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Abstract

A quantitative method for the determination of proteins in complex biological matrices has been developed based on the selectivity of antibodie:
for sample purification followed by proteolytic digestion and quantitative mass spectrometry. An immunosorbent of polyclonal anti-bovine serum
albumin (BSA) antibodies immobilized on CNBR agarose is used in the on-line mode for selective sample pretreatment. Next, the purified sample
is trypsin digested to obtain protein specific peptide markers. Subsequent analysis of the peptide mixture using a desalination procedure and
separation step coupled, on-line to an ion-trap mass spectrometer, reveals that this method enables selective determination of proteaiak in biologi
matrices like diluted human plasma. This approach enhances substantially the selectivity compared to common quantitative analysis executed wi
immunoassays and colorimetry, fluorimetry or luminescence detection. Hyphenation of the immunoaffinity chromatography with on-line digestion
and chromatography—mass spectrometry is performed and a completely on-line quantification of the model protein BSA in bovine and humat
urine was established. A detection limit of 170 nmol/l and a quantification limit of 280 nmol/l is obtained ugingHéither standard or spiked
biological matrix. The model system allows fully automated absolute quantitative mass spectrometric analysis of intact proteins in biological
matrices without time-consuming labeling procedures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction into an internal standard synthetic peptide. Storme ef54l.
performed absolute quantification of Cystatin C by analysis of
The guantitative bioanalysis of protein drugs in biologicaltryptic peptide markers. Application of this approach is limited
matrices is an important issue in early stage drug developby laborious sample pre-treatment to remove biological matri-
ment. Different approaches for the absolute quantitative anakes which has not been described in this work. Nelson et al.
ysis of proteins in biological fluids have been reviewed by[6] used MALDI-MS for the quantification of proteins compris-
Hopfgartner and Varesifl]. They emphasize that mass spec-ing an isotopically labeled internal standard. ESI-MS for the
trometry (MS) has great potential for quantification of peptidesquantification of relatively small protein comprising a similar
and proteins in the off-line mode. Other groups used a stablprotein as internal standard derived from a different species that
isotope-incorporated peptide as internal standard for the absts mass shifted has been performed by Ji ef7dl.Garbis et al.
lute quantification of proteins and peptidgs3]. Barnidge et  [8] amplify in their review the drawbacks of protein quantifi-
al. [4] evaluated the use of tryptic cleavage sites incorporatedation procedures using MS. Generally, the procedures applied
in the quantification of proteins are significantly different from
those applied for the bioanalysis of small drug molecules. In fact,
* Corresponding author. Tel.: +31 20 5987536; fax: +31 20 5987543, enzyme immunoassays are frequently used for the quantification
E-mail address: j.hoos@few.vu.nl (J.S. Hoos). of proteins in biological matricg9,10], while combined liquid
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chromatography tandem mass spectrometry (LC-MS/MS) anth order to avoid such problems, an on-line proteolytic diges-
selected-reaction monitoring (SRM) is the method-of-choice fotion on an immobilized trypsin column has been applied in this
small molecule§l1]. In enzyme immunoassays, which are con-study [23,24] For the resulting peptide mixture, simpler and
sidered to be selective, detection of protein drugs in, e.g., serumore efficient chromatographic procedures can be applied and
or plasma is usually performed using colorimetry, fluorescencéhe peptide mass spectra are significantly less complex than the
or luminescence. However, these detection methods do not suprotein mass spectra.
ply additional information on the target measured, and therefore In order to enable the use of the on-line trypsin column, two
strongly rely on the selectivity of the immunoassay. Inthisreportjssues have to be addressed. First, the pH of the solution used
the development of an alternative approach for the quantitativeo elute the analytes from the IAC column must be modified
bioanalysis of proteins is described. The fully automated methotb comply with the conditions required for the protein diges-
is based on an on-line coupling of immunoaffinity chromatog-tion [25]. Secondly, after the digestion which is performed in
raphy, proteolytic digestion, and LC—-MS. In this way, absolutea phosphate buffer, an SPE trapping column has to be applied
quantitation of the protein drug can be achieved with improvedo concentrate the eluate from the trypsin column, to desalinate
selectivity and certainty of identity. the sample, and to switch from a phosphate to a formic acid
Immunoaffinity chromatography (IAC) has frequently beencontaining eluent which is compatible with LC-M&5].
used for selective sample purification, both off-line and on- Finally, LC-MS is applied to separate and detect the peptides
line to the subsequent L{12-15] separation. This approach from the mixture. The peptide map acquired in this way can in
was reviewed by Hennion and Pich@t6]. While in off-line  principle be used to confirm the identity of the protein, e.g., via
enzyme immunoassays for protein drugs, often two or morelatabase searching using Mascot software (Matrix Science Inc.),
antibody—antigen interactions are needed for capturing andnd/or via additional MS—-MS or MSexperimentg27]. More
detection[10], in IAC only one type of immobilized antibody importantly, the peak areas of selected peptide fragments can,
is needed. The applicability of IAC as a selective sample-after adequate validation, be applied to quantify the amount of
pretreatment method for protein drugs strongly depends oprotein initially introduced into the system.
the ability to immobilize appropriate antibodies against the This paper describes the development of this hyphenated
target protein drugs onto a chromatographic support and tmethod. Initially, various steps of the procedure were separately
pack IAC columns with sufficient efficiency. The IAC proce- developed and optimized. Preliminary evaluation and validation
dure comprises two separate steps: capturing of the analyteas performed for a system comprising IAC, off-line protein
from the biological matrix and washing interferences away, andligestion, and SPE-LC-MS analysis of the digested protein
desorption of the captured analytes towards the next stage emples, enabling the overnight analysis of different batches
analysis. of samples, running IAC, protein digestion, and SPE-LC-MS
The on-line coupling of IAC to LC-MS was pioneered by in parallel. However, especially the off-line digestion step is a
Rule etal[17,18]for the determination of small molecules, such very time-consuming procedure requiring some manual sam-
as carbofuran in environmental samples. On-line IAC—-LC angle and reagent manipulation. Finally, hyphenation of IAC
IAC-LC-MS are frequently performed via a short solid-phaseand SPE-LC-MS via the on-column trypsin digestion was
extraction (SPE) trapping column to concentrate the eluate frorachieved.
the IAC column prior to injection into the LC. An eluent com-
position switch can be achieved in this stage as well, enablin@. Experimental
the use of optimal eluent in both IAC and LC. The latter is espe-
cially important in LC—-MS which poses stringent restrictions to2.1. Reagents
the mobile-phase composition. In this case, SPE is used for the
pre-concentration of peptides from the protein digest step (see Sodium di-hydrogen phosphate and glycine hydrochloride
below). were purchased from Sigma (St. Louis, MO, USA). Dis-
Performing quantitative bioanalysis of proteins by LC—MS odium hydrogenphosphate and bovine serum albumin (purity
results in additional challenges. First of all it should be empha97%, HPCE) were obtained from Fluka (Buchs, Switzerland)
sized that the procedure developed aims at absolute proteand sodium chloride and formic acid came from Riedel-de-
quantitation, thereby excluding the use of the elegant isotopedaén (Seelze, Germany). Acetonitrile and hydrochloric acid
coded affinity-tag labeling (ICAT) currently frequently applied (36—38%) were supplied by J.T. Baker (Deventer, The Nether-
for relative quantitation in proteomics studifk9,20] Chal- lands). Water was produced by a Millipore (Bedford, MA,
lenges in the absolute quantitation of protein drugs are relatedSA) Milli-Q unit. Sodium hydroxide was obtained from
to the need to achieve an efficient LC analysis of proteins anerck (Darmstadt, Germany). Proteins were digested using
problems due to the formation of an ion envelope of multiply-sequencing-grade modified trypsin (Promega, Madison, WI). A
chargedionsin electrospray ionization-MS (ESI-MS). Although2 | stock of a 10-fold concentrated PBS buffer was made by
quantitative LC—MS analysis of a 10 kDa peptide using an interdissolving 57.30 g of NeHPOy-12H,0, 137.99 g of NakPOy,
nal standard was described by Ji ef21], this procedure seems 175.30g NaCl and 4.03 g KCI in 21 of water. This stock was
to show various limitations. The relative abundance of the peaksgsed to prepare the PBS by diluting 100 ml of the concentrate
in the ion envelope may be a delicate function of experimenwith 900 ml of water. The pH was brought to the required value
tal parameters, which may hamper reliable quantitafg#t].  with 8 M sodium hydroxide or hydrochoric acid.
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2.2. Columns On-line pH measurements were performed by connecting the
Shimadzu 2010HT system to a pH flow cell of a PharmAgia
The immunoaffinity column was in-house built (3.0 mm explorer (Uppsala, Sweden) HPLC system.
i.d. x 15 mm, peek material). Column frits were purchased from
VICI AG international (Peek alloyed with Teflon, PAT), 1/16in. 2.4. Immunoaffinity chromatography
thick x 0.188in. diameter, porosity jom). The column was
filled with a slurry of immunosorbent (Polyclonal antibody A detailed scheme of the off-line IAC set-up can be found
against BSA from rabbit, immobilized on agarose, particle sizén Fig. 1A. The IAC column was operated by pump 1 at a flow
45-185.m, Sigma, St. Louis, MO, USA). Before packing, the rate of 0.2 ml/min unless specified otherwise. The column was
column was closed on one end with a PAT frit. The column wasonditioned using A: PBS solution of pH 7.4. Bovine serum
filled with the gel, and the bed was allowed to settle for 10 min.albumin (BSA) from standard solutions and biological samples
After this, the supernatant was carefully removed using a Pastewas trapped by injecting a volume of p0(Injector 1). After
pipette without disturbing the settled surface. Agarose gel slurrg min, the column was flushed with 1 ml of B: 0.15 M sodium
was added again. These steps were repeated several times ualtiloride solution to remove phosphates and matrix components
the column was completely filled with the affinity material. The to waste. After this, BSA was eluted from the column for 10 min
excess of material was removed. The column was closed usingwth C: 0.15 M sodium chloride and 20 mM glycine hydrochlo-
second PAT frit, and subsequently placed into an in-house builide, pH 2.7. A post column make-up flow of D: PBS solution at
column holder. The column was flushed with a PBS solution ofpH 10.8 was delivered by pump 2 at a flow rate of 0.2 ml/min.
pH 7.4 for 20 min at a flow rate of 0.2 ml/min. The MUST valve (valve 2) was switched to collect 0.64 ml of
Some experiments were done using a cyanogen bromidiée eluate containing BSA. After elution, the column was re-
(CNBr)—glycine ester agarose column, which was packed witkequilibrated. The total run-time of this step was 19.5 min.
a sorbent, produced by allowing CNBr agarose (particle size
45-185.m, Sigma, St. Louis, MO, USA) to react with glycine, 2.5. Off-line digestion procedure
resulting in a CNBr—glycine ester. This column was packed and
treated the same way as the affinity column (described above). The fraction collected was homogenized with a stirrer for
The SPE cartridge (C18, 2.0 mm ixl4.0 mm) used for pre- a few seconds. Two hundred microliters of the fraction was
concentration and desalination and the analytical column (Lundigested by adding @l of trypsin (concentration 0.1 mg/ml in
C18(2), 2.0 mm i.dx 150 mm) were supplied by Phenomenex PBS solution of pH 7.4) and incubation in a water bath &t@G7
(Torrance, CA, USA). The trypsin column used for the on-lineAfter 14 h, the reaction was stopped by addingl ®f formic
procedure was a StyrosZyme column (2.1 mmx&0mm), acid. In most cases, this step was performed batch wise and
purchased from OraChrom, Inc. (St. Woburn, MA, USA). overnight with three samples collected from IAC.

2.3. Apparatus 2.6. Desalination and separation

For some experiments, pre-concentration of the protein was A detailed overview of the SPE-LC-MS system can be found
done with an Amicon cell using membranes with a 10 kDa cutin Fig. 1A. After digestion, the samples were kept &tClin
off supplied by Millipore (Bedford, MA, USA). the Agilent autosampler (Injector 2) prior to analysis. Gradient
IAC was performed with a Shimadzu LC2010HT (Chiyoda- elution was performed using two eluent solutions, E: acetoni-
ku, Tokyo, Japan) liquid chromatograph. A post-column maketrile/water (5/95, v/v) containing 0.2% formic acid and F: ace-
up flow was delivered by a Knauer HPLC Pump K-500 (Berlin, tonitrile/water (95/5, v/v) containing 0.2% formic acid. Pump
Germany). Fraction collection was done using a Gilson 234 autd was used at a flow rate of 0.2 ml/min. The SPE cartridge was
injector (Middleton, WI, USA) which was adapted to serve as aconditioned for 12 min using solvent E: acetonitrile/water (5/95,
fraction collector in combination with a MUST multiport switch v/v) containing 0.2% formic acid. One hundred microliters of
from Spark Holland (Emmen, The Netherlands). The multiportthe sample were injected onto the column and desalination was
switch was triggered using the contact closure module of thelone by washing for 2 min with the same solvent. After this, the
Shimadzu LC2010HT system. Samples were incubated in aBPE cartridge was switched on-line with the analytical column
in-house built water bath containing a Lauda-temp thermostaty switching valve 4. The analytical column was equilibrated
(Konigshofen, Germany). before with pump 5 at a flow of 0.2 ml/min for 12 min using
The SPE-LC-MS measurement was done using an Agilergolvent E. A solvent gradient with pump 4 was run from 0 to
Technologies (Palo Alto, CA, USA) 1100 capillary HPLC sys- 30% solvent F in 22 min. After analysis, both columns were
tem (containing degasser, binary pump, temperature-controlleftlished with 95% of this solvent for 3 min and subsequently
auto sampler and two temperature controllable column switchesg-equilibrated using solvent E.
in combination with an Agilent 1100 VL-series MSD ion trap
mass spectrometer. For re-equilibration purposes of the ana-7. On-line digestion procedure
lytical column, a Gilson 302 (Middleton, WI, USA) HPLC
pump was used in combination with an in-house built pulse- A detailed schematic view of the on-line procedure can be
damper. found in Fig. 1B. The starting position of the valves was as
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Fig. 1. Schematic overview of the off-line procedure (A) and the on-line procedure (B).

depicted in the Figure. The IAC column and the trypsin col-time of 55 min including reconditioning of all columns. How-
umn were conditioned using A: PBS solution of pH 7.4, andever, because the IAC analysis can already be started during the
the SPE cartridge and the analytical column were conditionede-equilibration of the SPE cartridge the total analysis run time
using solvent E: acetonitrile/water (5/95, v/v) containing 0.2%in a series of samples is 47 min per sample.

formic acid, all at a flow rate of 0.2 ml/min. Fifty microliters of

sample or standard were injected onto the IAC column and the.8. Mass spectrometry

column was washed with solution A: PBS solution of pH 7.4

for 2 min, subsequently the column was washed with 1 ml of B:  Positive ESI-LC—MS was performed in full-spectrum acqui-
0.15 M sodium chloride solution. After this, valves 2 and 3 weresition mode in the range ofi/z 400-1500. The spray voltage
switched and albumin was eluted using C: 0.15 M sodium chlowas set at 4.5 kV with a drying temperature of 3&) nitrogen

ride and 20 mM glycine hydrochloride (pH 2.7) at 0.05 ml/min. drying gas flow at 8 I/min and nebulizer pressure at 40 psi. The
Pump 2 was also operated at a flow of 0.05ml/min, delivermaximum accumulation time was 100 ms and the ICC target
ing solution D: a PBS solution of pH 10.8. The overall flow rate was set to 30,000, three spectra were averaged. Data processing
over the trypsin column, thermostated in a column oven &€37  was performed using LC/MSD trap software version 5.2, build
thus was 0.1 ml/min. After 15 min, the SPE column containing382.

peptides from the trypsin column was desalinated for 5 min by

switching back valves 2 and 3 and by using gradient pump 4 witl2.9. Quantification procedure

solvent E: acetonitrile/water (5/95, v/v) containing 0.2% formic

acid. Subsequently, valve 4 was switched and a gradient was run For quantification purposes, a standard series of protein con-
at a flow rate of 0.2 ml/min to 30% solvent F: acetonitrile/watercentration was analyzed in triplicate. From these standards, a
(95/5, vlv) containing 0.2% formic acid in 22 min. After anal- dilution series were made, resulting in a calibration curve with
ysis, the SPE and analytical columns were flushed with 95% concentration between fBnol/l and 300 nmol/l. Fifty micro-

of this solvent for 3 min. The procedure results in a total runliters of the spiked biological matrices or samples were injected
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and reconstructed extracted ion chromatograms were generatec | 1 ¢—'p ¢«—2p « 3 > —2—p170
for relevantm/z values and the peak was integrated. Unless 45 N mAU
mentioned otherwise, BSA tryptic fragment T 78 (LVWSTQ- 60

TALA) at m/z 1002.6 was used for analysis. The counts of the £ 0
integrated peak were analyzed by linear regression by using 95 {
chemometric software (Origin (Northampton, MA, USA) ver- 4, 40
sion 6.1052). 30
8.5 H
] 20

8.0

3. Results and discussion
75

Initially, the analytical system was developed as three sep-
arate units, i.e., the immunoaffinity chromatography part, the J = T = )
protein digestion part, and the SPE-LC-MS part. Each unit was Minutes
de.velope.d W.hlle k_eeplng in mind the need for f".]al on-line (_:OU-Fig. 3. Solid line: monitoring of the UV (280 nm) of the IAC procedure. Forty
pling, which is for instance reflected by the choice of SOIutmns’micrograms injection of BSA in 401 PBS (pH 7.4). (1.3 min: elution of impu-
and time schedules. The quantitative bioanalysis with the systefiies and/or BSA aggregates, 10.4 min: elution of BSA). The dashed line repre-
consisting of the three separate steps was first tested and vadints the pH generated by the mixture of make-up solution (PBS, pH 10.8) with

dated before the three steps were hyphenated into one Systeﬁf)’binding and washing of sample using PBS (pH 7.4), (2) washing with 0.15 M
aCl, (3) elution of BSA from the column using 20 mM glycine hydrochloride

which was tested and validated again. lee.n .the _complexny OWith 0.15M NaCl and (4) re-equilibration of IAC column with PBS (pH 7.4).
the complete system, development and optimization of the sep-

arate steps are described in detail as well. . o _
Although the system was developed for the bioanalysis ofmatogram (280 nn¥:ig. 3), initial elution occurs shortly after

protein drugs, the present study describes the bioanalysis éfjection of the BSA sample, while a major peak is observed
bovine serum albumin (BSA) as a model protein. The relativelyat the expected time in the chromatogram. Since a 597 pmol
low costs of this target molecule as well as of the immunoaffininjection of BSA in 40ul PBS solution of pH 7.4 is within the

ity material makes BSA highly suitable for method developmentange of the column capacity, the influence of the concentration
of the sample in IAC was studied. For this, ajdGample con-

pO TR,

and initial validation.
taining 30wmol/l BSA was injected and the area of the eluted
3.1. Immunoaffinity chromatography peak was compared to a 1@0injection contai_ning qumol/l
BSA. The elution peaks were found to have similar peak areas

The capacity of the column prepared for the analysis otvith a relative standard deviation lower than 2%. This indicates

the model protein BSA was determined by a binding-capacit;’h"?‘t the sorption reaction at.t_he immunoaffinity material is §gf—
curve €ig. 2). For this, the elution peak area from the UV f|C|e_ntIy fastgnderth(_a cond|t|ons.chos¢r_1. Therefore, the initial
chromatogramRig. 3) was plotted against the amount of BSA €lution peak is most likely due to impurities and/or presence of
injected. The resulting binding-capacity curve shows a lineaPSA aggregates. The latter possibility was studied by collect-
part and a plateau with a significantly lower slope. The capacNd this peak, and re-concentrating the fraction 10-fold in an
ity can be easily estimated by calculating the amount of BSAAMicon cell using a membrane with a cut-off of 10kDa. From

eluted within the linear part. The capacity was determined tghe supernatant, 2Q0 were digested for five hours at 3¢
with 5pl trypsin solution (0.1 mg/ml in PBS solution of pH

be 1215 nmol corresponding to 8. In the IAC-UV chro-
7.4). The reaction was stopped by addition @fl 3ormic acid,
and the resulting mixture was injected on the SPE-LC-MS sys-
1.4x107 1 tem. Peptides from BSA were found in low abundance, which
— - were not present in blank samples. A possible explanation for
this phenomenon is the presence of BSA aggregates that are
not recognized by the immobilized antibodies. However, further
8.0x105 ] studies are necessary to elucidate the structure of the unretained
compound.
The specificity of the interaction of BSA with the poly-
4.0x105 clonal antibodies in the column was verified by comparing UV
chromatograms obtained in the IAC procedure with either the
anti-BSA agarose column or a CNBr—glycine ester agarose col-
00 - umn. No measurable non-specific interaction with the Agarose
0 50 100 150 200 250 300 350 400 450 500 material was found (data not shown).
Amount of BSA injected (ug) For fraction collection of the BSA elution, the repeatability
Fig. 2. Binding-capacity curve of an anti-BSA column measured by the amounpf t,he elution time and the Pe,ak grea are Important, pargmeters.
of BSA injected as a function of the elution peak area using UV detection atl Nis was tested by a 12-fold injection of 49 BSA. Elutiontime
shift was lower than 0.1% and deviation of the peak area was

1.0x107 4 L]

Area

6.0x106

2.0x1068 1

280 nm.
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350000 hydrochloride, pH 2.7. After this, the column is re-equilibrated
300000 for the next run (4) using PBS solution of pH 7.4.

& 250000

'_

£ 200000 3.3. SPE-LC-MS of digest products

é 150000 .
100000 The repeatability of the SPE-LC—MS procedure was checked

by 20 repetitive injections of a mixture of the tryptic peptides

50000 from BSA. Reconstructed extracted ion chromatograms were

s ‘ ‘ . made and peaks from peptide T7&#t 1002.6 were integrated.
95 10 105 11 .
Time (minutes) Fromthis, a Shewaf28,29]control chart was calculated to mon-
itor the SPE-LC-MS procedure, including the chromatographic
Fig. 4. Elution profile of BSA; area of peptide T78 (LVWSTQTALA) found at  repeatability, MS-source contamination and sample stability at
mlz 1002.5 from SPE-LC-MS chromatogram is illustrated. given conditions. A test according to Neumd@8,30]revealed
that there is no significant trend in the peak areas measured, sug-
lower than 2.5%. The affinity material did not show significantgesting a random distribution of errors. The same sample was

loss of capacity after 400 cycle runs. injected as a control sample in triplicate prior and after analysis
of aseries of samples and standards. Measurements were consid-
3.2. Off-line digestion of IAC fraction ered to be valid if not more than one measurement in twenty was

out of order, i.e., outside 2 s borders in the Shewart control chart.
wo LC—MS chromatograms of BSA digests are giveRii 5.
epeatability of the areas of peptide peaks from reconstructed
extracted ion chromatograms was found to be 95%.

For these studies, the UV-cell was removed and samples we
collected directly. The fractionation time was optimized by col-
lecting small fractions from the IAC elution procedure. Forty
microliters samples (corresponding to 0.2 min) were collected
in 88l PBS solution of pH 7.4, Al trypsin (0.1 mg/mlin PBS  3.4. Combining IAC with SPE-LC-MS via off-line
solution of pH 7.4) were added and the samples were incubatefigestion
overnight (14 h) on a 96-well microplate. The digestion reaction
was stopped by addingd of formic acid. Fifty microliters of The repeatability of the entire off-line procedure was found
this sample was injected onto the SPE-LC—-MS system. Fromthe be better than 85%n € 10) by treating 300 pmol of BSA
resulting elution profile, acquired by monitoring the tryptic BSA using IAC, off-line digestion and subsequent SPE-LC-MS. Lin-
fragments T78 (LVVSTQTALA) Fig. 4), T34 (AEFVEVTK), earity of the BSA analysis was estimated to be between 0.1
T18 (YLYEIAR) and T72 (QTALVELLK), it was decided to and 15wmol/l for a 50wl sample injection onto the IAC col-
collect the fraction eluting between 9.2 and 10.8 min. umn. Total processing time of a single sample including IAC,

The pH is a rather critical parameter for proteolytic reac-off-line digestion (incubation time was kept constant at 14 h)
tions, with pH 6-9 being acceptabl25]. Therefore, the pH and SPE-LC-MS procedure was approximately 16 h. When
of the make-up flow was optimized by performing IAC with performing quantitative analytical measurements including cal-
on-line measurement of the pH using a pH flow-cell. The pHibration curve and sample measurements, continuous manual
shown in the chromatogram (s€@. 3) is a complex function handling was needed because the reaction time of the trypsin
of the different solutions used during the IAC procedure andwvith BSA had to be kept constant. In principle, an overall sam-
post-column mixed in a 1:1 ratio with the make-up buffer con-ple throughput of 15 samples per day could be achieved.
sisting of PBS solution at pH 10.8. In the first step (1), the sample In order to perform a preliminary test of the selectivity of the
was injected in PBS solution of pH 7.4. In the second step (2), thenethod, BSA was spiked in untreated, undiluted human urine
sample is thoroughly washed with 0.15 M sodium chloride solu-and the samples were analyzed. Accuracies of the analysis of
tion. In step 3, BSA is eluted from the IAC column using elution spiked matrices were calculated from a calibration curve con-
buffer, consisting of 0.15 M sodium chloride and 20 mM glycine sisting of ten data points, triple measurements were done for

Intensity x105
o = N W A OO O

Time (minutes)

Fig. 5. LC-MS separation of digest products from BSA. Solid trace: TIC (total ion chromatogram) from bovine urine sample spikedunithi/RESA, dashed
trace: TIC from PBS (pH 7.4) containing Zu@nol/l BSA.
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each point. Accuracies of 95% were found for a urine sample The accuracies of BSA spiked in untreated, undiluted human

spiked with 1Qumol/l, 82% for a sample spiked withimol/Il urine samples were calculated from the calibration curve which

and 84% for a sample spiked withuBnol/l, respectively. resulted in an equation of=1556¢+ 2280, ank? of 0.9655
Alternatively, the possibility to apply this system to plasmaand statisticaF-test indicates that a calibration of the first order

samples has been shown by spiking human plasma with BSAs significant (= 18,P =95%). Accuracies in spiked, untreated

Human serum albumin (HSA) showed cross-reactivity with theand undiluted human urine were 93% for g@ample contain-

immobilized antibodies. Nevertheless, this cross-reactivity is noing 4 umol/l, and 95% for a 5.1 sample containing 1pmol/I

a point of concern since BSA and HSA differ significantly in BSA in 50ul. These accuracies indicate that it is possible to

amino acid sequence. No tryptic fragments isobaric with theperform a reliable quantitative analysis of a protein in a com-

BSA T78 fragment were found in an HSA digest. In this case plex biological matrix. The detection limit of the method is

SPE-LC-MS analysis of the peptides allowed us to distinguisii 70 nmol/l with a quantification limit of 280 nmol/I.

between tryptic peptides from HSA and BSA. Prior to injection,

samples were 50% diluted with a PBS solution of pH 7.4. Accu3.6. Recovery

racy of a spiked sample was 98% for ajHOsample injection

containing 1g.mol/l BSA. The overall recovery of the on-line system as described in
Section2 was evaluated by comparing an off-line digested sam-
3.5. Hyphenation of the methods ple with on-line treated samples using T7&#t 1002.6 as test

fragment. For this, a 1 amol/l BSA solution was made in PBS

The off-line procedure as described above is very timesolution of pH 7.4. Trypsin was added in a 1:20 mass-to-mass
consuming and labor-intensive. It also requires an accurate tinratio and a sample was incubated in the Agilent autosampler
schedule for constant incubation times of the samples. Itis therevhich was thermostated at 3C. After preparing this sample,
fore attractive to combine the three separate steps (IAC, dige#he off-line digestion reaction was continuously monitored by
tion and SPE-LC-MS) into one single hyphenated system. Thigermanent injection of 5@l onto the SPE-LC-MSHKjg. 1A)
enables the unattended overnight analysis of series of samplesyistem. Conditions were the same as described in Setfidre
The key issue for hyphenation is having the proteolytic digestiomelative area of the peak from peptide T78 was found to increase
procedure on-line. For on-line digestion, cartridges are availablantil 15 h of incubation. From this moment, the area of this peak
containing immobilized trypsin on a chromatographic supportdid not change significantly which indicates a completed diges-
In this study, an immobilized TPCK trypsin on a simulatedtion of the protein.
monolithic bed cartridge was used. The continuous-flow diges- This peak area was then compared to the peak area result-
tion mode was chosen instead of a stop-flow procedure becaus®y from a 50ul duplicate injection of the 1.pmol/l BSA
of three reasons. Firstly, the monolithic material presents largsolution on the fully on-line systent{g. 1B) with conditions
mesopores, facilitating fast transfer of macromolecules throughiven in Sectior?. The relative peak areas of the reconstructed
the monolith[23], thus enabling high exposure of the protein extracted ion chromatogram of peptide T78 from the off-line
to the immobilized trypsin. Secondly, Wang and Regid digested sample and the on-line measured sample were com-
reported no observable difference in proteolyic efficiency orpared.
such a column between the constant flow and stopped flow mode. Despite of the complexity of this hyphenated system, arecov-
Finally, there is no need to synchronize the interruption of theery of 4.0% of the tryptic fragment was found. This rather low
flow through the column with the elution time of the samplesrecovery can entirely be attributed to the on-line digest process,
that are inside the trypsin colunj@4]. The temperature was since recoveries for immunoaffinity extraction and on-line SPE
found to be a crucial factor for the digestion efficiency. There-of the peptide fragments were 90 and 95%, respectively. It has to
fore, a column oven was used to keep the temperature of eluertte further investigated if there are possibilities to improve this
and the trypsin column constantly at3Z. The IAC procedure recovery, e.g., by increasing the temperature of the on-line digest
was performed using conditions previously optimized for theand the use of different proteolytic enzymes. The reproducibility
off-line approach (see Secti@), except for the flow rate of the ofthe on-line system was found to be better than 15%, which was
eluent which was lowered to 0/min gaining a total eluent studied by 2Qul duplicate injections of five separately prepared
flow rate over the trypsin column of 0.1 ml/min after addition samples containing 3omol/l BSA dissolved in PBS solution
of the make-up flow. By reducing the linear flow rate throughof pH 7.4.
the trypsin column, a somewhat higher exposure of the BSA to
the immobilized trypsin on the trypsin column was achieved3.7. Application to bovine urine samples
A concentration series of BSA in PBS solution of pH 7.4 were
injected onto the on-line system for a calibration curve. Linearity ~ Four different bovine urine samples were spiked with differ-
was shown within a range of 172 nmol/l andd®ol/l injecting  ent amounts of BSA and subsequently analyzed. The concen-
50l sample volumes. A sample throughput of 30 samples pefrations in spiked samples were calculated from the calibration
day was achieved in this way compared to 15 samples per dayurve and the accuracy was calculated. A comparison of a result-
using the off-line method. The on-line method reduced the riskng total ion current of a spiked urine sample compared to BSA
of sample degradation or contamination due to manual sampldissolved in PBS solution of pH 7.4 can be foundFig. 5. The
handling, and enables unattended overnight operation. average accuracy was 104% with a relative standard deviation
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of 3% between the four urine samples spiked withixy#ol/I [3] Y. Oda, K. Huang, F.R. Cross, D. Cowburn, B.T. Chait, Proc. Natl.
BSA, and 95% with a relative standard deviation of 6% for the ~ Acad. Sci. U.S.A. 96 (1999) 6591. _

urine samples spiked with 18mol/l BSA. Finally, the four dif-  [4] ';'ez' ga(rzn(;gi‘)a'égé')' Hall, J.L. Stocker, D.C. Muddiman, J. Proteome
ferent bovine urine samples were ,analyzed for the prese_nce O[t,S] M.L.. Storme, B.A. .Sinnaeve, J.F. Van Bocxlaer, J. Sep. Sci. 28 (2005)
BSA. No BSA was found, suggesting that the concentration of ~ 1759

BSA is lower than 170 nmol/l, which may be in accordance with [6] R.W. Nelson, D. Nedelkov, K.A. Tubbs, U.A. Kiernan, J. Proteome Res.
a study of Nakajima et aJ32], who showed a concentration of 3 (2004) 851.

307 nmol/l in bovine urine. However, in this off-line procedure [/1 Q-C. Ji. R. Rodila, E.M. Gage, T.A. El-Shourbagy, Anal. Chem. 75

; - (2003) 7008.
the sample volume was 50 ml and the relative standard dewauoqlg] S. Garbis, G. Lubec, M. Fountoulakis, J. Chromatogr. A 1077 (2005) 1.

was ca. 50%. [9] U.B. Nielsen, B.H. Geierstanger, J. Immunol. Methods 290 (2004)
107.
4. Conclusions [10] R.C. Krueger Jr., Anal. Biochem. 325 (2004) 52.

[11] G. Hopfgartner, E. Bourgogne, Mass Spectrom. Rev. 22 (2003) 195.

A selecti l titati d for th lvsi ][12] V. Borromeo, A. Amsterdam, A. Berrini, D. Gaggioli, A. Dantes, C.
selectlive on-line quantitative proceaure 1or the analyslis O Secchi, Gen. Comp. Endocrinol. 139 (2004) 179.

proteins in biological samples is described where immunoaffinp s} N. Delaunay-Bertoncini, M.-C. Hennion, J. Pharm. Biomed. 34 (2004)

ity chromatography using immobilized antibodies is combined  717.

with mass spectrometric detection using a proteolytic digestioril4] J. Rolcik, R. Lenobel, V. Siglerova, M. Strnad, J. Chromatogr. B 775

Accuracies of spiked untreated and undiluted human and bovine _ (2002) 9. _ _

urine were good. The possibility to use the system for analysiElS] A. Farjam, N.C. van de Merbel, A.A. Nieman, H. Lingeman, U.ATh.
. . Brinkman, J. Chromatogr. 589 (1992) 141.

of BSA in both urine and plasma samples was demonstrategle) m.-c. Hennion, V. Pichon, J. Chromatogr. A 1000 (2003) 29.

Despite of the relatively low recoveries, the major advantager7] G.S. Rule, J.D. Henion, J. Chromatogr. 582 (1992) 103.

of this on-line system are speed and minimized sample handling8] G.S. Rule, A.V. Mordehai, J. Henion, Anal. Chem. 66 (1994) 230.

and tagging procedures, still providing detection limits of aboutt®! S:P- Gydi. B. Rist, S.A. Gerber, F. Turecek, M.H. Gelb, R. Aebersold,
Nat. Biotechnol. 17 (1999) 994.
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