. Damage of protein and DNA structures are associated
with various types of diseases, including diabetes mellitus
[20,21]. In this current study, we evaluate the stability of
glyoxal- and methylglyoxal-derived hemoglobin adducts
stored on DBS cards using the highly sensitive nanoflow liquid
chromatography coupled with nanospray ionization tandem

mass spectrometry (nanoLC—NSI/MS/MS) assay previously
developed [22].

2. Methods
2.1. Materials

Trypsin was obtained from Promega Corporation (Madison,
WI). Sodium dodecyl sulfate (SDS) and 2-vinylpyridine were
purchased from Sigma Chemical Co. (St. Louis, MO). Perki-
nElmer 226 spot saver cards were from PerkinElmer Life Sci-
ences (Boston, MA). All reagents used in this study were of
reagent grade or above.

2.2.  DBS blotting and storage

Human blood was obtained with approval by the Institutional
Review Boards (IRB) of the National Chung Cheng University
(IRB No. 100112902) and the IRB of. Buddhist Dalin Tzu Chi
General Hospital (IRB No. B10203014-1).

Fresh blood (50 uL) was blotted onto a PerkinElmer 226 spot
saver card and air-dried at room temperature for 2 h. The DBS
cards were kept in a plastic bag containing of anhydrous cal-
cium sulfate (ca. 35 g, with moisture indicator) and stored at
room temperature or 4 °C for 1, 7, 14, 21, and 28 days.

2.3.  Isolation of globin from DBS cards

Globin was isolated following the previously reported pro-
cedures with minor modification [6,23]. Typically, deionized
water (1 mL) was added to a quarter of the DBS card contained
in a vial, which was shaken at 160 rpm for 90 min. The filter
paper was removed with tweezers, and the solution was
filtered by a 0.22 um Nylon syringe filter to remove cell debris,
followed by concentration with a centrifugal vacuum
concentrator to 0.2 mL. The solution was added 1 mL of 43%
ethanol (v/v) with vigorous shaking, left at —20 °C for 1 h,
transferred to a 1.5 mL Eppendorf tube, and centrifuged at 23
000 g at4 °C for 30 min. The precipitate was dissolved in 0.1 mL
of deionized water with the addition of 0.1% HCI (1 mL) in cold
acetone and the mixture was allowed to stand at —20 °C for
4h, followed by centrifugation at 3680g at 10 °C for 10 min. The
precipitate was washed twice with cold acetone (0.5 mL) and
once with ethyl acetate (0.5 mL), followed by centrifugation at
3680g for 10 min at 10 °C for each washing step. The precipi-
tate was dissolved in deionized water (0.5 mL) and the con-
centration of globin was determined by fluorescence excited
at 280 nm and emitted at 353 nm [24].

2.4.  Trypsin digestion of globin

Typically, globin (50 pg) solution in ammonium bicarbonate
(100 mM, pH 8.0) with 1% SDS (w/v) (total volume 100 uL) was
incubated at 95 °C for 10 min. Cold acetone (900 uL) was added
to the solution and let it stand at —20 °C for 15 min to precipi-
tate the globin, followed by centrifugation at 23 000 g for 20 min.
The precipitate was dissolved in ammonium bicarbonate
(100 mM, pH 8.0), added trypsin (5 ng), and incubated at 37 °C for
18 h. Trifluoroacetic acid (0.1%, 50 uL) was added to stop the
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digestion and the solution was filtered through a Nylon syringe
filter (0.22 pm) before nanoLC—NSI/MS/MS analysis.

2.5.  NanoLC—NSI/MS/MS analysis

A 4 L of the trypsin digest equivalent to 2 pg of globin was
injected into an LC system with an UltiMate 3000 RSLCnano
system (Dionex, Amsterdam, Netherlands) with a reversed
phase C18 precolumn (100 pm x 20 mm) packed in-house
(Magic C18, 5 um, 100 A, Michrom BioResource, Auburn, CA)
connected to a C18 tip column (75 pum x 110 mm) packed in-
house with Magic C18AQ (5 um, 200 A, Michrom Bio-
Resource). The mobile phases A and B composed of 5% and
80% acetonitrile (v/v) in 0.1% formic acid (v/v, pH 2.6),
respectively. The column was eluted with 4% B for 4.5 min,
followed by a linear gradient from 4% B to 40% B in the next
38 min, then from 40% B to 90% B in the next 20 min, and
maintained at 90% B for 10 min at a flow of 300 nL/min. The
starting conditions were equilibrated with 4% B (v/v) for
20 min before the next injection. The column was connected
to an LTQ linear ion trap mass spectrometer (Thermo Electron
Corp., San Jose, CA) fitted with a nanospray ionization (NSI)
source. The mass spectrometry conditions were reported
previously [22].

2.6.  Extents of modifications

Relative quantification of the extents of modification was
performed using the selected reaction monitoring (SRM) ex-
periments selecting the precursor ion and acquire the product
ion scan spectra. The formation of a specific fragment ion
from each precursor ion was used to construct the chro-
matogram. The specific SRM transitions for the modified
lysine- and arginine-containing peptides and their reference
peptides are reported [22]. The extent of modification on a
peptide was expressed as the peak area ratio of the modified
peptide versus the sum of the peak areas of the modified
peptide and the corresponding reference peptide in the SRM
chromatograms.

3. Results and discussion

Glyoxal was shown to react with the lysine and arginine res-
idues of proteins forming N°-carboxymethyllysine and N°-
carboxymethylarginine, respectively [25]. In addition to N*-
carboxyethylation on lysine and arginine residues, the modi-
fication of proteins by methylglyoxal gives a cyclic dehydra-
tion product on arginine, N°-(5-hydro-5-methyl-4-imidazolon-
2-yl)ornithine (H-Mgx) [22,26—28]. With high resolution
nanoLC—NSI/MS/MS under the data-dependent scan mode,
we have identified sites of carboxymethylation (+58 Da) on 6
lysine and 2 arginine residues in the tryptic digest of human
hemoglobin incubated with glyoxal;, no cyclic dehydration
product on arginine was identified. In the in vitro reaction
mixture of hemoglobin with methyglyoxal, carboxyethylation
(+72 Da) was observed on 2 lysine and 2 arginine residues; the
hydroimidazolone formation (+54 Da) on the same sites of

arginine was also identified. However, only 5 lysine and 1
arginine sites modified with glyoxal and 1 lysine and 1 argi-
nine modified with methylglyoxal were detected in human
hemoglobin isolated from study subjects (diabetics and non-
diabetics) [22]. Among them, both carboxyethylation and
hydroimidazolone formation were detected on o-Arg-92.
Thus, only these 9 sites and types of modification, namely,
carboxymethylated a-Lys-11, a-Lys-16, a-Lys-56, a-Arg-92, B-
Lys-17, B-Lys-66, carboxyethylated «-Arg-92, B-Lys-66, and
hydroimidazolone of a-Arg-92, were analyzed under the SRM
mode in this study.

To assess the stability of these glyoxal- and methylglyoxal-
induced modifications on the DBS, a fixed amount of blood
(50 pL) was blotted on a DBS card and air-dried. The card was
sealed in a plastic bag containing drying agent and stored at
room temperature (RT) and at 4 °C (in the refrigerator) in the
dark. Our previous studies suggested that hemoglobin isolated
from a quarter of DBS should be enough for the assay [22,23].
The amount of globin obtained from a quarter of a DBS spot
was enough for the assay, which started from digestion of
50 g of globin with trypsin, and only an equivalent of 2 ug of
the hydrolysate was injected into the nanoLC-NSI/MS/MS
system. Thus, a quarter of a DBS card was removed after
24 h (day 1), 1, 2, 3, and 4 weeks and hemoglobin was isolated
from it. During the precipitation-washing process, HCl solu-
tion was added and the heme moiety fell off, giving globin as
the apoprotein. The isolated globin was digested with trypsin
and the modified and the reference peptides were analyzed by
nanoLC—NSI/MS/MS. Relative quantification of the extent of
modification was achieved as the peak area ratio of the
modified peptide versus the sum of the peak areas of the
modified peptide and its corresponding reference (unmodi-
fied) peptide in the SRM chromatograms [7]. Using the native
unmodified peptide present in the trypsin digest of a protein
as the reference peptide for the modified peptide is referred as
the native reference peptide (NRP) method, which permits
correction for variations in protein amounts and in peptide
recovery during the digestion procedures [29]. To achieve ab-
solute quantification of the extent of modification, it requires
the use stable isotope-labeled reference peptide and the
modified peptide as internal standards, which are very costly,
especially when multiple sites of modification are analyzed
simultaneously.

Samples from four subjects were analyzed with triplicates.
The analysis is precise, based on the relative standard devia-
tion (RSD) of the triplicated experiments are all <20% (ranging
from 0.1% to 19%), with an average of 7.8%. The results
showed that most of the glyoxal- and methylglyoxal-induced
modifications were stable for 28 days when the DBS cards
were stored in a 4 °C refrigerator. The exception was the in-
crease in the extents of a-Lys-56-gx and B-Lys-66-Mgx in one
sample at day 28. When the DBS cards were stored at room
temperature, most of the glyoxal- and methylglyoxal-induced
modifications remained constant except o-Lys-56-gx, a-Arg-
92-Mgx, and B-Lys-66-Mgx, which increased after 14 days.
Thus, we concluded that all the modifications are stable
within 21 days when stored at 4 °C and they are stable for 14
days when stored at room temperature. Fig. 1 showed the
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Fig. 1 — Relative extent of modification on hemoglobin extracted from a dried blood spot stored at 4 °C and at room
temperature. (A) a-Lys-11-gx, B-Lys-17-gx, B-Lys-66-gx, (B) a-Lys-16-gx, a-Lys-56-gx, (C) a-Arg-92-gx, (D) o-Arg-92-Mgx, B-
Lys-66-Mgx, (E) «-Arg-92-HMgx. The dark solid symbols are for 4 °C; the grey dotted symbols are for room temperature.

relative extent of modification on hemoglobin extracted from
a representative sample on DBS stored at 4 °C and at room
temperature. The possible reason for the increase of the
extent of modifications might be due to degradation of he-
moglobin during storage on the DBS cards in the ambient air at
room temperature. Degradation of the unmodified hemoglo-
bin can lead to the increase in the extent of modifications
because the unmodified peptides are present in much larger
amounts than the modified peptides.

During blood collection and handling, hemolysis can take
place and it can be due to certain diseases [30]. Extraction of
globin from the DBS cards is particularly beneficial for he-
molytic blood samples, as it is difficult to obtain intact red
blood cells to isolate globin by the conventional method.

The extent of glyoxal-derived modifications ata-Lys-16, a-
Arg-92, B-Lys-17, B-Lys-66) and methyl glyoxal-modified
hydroimidazolone at «-Arg-92 are significantly higher in dia-
betic patients than in healthy control subjects [22]. Thus, the
stability of glyoxal- and methylglyoxal-induced hemoglobin
modifications on DBS should be helpful in assessing the
exposure of these two aldehydes in studies involving large
populations.
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