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Integrating surface plasmon resonance analysis with mass
spectrometry allows detection and characterization of mol-
ecular interactions to be complemented with identification of
interaction partners.We have developed a procedure for Bia-
core®3000 that automatically performs all steps from ligand
fishing and recovery to sample preparation for matrix-
assisted laser desorption/ionization (MALDI) mass spec-
trometry including on-target digestion. In the model system
used in this study a signal transduction protein, calmodulin,
was selectively captured from brain extract by one of its
interaction partners immobilized on a sensor chip.The bound
material was eluted, deposited directly onto a MALDI target,
and analyzed by mass spectrometry both as an intact protein
and after on-target tryptic digestion. The procedure with
direct deposition of recovered material on the MALDI target
reduces sample losses and, in combination with automatic
sample processing, increases the throughput of surface plas-
mon resonance mass spectrometry analysis.

KEYWORDS: Surface plasmon resonance, biomolecular interac-
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In light of the recent developments in functional
proteomics the cell environment is emerging as a
complex network of interacting biomolecules.

Delineating this network by identifying unknown
interaction partners and complexes can significantly
improve our understanding of cell physiology as well
as provide new targets for directed control of cell
functioning. Biomolecular interaction analysis is a
well-established technique for highly sensitive detec-
tion, real-time monitoring, and characterization of bio-
molecular interactions, and is based on the phenom-
enon of surface plasmon resonance (SPR). One of
the interaction partners is immobilized on a sensor
chip using one of a number of available chemistries.
Solution containing another interaction partner is then
brought into contact with the chip, which, in Biacore
SPR instruments, is achieved by conducting the ana-
lyte through a flow cell with one of the walls formed
by the sensor chip. If the interaction partners of a pro-
tein need to be identified, a protein mixture repre-
senting the physiological environment of the test pro-
tein can be injected. In this case the SPR sensor will
detect interaction, if any, and the bound material can
be recovered from the chip. But identification of the
bound protein will require SPR to be complemented
with an additional analytical step. Here, mass spec-
trometry (MS) appears to be the most suitable tool,
since it is the most sensitive and specific method for
protein identification.

A number of successful attempts to combine SPR
with MS have been reported, with low femtomole
amounts of the captured material shown to be suffi-
cient for secure identification of the captured pro-
teins.1–10 To further streamline the SPR-MS interface,
we have developed a fully automated procedure for a
ligand fishing experiment which sequentially performs
the steps of ligand capture, recovery, deposition onto
a matrix-assisted laser desorption/ionization (MALDI)
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target, and sample preparation for MALDI time-of-
flight (TOF) MS including on-target tryptic digestion.
To demonstrate the performance of this technique we
describe a model experiment with a protein captured
from a complex biological environment by its interac-
tion partner immobilized on a sensor chip.

MATERIALS AND METHODS

Chemicals

Calmodulin and the calmodulin-binding domain
(CBD) of myosin light-chain kinase were purchased
from Calbiochem (San Diego, California, USA).
Bovine brain acetone powder was from Sigma-Aldrich
(Stockholm, Sweden). Nitrocellulose Trans-Blot mem-
brane was from BioRad (Sundbyberg, Sweden). Pep-
tide calibration standards and �-cyano hydroxycin-
namic acid (HCCA) were from Bruker Daltonik
(Bremen, Germany). Acetonitrile was from Lab-Scan
(Dublin, Ireland). Acetone and trifluoroacetic acid
(TFA) were from Merck (Darmstadt, Germany).
Sequencing-grade modified trypsin was from Promega
(Madison, Wisconsin, USA). Also used were the fol-
lowing chemicals and consumables supplied by Bia-
core (Uppsala, Sweden): HBS-EP buffer (0.01 M
HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% sur-
factant P20), HBS-N buffer (0.01 M HEPES, pH 7.4,
150 mM NaCl), amine coupling kit, 50 mM NaOH
solution, sensor chip CM5 (research grade).

SPR Analysis and Analyte Recovery

All experiments were carried out using Biacore 3000
SPR sensor (Biacore) with control software version 4.0
and Sensor Chip CM5 (carboxymethylated dextran sur-
face). All assays were carried out at 25�C. CBD was
immobilized via amine groups in all of the four avail-
able flow cells. To this end the chip surface was first
activated following a standard EDC/NHS protocol11

with Biacore HBS-EP buffer used as the running buffer.
CBD at a concentration of 0.1 mg/mL in 10 mM K-
phosphate buffer, pH 7.4, was then injected for 10 min
followed by a 7-min injection of 1 M ethanolamine, pH
8.5, to inactivate the residual active groups. Finally, the
surface was treated with 10 half-minute pulses of 50
mM NaOH in order to remove non-covalently bound
CBD. Typically, about 1600 RU of CBD was immobi-
lized per flow cell. This corresponds to 1.6 ng or 700
fmol of the peptide per flow cell.

Bovine brain acetone powder (10 mg) was vor-
texed for 5 min in 1 mL of HBS-N buffer supplied with

2 mM CaCl2. The insoluble residue was pelleted by
centrifugation and discarded. The supernatant was
diluted tenfold in the same buffer (in the following this
preparation is referred to as brain extract), and 200 �L
was injected at a flow rate of 20 �L /min. All four flow
cells were used for analyte capture and recovery. The
flow system was then washed with 50 mM NaOH,
rinsed with 50 mM NH4HCO3, and the flow cells were
rinsed with 50 mM NH4HCO3, 2 mM CaCl2. The bound
material was eluted with 2 �L of 0.5% TFA for the
analysis of intact protein or  a mixture of 50 mM
NH4HCO3 and 2 mM EGTA for the analysis of tryptic
digest. HBS-N buffer supplied with 2 mM CaCl2 was
used as the running buffer.

MALDI-TOF MS of Intact Protein

This experiment was set up using the Analyte Recov-
ery wizard of Biacore 3000. The material eluted from
the chip with 0.5% TFA was deposited onto a Bruker
Daltonics MALDI target covered with a thin layer of
HCCA and nitrocellulose. To prepare the thin layer, 20
mg/mL nitrocellulose in acetone was mixed with an
equal volume of isopropanol, and the resulting mix-
ture was added to four parts of HCCA saturated in ace-
tone. A 50-�L drop of the mixture was applied on the
target manually, and a thin matrix layer was formed
upon solvent evaporation. The mass spectrum was
recorded on an Autoflex MALDI-TOF mass spectrom-
eter (Bruker Daltonics) operated in the linear mode.

On-target Digestion and 
Sample Preparation for MALDI MS

In this experiment, the capture and recovery of the
target protein as well as sample preparation for
MALDI MS were steered entirely by a program written
in Biacore Method Definition Language. The brain
extract was injected using the MS_INJECT command
(Figure 1). The MS_INJECT routine starts with the
injection of a user-specified MS compatible buffer (50
mM NH4HCO3, 2 mM CaCl2 in the present study) to
record the baseline, followed by sample injection.
The abrupt changes in response immediately before
and after the injection are due to bulk refractive index
changes when the MS_INJECT routine switches
between the running buffer and a user-specified MS-
compatible buffer. This buffer is injected to minimize
the contamination of the recovered material with the
components of the running buffer. 

After the end of injection the flow cells are
washed with the above buffer for a period of 6 sec,
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and the flow cell valves are shut. The fluidic system
was then washed using the MS_WASH command. The
MS_WASH routine washes the flow channels, but not
the flow cells, with three user-specified solutions to
prevent carry over from the injected sample. In the
present study 50 mM NaOH was used as solution 1
and the above MS compatible buffer as solutions 2
and 3. Finally, the bound analyte was eluted from the
chip with 50 mM NH4HCO3, 2 mM EGTA and
deposited onto a 0.8-mm spot of the AnchorChip™
target (Bruker Daltonics) using the MS_RECOVER
command. MS_RECOVER starts with an 8-sec wash of
the flow cells with the MS compatible buffer, and 2 �L
of the recovery solution is then placed over the flow
cells and left in contact with the surface for a user-
specified period of time (30 sec in the present study). 

The solution is then withdrawn back to the
autosampler needle and deposited onto a MALDI tar-
get (as in the present study) or, optionally, to a vial in
a sample rack. One microliter of 15 �g/mL trypsin in
acetonitrile:water (60:40) was added to the deposited
material using the MICROTRANSFER command,
allowing the transfer of 1–10 �L of solution between
any two positions in the reagent racks and MALDI
holder. The sample was allowed to dry by pausing

program execution for 20 min by means of the WAIT
command. One microliter each of 0.5% TFA and 0.5
mg/mL HCCA in ethanol:acetone (2:1) was then
placed on the spot using the MICROTRANSFER com-
mand and allowed to dry.

MALDI-TOF MS and Protein Identification by
Peptide Mass Fingerprint

The mass spectrum was recorded on an Autoflex
MALDI-TOF mass spectrometer (Bruker Daltonik)
operated in the reflector mode. Bruker Daltonik pep-
tide calibration standard was used for external cali-
bration. The peptide masses were submitted to the
MSDB database via the Mascot database search
engine (Matrix Science) for protein identification.

Peptide Sequencing and Identification of
Posttranslational Modifications by MS/MS

The MS/MS spectra were acquired and analyzed on
an Ultraflex MALDI-TOF/TOF mass spectrometer
(Bruker Daltonik).

FIGURE 1

Sensorgram of calmodulin capture on, and recovery from, a chip derivatized with calmodulin-bind-
ing domain.Shaded areas correspond to the steps where the running buffer is automatically exchaged
for a user-defined MS-compatible buffer. HBS-N buffer supplied with 2 mM EGTA was used for
recovery.



RESULTS

Capture of Calmodulin from Brain Extract and
Recovery from Chip

To demonstrate the feasibility of integrating SPR analy-
sis with MS in a typical ligand fishing experiment, a
model system was chosen consisting of calmodulin
and the CBD of myosin light-chain kinase. Calmodulin
is a ubiquitous regulatory protein involved in a num-
ber of signal transduction pathways. Myosin light-
chain kinase is one of its interaction partners to which
calmodulin binds in the presence of Ca2+ ions. CBD,
a 20-mer fragment of the kinase responsible for the
interaction with calmodulin, was immobilized on a
CM5 chip via amine coupling. The goal of the exper-
iment was to capture calmodulin on the chip from a
crude biological mixture represented by bovine brain
extract followed by the recovery and identification of
the captured material.

Figure 1 presents a typical sensorgram (plot of
SPR response vs. time) obtained after the injection of
brain extract over a CBD-derivatized chip, wash of the
fluidic system, and recovery of the bound material.
These three operations were accomplished by the
consecutive execution of the commands MS_INJECT,
MS_WASH, and MS_RECOVER (see Materials and
Methods for details of command operation).

About 2400 RU (2.4 ng, 140 fmol) of calmodulin
per flow cell was captured. With 700 fmol of CBD
immobilized (see Materials and Methods), this means
that approximately 20% of the binding sites are occu-
pied at the given analyte concentration and interac-
tion time. The amount of recovered material, approx-
imately 1300 RU per flow cell, corresponds to 75 fmol,
which gives a total of 300 fmol of calmodulin recov-
ered from four flow cells. However, the actual amount
delivered to the MALDI target can be slightly lower
since some material can be lost by adsorption in the
flow system on the way from the chip to the MALDI
target. No attempt to estimate these losses was made
in the present study.

The fact that the baseline after recovery returns to
the initial level (compare response levels in the first
and third shaded segments on Figure 1) indicates that
complete recovery is achieved.

No binding of any material from the brain extract
to the unmodified surface was observed. Nor was
there any binding to CBD-modified surface in the
absence of CaCl2 (data not shown). Together with
the fact that all material captured in the presence of
CaCl2 could be efficiently eluted with EGTA (Figure
1), this means that the binding is highly specific.

MALDI-TOF MS of Intact Protein

Figure 2 shows a mass spectrum obtained after direct
deposition of the material recovered from four flow
cells onto a MALDI target covered with a thin layer of
HCCA/nitrocellulose. The only two detectable peaks
correspond to the single- and double-protonated
species of calmodulin, demonstrating that the CBD-
derivatized chip acts as a highly specific and efficient
affinity separation medium.

On-target Digestion, MALDI-TOF MS, and
Protein Identification by Peptide 

Mass Fingerprint

In this experiment calmodulin was eluted from the
chip with 50 mM NH4HCO3 buffer supplemented with
2 mM EGTA, with EGTA acting by chelating the Ca2+

ions necessary for calmodulin binding to CBD. The
MS_RECOVER routine delivers 2 �L of the eluate, and
it was programmed to deposit this material onto a 0.8-
mm spot of the Bruker AnchorChip target mounted
on a Biacore MALDI Holder. This was followed by the
transfer of 1 �L of trypsin solution in 60% acetonitrile
to the same position to give a final sample volume
and acetonitrile concentration at the beginning of
digestion of 3 �L and 20%, respectively. Preliminary
experiments showed that it takes 15–17 min for a
drop of such a composition to dry at room tempera-
ture, so program execution after trypsin addition was
halted for 20 min. After this time, the sample was
acidified and mixed with the matrix by transferring 1
�L each of the TFA and HCCA solutions to the spot.

After drying, the sample was analyzed by MALDI-
TOF MS. Figure 3 shows the resulting MS spectrum
and the sequence coverage map obtained after the
eluted protein had been identified as bovine calmod-
ulin. The database query included an option of acetyl-
ated N-terminus (as is the case with calmodulin),
which helped identify two of the peaks (1563.7 and
3389.7 Da). Bovine calmodulin was identified as the
top match with a Mowse score of 137. An additional
peak (2401.1 Da) was identified by matching the mass
spectrum with the in silico digest containing another
known modification of calmodulin, trimethylation of
Lys 115. The overall sequence coverage was 95%.

Peptide Sequencing and Identification of
Posttranslational Modifications by MS/MS

MS/MS is a tool complementing peptide mass data
with amino acid sequence. Besides making protein
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identification much more confident, this allows one to
detect post-translationally modified amino acids and
determine the type of modification. Figure 4 shows
the MS/MS spectra of the peptides with molecular
masses of 2401.1 and 3389.7 Da. In addition to the
complete sequence, two modifications have been
detected. A lysine in the former peptide correspond-

ing to Lys 114 in bovine calmodulin is either
trimethylated or acetylated (these two modifications
give the same mass increment), and the N-terminal
alanine in the latter peptide is acetylated. This agrees
with the known fact that Ala 1 is acetylated and Lys
114 trimethylated in calmodulin.

FIGURE 2

MALDI-TOF MS spectrum of bovine brain extract (top panel) and material eluted from
CBD-derivatized chip after injection of bovine brain extract (bottom panel).
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DISCUSSION

We have demonstrated that when using the Biacore
3000 it is possible to devise a ligand fishing experiment
with all steps from ligand capture to sample prepara-
tion for MALDI-TOF MS performed in a fully auto-
mated regimen. The fact that calmodulin was the only
species detected when intact protein was analyzed by
MALDI-TOF MS demonstrates that the CBD-derivatized
chip is a very specific and efficient affinity separation

medium. The selective capture and recovery of the tar-
get protein without contaminants significantly increases
the chances of unambiguous identification by peptide
fingerprinting.

For identification by peptide fingerprinting, pro-
teins are routinely incubated with proteases for sev-
eral hours in a sealed vial. In addition to the long
time it takes, this approach involves a series of sam-
ple transfer operations inevitably leading to sample
losses by adsorption, especially marked when protein

FIGURE 3

MALDI-TOF MS spectrum, peptide coverage map, and result of database query for a ligand fishing experiment.
Bovine brain extract was injected over a CBD-derivatized chip. The bound material was eluted with
NH4HCO3/EGTA and deposited onto an AnchorChip MALDI target. The sample was then digested with
trypsin on the target and prepared for MS analysis as described in the text.
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FIGURE 4

MS/MS spectra of two of the tryptic fragments obtained in the ligand fishing experiment.The fragments cor-
respond to amino acids 107–126 (A) and 1–30 (B) of the calmodulin sequence.The mass differences pointing
to post-translational modifications of Lys 114 (A) and Ala 1 (B) are shaded.
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concentrations are low. To avoid this and to develop
a technique with all the operations from ligand fishing
to sample preparation for MALDI MS carried out auto-
matically by the Biacore 3000 autosampler, a protocol
for on-target digestion and sample preparation was
developed. On-target digestion protocols described
earlier12,13 are difficult to adapt to the Biacore 3000
instrument environment since they involve incubation
at 37�C for 30–60 min in a moist chamber. Instead,
advantage was taken of the observation that the pres-
ence of organic solvents in the incubation mixture can
dramatically increase the rate and extent of tryptic
digestion, extensive cleavage being achieved within a
few minutes at room temperature.14 Using this proto-
col we were able to achieve extensive digestion of
calmodulin within the time it takes a drop of the
enzyme-sample mixture to dry (15–20 min).

Besides reduced losses, a protocol with on-target
deposition and sample preparation has the advantage
of increased throughput. A large number of samples,
e.g., chromatographic fractions, can be screened in an
unattended run.

As reported earlier,14 acetonitrile concentrations
as high as 80% can be successfully used with trypsin,
and this may be necessary with proteins more resistant
to proteolytic attack than calmodulin. On conventional
stainless steel targets liquid drops with high contents
of organic solvents tend to spread over a large area
with reduced sensitivity as a result. This is however
not the case with AnchorChip since its hydrophobic
coating ensures that all material is concentrated to the
small hydrophilic anchor upon drying, even if the sur-
face tension in the drop is very low.

The robustness of the procedure was confirmed by
running repeated ligand fishing cycles, with calmodulin
being invariably and securely identified as the recov-
ered material. Calmodulin contains no disulfide bonds,
which allows one to skip the disulfide bond reduction
step before digestion. Should a test protein contain
such bonds, their reduction could improve proteolytic
susceptibility and increase chances for unambiguous
identification. Current research is focused on integrat-
ing a step of on-target reduction of disulfide bonds into
the experimental protocol.
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