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bstract

A generic method for the detection of covalent adducts to the cysteine-34 residue of human serum albumin (HSA) has been developed, based
n an on-line combination of immunoaffinity chromatography for selective sample pre-treatment, solution phase digestion, liquid chromatography
nd tandem mass spectrometry. Selective anti-HSA antibodies immobilized on agarose were used for sample pre-concentration and purification
f albumin from the chemically produced alkylated HSA. After elution, HSA and HSA adducts are mixed with pronase and directed to a
eaction capillary kept at a digestion temperature of 70 ◦C. The digestion products were trapped on-line on a C18 SPE cartridge. The peptides
ere separated on a reversed-phase column using a gradient of organic modifier and subsequently detected using tandem mass spectrometry.
odified albumin samples consisted of synthetically alkylated HSA by the reactive metabolite of acetaminophen, N-acetyl-p-benzoquinoneimine

NAPQI), and using the alkylating agent 1-chloro-2,4-dinitrobenzene (CDNB) as reference. The resulting mixture of alkylated versus non-
odified albumin has been applied to the on-line system, and alkylation of HSA is revealed by the detection of the modified marker tetra-peptide
lutamine–cysteine–proline–phenylalanine (QCPF) adducts NAPQI-QCPF and CDNB-QCPF. Detection of alkylated species was enabled by the
se of data comparison algorithms to distinguish between unmodified and modified HSA samples. The in-solution digestion proved to be a useful
ool for enabling fast (less than 2 min) and reproducible on-line digestion of HSA. A detection limit of 1.5 �mol/L of modified HSA could be
btained by applying 10 �L of NAPQI-HSA sample.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Covalent binding of reactive electrophilic metabolites of
rugs to proteins has been suggested to be involved in the
nset of serious adverse drug reactions (ADRs) and idiosyn-

ratic drug reactions (IDRs) in humans [1]. Therefore, methods
hat can detect covalent adducts to proteins are of great inter-
st for risk assessment purposes, e.g. during the development of
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ovel drugs and/or drug candidates [2,3]. Several methodolo-
ies exist for the quantitative and qualitative analysis of protein
dducts [4]. Briefly, these methods first consist of the isolation
f protein adducts with chromatographic and/or electrophoretic
echniques (e.g. immunoaffinity chromatography, ion-exchange
hromatography or HPLC), and the subsequent adduct analysis
sing immunological, radioactivity and/or mass spectrometry
ethodologies [5]. Although successful to some extent, these

echniques usually remain labor-intensive and none of these

nswers the need for automated on-line isolation and detection
f protein adducts.

Recently, we have described a concept where human serum
lbumin is used as an in vivo biomarker for bioactivation of
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rugs towards reactive intermediates and for covalent binding
o proteins [6]. The methodology consists of the isolation of
lbumin from blood, its digestion with pronase and the LC-
andem MS detection of alkylated and/or unalkylated peptides
ontaining the free cysteine-34 residue of HSA. This site is the
nly free cysteine residue of albumin and has already been shown
o be alkylated by several electrophilic compounds [7–12].

In the present paper, we demonstrate the full automation
f the mass spectrometric detection of covalent adducts to the
ysteine-34 residue of human serum albumin, integrating several
ample pre-treatment and separation steps. First, immunoaffinity
hromatography (IAC) was performed for selective purifica-
ion of albumin from the alkylated HSA samples using specific
ntibodies against human serum albumin. The modified and
on-alkylated albumin was retained and concentrated by immo-
ilized antibodies while matrix components (i.e. remains from
he alkylation reaction) can be flushed to waste. Purified albu-

in was subsequently eluted using a low pH buffer and further
igested using pronase which is known to form small pep-
ides containing the cystein-34 residue of HSA [6]. In this way,
dducts to cysteine-34 could be monitored by LC–MS analysis
n relatively small peptides. Pronase consists of a mixture of
ifferent enzymes, and cleaves in a relatively non-specific way
ompared to trypsin, chymotrypsin and pepsin. Recently, on-line
igestion using immobilized enzyme reactors (IMERs) has been
eported in various research areas [13–16] and trypsin is most
requently applied for proteolysis. Developments and applica-
ions of IMERs immobilized with trypsin have been reviewed by

assolini and Calleri [17]. Using IMERs is a very elegant way
o perform on-line digestion; the reactors are relatively stable
nd re-usable when used under suitable conditions. Although
he first application of a pronase immobilized IMER has been
hown recently by Temporini et al. [18], their applicability is
imited by the ability to immobilize the proteolytic enzyme
ithout affecting its activity. Furthermore, the validation and

haracterization of IMERs prior to application in quantitative
rotein bioanalysis is a delicate task. In the present paper, we
eport the use of an on-line, pre-column solution phase digestion
ethod that overcomes the need for immobilization. Recently,
comparable approach has been utilized in our group to per-

orm in-flow digestion using pepsin for post-column digestion
f protein mixtures [19]. We have integrated the solution phase
igestion module in an automated methodology that allows the
etection of NAPQI-QCPF and CDNB-QCPF, i.e. two peptide
dducts formed after pronase digestions of HSA that previously
as incubated with the chemically produced reactive metabolite
f acetaminophen (NAPQI) and with the direct alkylating agent
DNB (1-chloro-2, 4-dinitrobenzene).

. Experimental

.1. Reagents
Sodium di-hydrogen phosphate, glycine hydrochloride,
ilver nitrate, human serum albumin (HSA), 1-chloro-2,4-
initrobenzene, Tris base, Tris hydrochloride and pronase (pro-
ease type XIV from Streptomyces griseus, EC 3.4.24.31) were

(
1
2
o

. B  859 (2007) 147–156

urchased from Sigma (Germany). Activity of the enzyme was
.2 units per mg solid (units in amount of enzyme activity which
ill catalyse the transformation of 1 �mol of the substrate per
inute under conditions given by the supplier). Disodium hydro-

enphosphate was obtained from Fluka (Buchs, Switzerland)
nd sodium chloride and formic acid came from Riedel-de-
aën (Seelze, Germany). Acetonitrile, acetone, diethyl ether,

hloroform, potassium chloride and hydrochloric acid (36–38%)
ere supplied by J.T. Baker (Deventer, The Netherlands). Water
as purified by a Millipore (Bedford, MA, USA) Milli-Q unit.
odium hydroxide was obtained from Merck (Darmstadt, Ger-
any). A 2 L stock of a 10-fold concentrated PBS buffer was
ade by dissolving 57.30 g of Na2HPO4·12H2O, 137.99 g of
aH2PO4, 175.30 g NaCl and 4.03 g KCl in 2 L of water. This

tock was used to prepare the PBS by diluting 100 mL of the
oncentrate with 900 mL of water. The resulting PBS buffer con-
ists of 10 mM sodium phosphate, 150 mM sodium chloride and
.4 mM potassium chloride. The pH was set to the required value
ith 8 M sodium hydroxide or hydrochloric acid.

.2. Synthesis of albumin adducts

A general scheme of the synthesis of the reactive intermediate
f acetaminophen, N-acetyl-p-benzoquinoneimine (NAPQI),
nd of the formation of NAPQI-HSA adducts is depicted in
ig. 1a. For the formation of NAPQI, fresh silver oxide was
ynthesized as follows [20]. While stirring, 50 mL of a 2 M
odium hydroxide solution was added to 12.5 mL of a 0.4 M
ilver nitrate solution. The reaction mixture was kept on ice
nd stirred for 30 min. Isolation of silver oxide was performed
y filtration over a Büchner funnel and the product was subse-
uently washed with 60 mL water, 60 mL acetone and 60 mL
iethyl ether. The freshly prepared silver oxide was added to
0 mL of a 6.6 mM acetaminophen solution in chloroform and
urged with nitrogen. The glass vial was sealed and the solu-
ion was stirred for 1.5 h at room temperature. After filtration of
he mixture, 4 mL of the yellowish NAPQI solution was added
rop wise under stirring to 5 mL of HSA (2.5 mg/mL) in PBS
pH 7.4). This mixture was stirred for 1 h at room tempera-
ure. The layers were allowed to settle for 10 min and the water
ayer containing NAPQI-HSA was stored at −80 ◦C until further
nalysis.

As NAPQI can also react with other nucleophilic residues
f HSA (s.a. lysines and histidines), the degree of alkylation of
he free cys-34 residue of NAPQI-HSA was assessed. Two HSA
yntheses were performed in parallel as described above; one
SA solution (2.5 mg/mL) was reacted with 4 mL of NAPQI

in chloroform) and one HSA solution (2.5 mg/mL) with 4 mL
f chloroform. After 1 h of reaction, water layers were isolated
nd free thiols were determined using a modification of Ell-
an’s method [21]. Ellman reagent consisted in 10 mM DTNB

n buffer 7.0 (100 mM NaH2PO4 containing 0.2 mM EDTA,
djusted to pH 7). Briefly, HSA samples were prepared in PBS

137 mM NaCl, 10.1 mM Na2HPO4, 1.76 mM KH2PO4 and
mM EDTA, adjusted to pH 7.4) by mixing 1000, 800, 600, 400,
00 and 0 �L of the HSA syntheses with PBS to a final volume
f 1000 �L. Then, 200 �L of a strong buffer (100 mM boric acid
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ig. 1. (a) Synthesis of NAPQI-HSA protein adduct. From left to right: acetam
rackets). NAPQI can subsequently react with the free cysteine-34 residue of H
rotein adduct. 1-Chloro-2,4-dinitrobenzene (CDNB) reacts with the free cyste

nd 0.2 mM EDTA, adjusted to pH 8.2 with NaOH) and 20 �L
f Ellman reagent were added to each HSA sample. The mix-
ures were immediately vortexed, incubated for 15 min at room
emperature and the absorbance was read at 412 nm (As) on a
harmacia Biotech Ultrospec 2000 UV/Vis spectrophotometer.
ontrol incubations consisted of incubations performed with-
ut HSA sample (Ap) and/or without Ellman reagent (Aer). The
mounts of free thiols in the samples were determined according
o Eq. (1) [21]:

ol SH = 0.00122L × (As − Ap − Aer)

�ε413 × 1 cm
(1)

ith

ε412 = 14150 M−1 cm−1

All measurements were performed in triplicate.
It was found that both HSA (Abs = 0.0562 [HSA] (in

g/mL)) and NAPQI-HSA samples (Abs = 0.0041 × [HSA] (in
g/mL)) gave a linear response in the dilution series described

bove (data not shown). Standard deviations were consistently
elow 1.5% absorbance units. From Eq. (1), the free thiol con-
entration measured in the HSA sample was determined to be
.32 ± 0.002 mol SH/mol HSA, which is in agreement with pre-
ious data from literature [22]. The degree of alkylation of the
ys-34 residues of NAPQI-HSA was determined with the ratio

f the slopes of HSA versus NAPQI-HSA. Consequently, it was
ound that NAPQI-HSA contained approximately 7.3% of free
hiols compared to the HSA sample, which was set to 100%
s reference. This suggests that more than 90% of the cys-34

d
a
p
c

hen is oxidized by silver oxide to the reactive NAPQI intermediate (between
form two possible NAPQI-HSA adduct isomers. (b) Synthesis of CDNB-HSA
residue of HSA to form the CDNB-HSA adduct.

esidues of HSA have been alkylated by NAPQI and that the
APQI-HSA synthesis can be considered as complete.

The CDNB-HSA adduct was produced by reacting HSA
ith the direct alkylating agent 1-chloro-2, 4-dinitrobenzene

CDNB). The reaction scheme is shown in Fig. 1b. Briefly, a total
0 �L of a 100 mM CDNB solution in methanol was added drop
ise under continuous stirring to 1 mL of a 5 mg/mL solution of
SA in 100 mM Tris buffer (pH 8.0). The mixture was allowed

o react for 4 h at 40 ◦C. The obtained yellowish solution was
ubsequently stored at −80 ◦C until further analysis.

.3. Columns

The immunoaffinity chromatography column was produced
n-house (1.0 mm × 15 mm I.D., peek material). Column frits
ere purchased from VICI AG international (peek alloyed
ith Teflon, PAT, 1/32′′ thick × 1/16′′ diameter, porosity 5 �m).

mmunoaffinity material was used from the HSA removal kit
urchased from Vivascience (Sartorius, Goettingen, Germany).
his kit includes agarose slurry containing immobilized anti-
ody fractions for specific removal of albumin from biological
amples. The material (particle size, 45–185 �m) was used for
n-line sample pre-treatment in this research. The column was
lled with the anti-HSA agarose slurry using an in-house built
acking device, which allows packing under low-pressure con-

itions. This packing device consisted of a column holder and
connector fitting with a common luer tip connection. Before
acking, the column was closed on one end with a PAT frit. The
olumn was packed with the slurry using a 1 mL syringe and
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A detailed scheme of the entire on-line set-up is depicted
in Fig. 2, and a table with the detailed chromatographic condi-
tions of the entire analytical process can be found in Table 1.
The IAC column was operated by pump 1 (P1) at a flow rate

Table 1
Table with the detailed chromatographic conditions of the entire analytical
process

Time (min) IAC action SPE action LCMS action

0–5 Sample application
5–15 Flushing

15–25 Elution
50 J.S. Hoos et al. / J. Chrom

he excess of material was carefully removed. The column was
losed using a second PAT frit, and subsequently placed into an
n-house built column holder. The column was flushed with PBS
pH 7.4) for 20 min at a flow rate of 0.040 mL/min.

The SPE cartridge (C18, 5 �m particles, 2.0 mm × 4.0 mm
.D.) used for pre-concentration and desalination and the ana-
ytical column (Luna C18(2), 5 �m particles, 2.0 mm × 150 mm
.D.) were both supplied by Phenomenex (Torrance, CA, USA).

.4. Apparatus

IAC was performed with a binary pump (Agilent,
mstelveen, The Netherlands) in combination with a MUST
ultiport switch from Spark Holland (Emmen, The Nether-

ands) which was triggered using a contact closure of the same
gilent binary pump. Elution was done using a Gilson 302 (Mid-
leton, WI, USA) pump and enzyme solution was delivered by a
nauer (Berlin, Germany) pump. Injection was done by a tem-
erature controllable autoinjector from Agilent which was kept
t 8 ◦C. Continuous flow digestion was performed by using an in-
ouse built tee-piece infusing both elution solution and pronase
olution into a reaction capillary (PEEK, polyetheretherketone)
ith an I.D. of 0.50 mm and an inner volume of 140 �L and
as supplied by Bester BV (Amstelveen, The Netherlands). The

eaction capillary was kept inside a column oven to control the
igestion reaction temperature. Analysis of the reaction mixture
as performed by switching the reaction capillary in-line with
SPE cartridge which was equilibrated by a second Agilent

100 (Amstelveen, The Netherlands) micro-flow pump. This
ump also performed separation of the digest products includ-
ng a gradient over an analytical column, which was switched
n-line with the SPE column after desalination. Both the latter
witching events were operated by two temperature controlled
olumn switches from Agilent. All Agilent apparatus were con-
rolled by Chemstation version 10.02, and analysis was done by
n Agilent 1100 MSD VL-series ion-trap. Positive ESI LC–MS
as performed in full-spectrum acquisition mode in the range of
/z 200–1000. For identification purposes, tandem MS or MSn

xperiments were performed using the smart-frag option. The
pray voltage was set at 4.5 kV with a drying temperature of
50 ◦C, nitrogen drying gas flow at 8 L/min and nebulizer pres-
ure at 40 psi. The maximum accumulation time was 100 ms and
he ICC target was set to 30.000, two spectra were averaged.
ata processing was performed using LC/MSD trap software
ersion 5.2, build 382 or ACD/SpecManager software version
.15. Extracted ion chromatograms were generated for relevant
/z values and the peaks were integrated.

.5. System set-up

.5.1. Off-line digestion procedure
The pronase digestion of NAPQI-HSA was first evaluated by

erforming off-line batch experiments. The digestion products

ere analyzed and characterized by MS2 experiments on the
PE-LC–MS system. This was done by addition of 10 �L of
pronase solution (1 mg/mL in PBS, pH 7.4) to a sample of

000 �L containing 100 �g/mL of NAPQI adducted albumin in

1
2
2
4

. B  859 (2007) 147–156

BS, pH 7.4. The mixture was immediately incubated at 37 ◦C in
water bath and incubated for 8 h. After this, 20 �L of the reacted
ample was injected onto a SPE-LC–MS system consisting of
gradient pump, a conditioning pump and a switching valve.
he sample was injected onto the SPE cartridge and desalinated

or 5 min using the equilibration solution (99.3% water, 0.5%
cetonitrile and 0.2% of formic acid). The analytical C18 column
as switched in-line by switching the valve. A gradient was run

rom 0% of the equilibration solution up to 40% of the elution
olution (99.3% acetonitrile, 0.5% water and 0.2% formic acid)
ithin 20 min. After this, the column was flushed by applying
0% of this elution solution for 2 min. After the sample valve
as switched back, both columns were reconditioned for the
ext run. The analytical column was reconditioned by a Gilson
02 pump. The flow rate of both pumps was set to 0.2 mL/min,
nd total run-time including the reconditioning step was 35 min.
ull scan mass spectrometric analysis was done using an m/z
ange between 100 and 1000 unless mentioned otherwise. MS2

nd MS3 experiments were performed with the isolation window
et to 4.0 and product ions were scanned in a range between m/z
alues 100 and 750.

.6. Immunoaffinity chromatography procedure

The capacity of the IAC column was estimated by a method
hich has been previously published [23]. A 1 mg/mL solution
f HSA was made in PBS (pH 7.4) solution. Different amounts
f protein were applied by injecting an increasing volume of
his solution onto the column using an Agilent 1100 autoinjector.
he IAC was operated at a flow rate of 0.040 mL/min using PBS

pH 7.4). After 5 min, the column was flushed with 0.400 mL of
.15 M NaCl to flush matrix components to waste. The elution of
he protein was performed for 10 min using 10 mM glycine-HCl
ontaining 150 mM NaCl (pH 2.7). The effluent was directed
owards an Agilent 1100 series UV/VIS spectrometer and detec-
ion was done by using UV detection at 280 nm. The elution
eak was integrated and the data were evaluated as reported in
revious work.

.7. On-line system
8–23 Elution Capturing
3–26 Flushing
6–42 Gradient Gradient
2–44 Flushing Flushing
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Fig. 2. Scheme of on-line set-up used for this research. Protein is injected onto immunoaffinity chromatography (IAC) column by pump 1 (P1). Pump 2 (P2) elutes the
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rotein by switching valve 1 (V1). Pump 3 (P3) adds protease in solution. The d
alve 2 (V2). Pump 4 (P4) desalinates the trapped peptides and elutes the peptide
alve 3 (V3). Pump 5 (P5) equilibrates the LC–MS system.

f 0.040 mL/min. This column was conditioned using PBS (pH
.4). Albumin samples were introduced by the injector and the
ample was delivered by pump 1 (P1) using PBS (pH 7.4). After
min, the column was flushed with 0.400 mL of a 0.15 M NaCl

olution to remove matrix components to waste. After this, the
rotein was eluted from the column by switching valve 1 (V1) to
ump 2 (P2) for 10 min with a solution of 10 mM glycine-HCl
ontaining 150 mM of NaCl (pH 2.7). The protein fraction elut-
ng between 17 and 21 min was delivered to the SPE cartridge
ia the reaction capillary. A UV chromatogram of the IAC proce-
ure can be found in Fig. 3. In the reaction capillary, the eluate
rom the IAC column was allowed to react with pronase dis-
olved in a PBS (pH 10.8) solution, delivered by pump 3 (P3,
ig. 2) at a flow rate of 0.040 mL/min. Compatibility of the elu-

ion conditions using low pH with the on-line solution phase
igestion was achieved by neutralizing the elution fraction by
ixing the effluents from the immunoaffinity chromatography

olumn continuously with pronase solution in PBS at a pH of
0.8. The resulting pH will be between pH 6 and 8, which is
ompatible with the pH optimum for the pronase activity. The
igestion temperature was controlled by using the temperature
ontrolled column switch, which also delivered the digested elu-
te from the IAC column to the SPE column by switching valve
(V2). When the protein was eluted, valve 1 (V1) was switched
ack and the IAC column was equilibrated for analysis of the
ext sample. When the digested protein effluent was delivered

o the SPE cartridge via the reaction capillary, valve 2 (V2) was
witched back and solvent delivered by gradient pump 4 (P4)
esalinated the captured effluent for 3 min using a solvent con-
isting of 99.3% water, 0.5% acetonitrile and 0.2% of formic acid

ig. 3. UV (280 nm) monitoring of the immunoaffinity chromatography proce-
ure. The elution peak (between dashed lines) is directed towards the on-line
olution phase digestion procedure.

2
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d product is captured on a solid phase extraction (SPE) cartridge by switching
r the liquid chromatography–mass spectrometry (LC–MS) system by switching

t a flow rate of 0.2 mL/min. After desalination, valve 3 (V3) was
witched and a gradient was run to 50% within 16 min using a
econd solution consisting of 99.3% acetonitrile, 0.5% water
nd 0.2% formic acid to separate the digest products from the
riginally captured protein. The columns were washed with 80%
f the elution solution for 2 min, and subsequently the analyti-
al column was re-equilibrated by pump 5 (P5) after switching
ack valve 3 (V3) using 99.3% water, 0.5% acetonitrile and 0.2%
ormic acid. The total run-time was 44 min. During separation
f the digest products and re-equilibration of the SPE cartridge,
he next sample could already be applied onto the immunoaffin-
ty column. Hereby, the overall run-time could be reduced to
5 min, in principle enabling a sample throughput of almost 60
amples per day.

.8. On-line digestion procedure optimization

For the evaluation of the continuous flow digestion proce-
ure, protein was injected into the previously described system
hereas the concentration of pronase in the delivered solution

P3, Fig. 2) and the temperature of the reaction capillary were
aried. Both the concentration of the protease as well as the
hermal denaturation of albumin are important factors in protein
igestion, as has been studied by Pico [24]. The reaction time
as kept constant at 1.75 min.

.9. Chromatogram evaluation

Software assisted data comparison of chromatograms was
one in the ACD/Specmanager software package as follows: the
gilent chemstation file (*.d) file was exported to netCDF file

ormat (*.cdf). As a result, the mass spectral data are automati-
ally converted to centroided mass spectra. The chromatograms
ere imported to the software and the chromatograms were
rocessed using the COMPARE algorithm. Data processing
ccuracy was set to 0.1, other settings were set to default. The
rogram picks the differences between the chromatograms and
ighlights these in reconstructed extracted ion chromatograms.

. Results and discussion
The analytical system for the on-line detection of covalent
dducts to human serum albumin comprises several pre-
olumn steps, including immunoaffinity purification, solution
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ig. 4. (a) Reconstructed extracted ion chromatogram of NAPQI-QCPF (m/z 6
f m/z 643.3 (upper) of the first peak and the product ion scan of the second pea

hase on-line digestion, and C18 solid phase extraction with
he subsequent determination of peptide adducts using liquid
hromatography–mass spectrometry. During method develop-
ent main attention was paid to achieve compatibility of the

ptimum conditions of the different steps.

.1. Identification of NAPQI-peptide adducts

The pronase digestion of NAPQI-HSA was first stud-
ed by performing in-batch off-line digestion experiments.
n principle, adduct formation by NAPQI results in a mass
hift of 149.1 Da. Since NAPQI is known to be reactive
owards the cysteine-34 residue of HSA, the full scan MS
hromatogram was screened for peptides containing that cys-
eine residue with an m/z value shifted by 149.1 Da. A
eries of peptides containing this cysteine-34 residue has

lready been published [9]. The analyzed NAPQI-HSA and
nmodified HSA digest sample traces were compared using
CD/SpecManager. Two peaks of m/z 643.3 corresponding to

he m/z of NAPQI-glutamine–cysteine–proline–phenylalanine

i
t
w
o

in a pronase digest of NAPQI-HSA (upper). (b) Tandem MS product ion scan
er).

NAPQI-QCPF) were found in the NAPQI-HSA sample and
ere not present in the unmodified HSA sample. Fig. 4a shows

n extracted ion chromatogram from a NAPQI-HSA digest at
/z 643.3. MS2 experiments were subsequently performed on

he ion at m/z 643.3 and the identity of the NAPQI-QCPF adducts
ould be confirmed (Fig. 4b). Both compounds show almost
dentical product ion mass spectra in MS2 and MS3 experiments.
his suggests the formation of two NAPQI-QCPF isomers. The

wo adduct isomers may result from two different reactions of
APQI with the cystein-34 group in HSA, either through elec-

rophilic addition of thiolate to the carbonyl-carbon to yield
thio-hemi-ketal intermediate or by nucleophilic addition to

he imine-carbon via an ipso intermediate [25]. Both struc-
ures may fragment to a product ion with m/z 208 forming the
someric structures (1,4-benzothiazine and 1,4-benzooxathiine
erivatives). Since it is not possible to distinguish between these

someric structures in MS2 mode, further attempts were done
o assign the resulting spectra. MS3 fragmentation of both ions
ith m/z 208 yield fragment ions with m/z 166, due to the loss
f H2C C O from the acetyl group. Although the results of the
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Table 2
Relative intensities of reconstructed extracted daughter ion peak areas of HSA and NAPQI-HSA peptides originating from samples consisting in modified HSA, of
a 1:1 mixture of modified and unmodified HSA and of a control sample of unmodified HSA

Sample type Area m/z 748.4 DEFKPL Area m/z 643.3 NAPQI-QCPF

Modified HSA 1510048 122595
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on-modified HSA 1301998

S2 and MS3 experiments support the theory of isomer forma-
ion, further experiments especially including NMR have to be
erformed to confirm this phenomenon.

.2. Immunoaffinity chromatography

An UV chromatogram of the IAC procedure can be found
n Fig. 3. The effluent from the IAC column was continuously
elivered via the in-solution digestion reaction capillary. There
as no need to pre-select the protein fraction from the IAC
rocedure for digestion since the effluent (both matrix compo-
ents and purified protein) is continuously mixed with fresh
nzyme. The eluting albumin fraction from the IAC column
between dashed lines) has been heart-cut towards the SPE
artridge via the reaction capillary by switching valve 2 (V2),
ig. 2) for subsequent separation and analysis. The capacity of

he IAC column is an important issue for the sample purifica-
ion step. By means of a binding capacity curve [23], it was
ound that the capacity (390 pmol or 26 �g HSA) of the IAC
olumn (inner volume of 12 �L) is in accordance with the spec-
fications given by the supplier (2 mg/mL). Although a fixed
ample volume with increasing sample concentrations would
e analytically more appropriate, the use of a varying sam-
le volume has not been of concern in our previous project
23]. Therefore, this approach has been used for the estima-
ion of column capacity. By this experiment, the application
n an on-line format could be realized. If a higher column
apacity is needed, other column dimensions might be consid-
red, e.g. by increasing the I.D. from 1 to 3 mm, enhancing the
otal capacity about 10-fold for both modified and unmodified
SA.
To assure that matrix components can be successfully

emoved at chosen conditions, a solution of myoglobin has been
njected and analyzed (data not shown). For this, 50 �L of a solu-
ion of PBS (pH 7.4) containing 1 mg/mL myoglobin has been
njected onto the anti-HSA immunoaffinity column. Apart from
he breakthrough of myoglobin from the anti-HSA immunoaffin-
ty column, the elution profile did not differ from a blank (PBS,
H 7.4) injection. This indicates that proteins, which are not sup-
osed to bind to the material, are successfully removed during
he flushing process using 0.15 M NaCl.

Another important aspect is the immunoaffinity of the immo-
ilized antibodies towards modified proteins. In order to prove
hat modified HSA binds to the immobilized anti-HSA antibod-

es, the following experiments were performed: first, a number
f native (unmodified) peptides from HSA were identified using
he complete on-line system (IAC, solution phase digestion, LC
nd MS). The mass spectrometer was set to full scan mode.

d
c
t
a

56220
Not detectable

0 �L of a blank (PBS, pH7.4) and HSA sample (0.1 mg/mL
n PBS, pH 7.4) were injected and the results were compared.
ince pronase generates significant background signals, com-
arison was performed with help of the ACD/SpecManager as
escribed in Section 2. Using ACD/SpecManager, we were able
o search for specific differences between blank samples (i.e.
ithout HSA) with a rather high background and samples con-

aining low abundant HSA within this background. The m/z
ignals with the highest intensity (those which were not present
n the blank chromatogram) were selected for further MS/MS
xperiments. From the most intense m/z values, two peptides
ould be easily identified as native HSA peptides, i.e. VLIAF
nd DEFKPL. No further attempts were done to identify other
eptides. The peptide DEFKPL (m/z 748.4) is present in mod-
fied as well as in the unmodified HSA and will therefore be
sed as marker for human serum albumin. The MS was subse-
uently set to the SRM mode and continuous MS/MS was done
n precursors 643.3 and 748.4, both with an isolation width of
.0. After the analysis, an extracted ion chromatogram of the
dentified product ion traces of the modified peptide and the
nmodified peptide were generated. 10 �L of a 1 mg/mL solu-
ion of modified HSA was injected on the system. After a sample
f NAPQI modified HSA was analyzed, the sample was spiked
n a 1:1 ratio with unmodified HSA (1 mg/mL in PBS; pH 7.4).
rom this mixture also 10 �L were injected and the same prod-
ct ion traces were summed for a reconstructed chromatogram.
he peaks of both experiments were integrated and the results
re shown in Table 2. The first line represents only the modified
rotein and the second line the modified and unmodified protein
ixed in a 1:1 ratio. The same sample volume was injected. The

rea of the unmodified peptide marker is consistent with the area
f the previously analyzed sample and the control sample since
he same amount of peptide marker can be produced whereas
he amount of modified peptide was reduced by 50% as half
f the amount was injected compared to the first experiment.
n the unmodified HSA sample, no NAPQI modified peptide
ould be found. From these results, it can be concluded that
APQI-HSA was not displaced from the immunoaffinity col-
mn by native HSA, since the area of the native HSA marker
eptide remained the same whereas the peak area of the modi-
ed peptide was reduced by approximately 50%. This indicates

hat it is possible to extract both the modified and the unmodified
SA using the anti-HSA immunoaffinity support. Although this

xperiment indicates sufficient affinity for both protein species, a

ilution series will have to be considered for biological samples
ontaining an excess of non-modified albumin. This is impor-
ant to assure full recovery of (very) low levels of modified
lbumin.
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r
possibility to detect other albumin adducts. As 1-chloro-2,
4-dinitrobenzene (CDNB) is known as an electrophilic and
thiol-reactive compound, it was chosen for the synthesis of a
different albumin adduct. The synthesized CDNB-HSA adduct
ig. 5. Influence of the pronase concentration on the NAPQI-QCPF peptide
ormation (peak areas of reconstructed extracted ion chromatograms of m/z
43.3) during the in-solution digestion procedure.

.3. Continuous flow digestion

In previous work, Damsten et al. [6] described a method
o analyze NAPQI adducts to albumin in human serum sam-
les. Briefly, albumin from serum samples of patients exposed
o high levels of acetaminophen was isolated and digested with
ronase. The resulting mixture was analyzed by LC–MS/MS
fter removal of the enzyme. In the present study, albumin was
solated by immunoaffinity chromatography including an elu-
ion step using a low pH buffer. As previously published [23],
t was found that the elution solution used (10 mM glycine-
Cl and 0.15 M NaCl, pH 2.7) could be neutralized by mixing
ith PBS (pH 10.8) in a 1:1 ratio. Pronase was dissolved in

his neutralizing buffer and mixed with the effluent from the
mmunoaffinity chromatography using the same flow rate. In this
ay, the neutralizing solution was applied and the protease could

lso be delivered using a single pump (P2, Fig. 2). A schematic
verview of this on-line system can be found in Fig. 2. In the
eaction capillary, the enzyme interacts with the eluted protein
o form marker peptide(s) for NAPQI adducted albumin. The
nfluence of the enzyme concentration was evaluated by varying
he concentration of pronase between 0.1 and 2.0 mg/mL. Anal-
sis was done using the completely on-line system. Extracted
on chromatograms of the MS2 product ions of NAPQI-QCPF
ere constructed, the results being shown in Fig. 5. The max-

mum amount of product ions was found at a concentration of
.5 mg/mL of pronase. This concentration has been used for
urther analysis. It has to be kept in mind that the reaction con-
entration of pronase in the reaction capillary differs from the
oncentration in the buffered solution which was deliverd by
ump 3 (P3, Fig. 2). Since the effluent from the IAC column
s mixed with the pronase solution in a 1:1 ratio, a dilution
f 50% has to be taken into account. This means that a max-
mum amount of NAPQI-QCPF has been found at a pronase
oncentration in the reaction capillary of 0.8 mg/mL at given
onditions.

After this, the temperature of the reaction capillary (which
as kept until this time at 37 ◦C) was varied between 8 and
0 ◦C. The reaction was monitored in a similar way as described

or the enzyme concentration optimization, the results being
epicted in Fig. 6. A maximum product formation was found
t 70 ◦C, probably caused by both a higher activity of pronase
nd the thermal denaturation of albumin [24]. Further optimiza-

F
N
c
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ion studies were performed at a reaction capillary temperature
f 70 ◦C.

Since it can be expected that both the peptides from the
rotein and the protease itself are trapped on the C18 SPE col-
mn, we were interested to assess whether on-column digestion
ignificantly contributes to the digestion of the HSA adducts.
n order to study the contribution of on-column digestion, the
emperature of the reaction capillary was kept constant at 8 ◦C
n order to minimize the in-solution formation of products in
he reaction capillary, while the SPE column temperature was
aised to 70 ◦C to enhance possible on-column digestion. No
ignificant traces of NAPQI-QCPF could be found using these
ettings and it can therefore be concluded that on-column diges-
ion does not contribute in a significant way to the digestion of
SA adducts.
An estimation of the detection limit for NAPQI-QCPF was

btained by injection of a sample containing 0.1 mg/mL NAPQI-
SA into the complete on-line system using the optimized
arameters. When 10 �L of a 1.5 �mol/L NAPQI-HSA solu-
ion were injected on the system, a signal-to-noise ratio was
etween 3 and 4 was obtained, resulting in an absolute detection
imit of 15 pmol NAPQI adducted albumin via the cystein-34
unctionality. It should be kept in mind that the modification
f the cystein-34 residue by NAPQI is not a specific one, and
ther amino acid residues might be alkylated in a similar way.
owever, specific attention was paid to modifications of the

ystein-34 residue in this work because this site has often been
uggested as an attractive biomarker of exposure to electrophiles
8,26].

.4. CDNB adducted HSA

Next to the detection NAPQI adducts to the cysteine-34
esidue of human serum albumin, we also investigated the
ig. 6. Influence of the solution phase digestion capillary temperature on the
APQI-QCPF peptide formation (peak areas of reconstructed extracted ion
hromatograms of m/z 643.3).
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ig. 7. (a) The total ion current chromatogram of a pronase digest of CDNB add
f m/z 660.3 is shown by the solid trace (blow-up 3-fold). (b) Tandem MS produ
roduct of m/z 660.3 at retention time 8.7 min. (d) Tandem MS product of m/z 6

as used to evaluate the general applicability of the system.
he albumin was reacted with CDNB and the resulting mix-

ure was injected onto the on-line analysis system. The reaction

ith CDNB results in a mass shift 166.0 Dalton to the pep-

ide QCPF resulting in an expected m/z ratio of 660.3. In
ig. 7a, three peaks can be observed in the extracted ion

race with m/z 660.3. Next, a tandem MS experiment was

i
i
n
a

HSA shown by the dashed trace; the reconstructed extracted ion chromatogram
scan of m/z 660.3 (blow-up 6-fold) at retention time 11.9 min. (c) Tandem MS

at retention time 7.6 min.

erformed in an attempt to identify these peaks (Fig. 7b).
he last peak was identified as the CDNB-QCPF peptide
dduct. The product ion spectrum of this peak is presented

n Fig. 7b. The two other peaks (Fig. 7c and d) were not
dentified in this work, since the product ions differ sig-
ificantly from the fragments of the CDNB-QCPF peptide
dduct.
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. Conclusions

A fully automated, on-line approach for the detection of cova-
ent adducts to the cysteine-34 residue of human serum albumin
as been developed. Human serum albumin adduct formation
ith the reactive metabolite of acetaminophen (NAPQI) could
e detected by the analysis of the corresponding NAPQI-QCPF
dduct by mass spectrometry. The applicability of the approach
as confirmed by additional analysis of CDNB adducted human

erum albumin. This approach might therefore constitute a
seful tool for the screening of covalent adducts to HSA in
uman samples without requiring time-consuming manual sam-
le handling. This work also confirmed that the cysteine-34
esidue of HSA serves as a highly reactive site for cova-
ent binding of reactive electrophilic compounds. This can
e attributed to the fact that cysteine-34 is the only freely
vailable thiol-group present in intact albumin. An absolute
mount of 15 pmol NAPQI-HSA could be analyzed when inject-
ng 10 �L of a 1.5 �mol/L NAPQI adducted human serum
lbumin solution onto the on-line system. Immunoaffinity chro-
atography has been applied as a selective sample purification

tep and it could be shown that the presence of native (non-
dducted) albumin did not hinder the specific interaction with
he immobilized antibodies. Also, continuous solution phase
igestion has been presented as a new approach to perform
n-line digestion, thereby excluding the need for immobi-
ization of enzymes like as usually done with IMERs. Data
nalysis was supported by ACD/SpecManager and although
rather high background signal was observed, the identity

f several peptides could be confirmed by mass spectrometric
xperiments.
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