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Abstract

Gelsolin is an actin-binding protein that is competitively bound by
lysophosphatidic acid (LPA), a possible biomarker for the early detection
of ovarian cancer. Our group has previously shown the usage of gelsolin 1-3
(a fragment of gelsolin composed of the first three of its six subdomains)
along with actin to detect the presence of lysophosphatidic acid. This
histidine-tagged gelsolin 1-3 fragment is synthesized in our lab using
bl21 Rosetta cells but required further characterization. This study aims
to provide sufficient characterization of gelsolin 1-3 synthesized in our
lab via both sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and mass spectrometry (MS) using a Fourier-transform ion
cyclotron resonance mass spectrometer (FTICR-MS). These techniques
show the presence of protein at the expected mass of approximately 41 kDa.
Additionally, the dissociation of a smaller fragment of the complex when
introduced into the gas phase which was equivalent to the approximate
mass of one subdomain of gelsolin 1-3 further supports this conclusion.

Keywords: Gelsolin, SDS-PAGE, FTICR-MS, Mass spectrometry, Protein
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Introduction

Gelsolin is an 82 kDa calcium-dependent actin-binding protein that
regulates cell motility and morphology through actin filament assembly
and disassembly. Actin is a protein that forms microfilaments in the cell
cytoskeleton and is therefore the most abundant protein in most eukaryotic
cells [1]. Gelsolin binds actin monomers, severs actin filaments, and nucleates
actin polymerization to form new filaments. For this to occur, actin can bind
to gelsolin at three different sites [2]. The affinity for this binding is heavily
dependent on the particular binding site and the presence and type of salts,
with K, measured to be as low as 4.5 pM and as high as 400 uM [3-5].
Gelsolin consists of six homologous domains, 1-6, each containing a five-
stranded B-sheet flanked by two a-helices: one parallel to the strands and one
perpendicular [6]. The subdomains form two identical complexes (domains
1-3 and 4-6) [7-9] (Figure 1).

Lysophosphatidic acid, a promising ovarian cancer biomarker, is a
regulator of actin-gelsolin binding. It binds to the PIP-binding domain of
gelsolin with a K of 6 nM, causing the release of actin [7,11]. Interestingly,
each half of gelsolin can individually bind to LPA [7,11]. LPA has been
found to have a sensitivity of 98% and specificity of 90% in the detection
of ovarian cancer, with levels shown to increase with disease progression
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[12,13]. As the 5-year survival rate for ovarian cancer
patients is approximately 90% when detected in Stage I but
drops to approximately 30% when detected in Stage 1V,
early detection is critical to improving patient prognosis
[14]. Current detection methods for LPA rely on standard
analytical methods that employ expensive instrumentation
and time-intensive sample preparation practices. As such,
there is a need for detection methods that are rapid, low-cost,
and usable in serum.

Figure 1: The crystal structure of gelsolin 1-3 obtained from the
RCSB Protein Data Bank; PDB ID: 1RGI. http://doi.org/10.2210/
pdblrgi/pdb

Our group has previously shown the application of the
interactions between gelsolin, actin, and lysophosphatidic
acid in both a fluorescence-based optical biosensor and
electrochemistry-based biosensor for the early detection of
ovarian cancer [15,16]. We found that using one half of the
full protein complex (gelsolin 1-3) works just as well, if not
better than, using full-length gelsolin, while taking up less
space on the biosensor surface. Currently, we are working
on new biosensors taking advantage of this same system but
with different detection methods such as chemiluminescence
and electromagnetic piezoelectric acoustic sensors (EMPAS)
[18]. This work aims to further confirm and characterize
the recombinant gelsolin 1-3 synthesized and used for
these biosensors intended for the early diagnosis of ovarian
cancer through gel electrophoresis in combination with mass
spectrometry (MS).

Polyacrylamide gel electrophoresis (PAGE) is a well-
established technique commonly used to assess the size
of proteins and other molecules. For this study, as done
previously [3,5], denaturing gels were used to assess the size
and molecular weight of the gelsolin 1-3 produced along with
the purity of the samples from each step in the purification
process. While PAGE gels for full-length gelsolin have been
published previously, data for gelsolin 1-3 has not.

Gel electrophoresis on its own, however, is not enough
to identify a protein — while it gives information on total

Volume 7 ¢ Issue 4 671

mass, many proteins or other complexes can have the same
mass; thus, complementary techniques must be employed.
MS has become a valuable technique for this endeavor as
it is a powerful analytical tool that gives detailed structural
and identifying information about chemical compounds and
complexes [18]. Initially, harsh ionization methods restricted
gas-phase characterization to small, highly volatile organic
analytes [19-22]. This would provide information about
their amino acid composition while losing precious structural
insights. It wasn’t until the 1980s when the development
of gentle ionization techniques allowed for the analysis of
proteins and their complexes with little to no fragmentation
[23, 24]. MS has been evidenced to be a great complementary
technique to traditional tools for biomolecule analysis such
as gel electrophoresis and antibody capture assays [25].
This work aims to use MS as a complementary technique
to confirm the successful production of gelsolin 1-3 using
Fourier transform ion cyclotron resonance MS (FTICR-MS).
FTICR-MS is the ideal instrumentation for this purpose due
to its high resolving power, mass accuracy, and ability to be
coupled with versatile fragmentation techniques [18, 24].
While mass spectrometry has been performed on gelsolin
isoforms previously [26,27], it has only been done on the
peptides of trypsin-digested gelsolin; this work represents
the first instance of the undigested protein gelsolin 1-3 being
sprayed whole and analyzed with FTICR-MS. The results
from both gel electrophoresis and MS confirm through
mass and structural information the successful synthesis of
recombinant gelsolin 1-3 which can continue to be used in
the development of biosensors for LPA that could lead to the
early detection of ovarian cancer.

Materials and Methods
Materials

Plasmids containing histidine-tagged gelsolin 1-3 were
provided by Professor Robert C. Robinson of the University
of Singapore. Lysogeny broth (LB), bl21 cells, DNase I
(Thermo Scientific, EN-521), and Invitrogen™ BenchMark™
Prestained Protein Ladder (Invitrogen™, 10748010) were
purchased from MedStore at the University of Toronto
(Toronto, ON). All other chemicals and materials were
purchased from Millipore Sigma (Oakville, ON), unless
otherwise noted.

Expression and Synthesis of Gelsolin 1-3

Cell stocks of bl21 Rosetta cells containing the plasmid
encoded with the DNA for histidine-tagged gelsolin 1-3 are
stored at -30° C in 200 pL aliquots. To produce gelsolin 1-3,
one aliquot of cells was thawed and grown in 30 mL of LB
buffer (25 g/L LB, 100 mg/L ampicillin) at 37° C overnight.
The solution was then diluted into 2 L of LB buffer and
grown at 37° C until an optical density of 0.5 at 600 nm is
achieved. At this point, protein production was induced
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with the addition of isopropyl B-D-1-thiogalactopyranoside
(IPTG) to obtain a final concentration of 1 mM. Protein
production was allowed to continue overnight at room
temperature. Cells were then pelleted by centrifugation for
20 minutes at 4800 RPM and then re-suspended in 4 mL of
lysis buffer (20 mM imidazole, 20 mM Tris pH 7.2, 300 mM
NaCl, 0.1% Triton-X, 5% glycerol, 1 mg/mL lysozyme, and
1 protease inhibitor tablet) and sonicated for 30 min. Then,
2 uL DNAse I was added to the suspension before rocking
it gently for 30 min. The suspension was then centrifuged
for 45 min at 14,500 RPM. Histidine-tagged gelsolin 1-3
was isolated from the supernatant using a Ni-NTA agarose
affinity column and then concentrated and buffer exchanged
using a 10k molecular weight cutoff (MWCO) Amicon®
Ultra centrifugal filter (UFC5010) into storage buffer (20 mM
HEPES pH 7.8, 3 mM CaCl,).

SDS-PAGE

A separating gel (12% w/v acrylamide, 0.4 M TRIS pH
8.8, 0.1% SDS) was prepared and polymerized with 10%
APS (60 pL), and tetramethylethylenediamine (TEMED, 10
uL). A stacking gel (4% w/w acrylamide, 0.4 M TRIS pH
6.8, 0.1% SDS) was prepared, polymerized with 10% w/v
APS (30 pL) and TEMED (10 pL), and added on top of the
separating gel with a comb to form the sample wells. Samples
of 10 uL were taken from each step of the purification process
of gelsolin 1-3. 2 pL of loading dye (0.1 M TRIS pH 8.8,
3.6% SDS, 27% glycerol, 0.02% w/v bromophenol blue,
1.8% B-mercaptoethanol) were added to each sample. These
samples, along with 10 pL of protein ladder, were run on the
gel at 120 V for 1 hour. The gel was stained by submerging
it in Coomassie blue stain (40% methanol, 10% glacial acetic
acid, 0.5% w/v Coomassie R-250) and incubating at 37°
C for 30 minutes. It was then destained by submersion in
strong destain (40% methanol, 10% glacial acetic acid) for
10 minutes followed by weak destain (10% methanol, 10%
glacial acetic acid) for 30 minutes, both with gentle agitation
of the sample at room temperature. The gel was imaged using
the Syngene G:BOX (New England BioGroup, Atkinson,
NH).

Mass Spectrometry

The HEPES buffer which the gelsolin 1-3 was stored in
was removed using a 3K MWCO Amicon® ultra centrifugal
filter (UFC5003). After three washes with 10 mM ammonium
acetate, the desalted synthesized gelsolin 1-3 was diluted in
10 mM ammonium acetate to a concentration of 5 pM.

A 7T FT-ICR mass spectrometer (Bruker Apex Qe,
Bruker Daltonics, Billerica, MA) was used for mass spectral
characterization. Positive nano-electrospray ionization
(nano-ESI) was used to spray gelsolin 1-3 out of borosilicate
capillary tips (Sutter Instrument, o.d. 1.0 mm, i.d. 0.75 mm)
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pulled to a 2.5 um opening using a micropipette puller (Model
P97, Sutter Instrument, Novato, CA). A platinum wire
was inserted into the capillary tip to serve as the grounded
electrode, while the mass spectrometer inlet was operated at
an 800V potential drop to act as the counter electrode. The
ions passed through a heated capillary with counter drying
nitrogen gas to aid desolvation as they entered the mass
spectrometer. The pressure at the first pumping stage was
raised to 4.50 mbar to aid with collisional cooling of ions and
increase ion signal. Instrumental parameters were carefully
optimized using cytochrome C and myoglobin to ensure
gentle conditions that would facilitate the vaporization and
ionization of intact gelsolin 1-3. A quadrupole filter in the ion
path was operated in RF only mode, set either to 1430 m/z to
better transmit ions in the low m/z region or 3058 m/z for ions
in a higher m/z region. Transmitted ions entered a collision
hexapole where ions were accumulated for 1 sec while being
collisionally cooled with argon gas. After the accumulation
period, ions were pulsed towards the analyzer cell, which is
held at ~10® mbar, for high resolution mass measurement.

Results and Discussion
SDS-PAGE

The results from the SDS-PAGE experiment in Figure
2 align with what would be expected for gelsolin 1-3. Lane
1 contains the column flow through, i.e. all liquid initially
pushed through the column after incubation with the lysed
sample. Lanes 2-4 contain washes 1, 2, and 3, respectively.
Lane 5 contains the eluent, i.e. the eluted sample, followed by
spin-filtered eluent in Lane 6 and the water wash in Lane 7.
The spin filtrate, i.e. the liquid filtered from the sample during
spin filtration, is in Lane 8, and Lane 9 contains the standard
protein ladder.

Lane 1 containing column flow through clearly
demonstrates excess soluble cell material and proteins from
the sample passing freely through the column. Wash 1 seems
to remove most of any leftover material, with a small amount
removed by wash 2. By wash 3, all excess material not bound
to the column appears to have been removed.

Lanes 5 and 6 are expected to contain the highest
concentrations of gelsolin 1-3. The molecular weight of
gelsolin 1-3 is approximately 41 kDa, around half that of
full-length gelsolin. There is a prominent band just below
49 kDa in these lanes, and while this mass is slightly higher
than expected, bands in gels are always approximate masses
so some variation is normal. Bands in this range can also be
seen in the column flow through and the first wash, indicating
either some loss of gelsolin 1-3 or the removal of proteins
and cell material with similar molecular weight that did not
bind to the column. The gelsolin 1-3 band can also be seen
clearly in Lane 7, indicating that some protein remained on
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the column, likely due to insufficient incubation time with
the elution buffer. The presence of other bands in addition
to the strong 49 kDa band in Lanes 5 and 6 demonstrate that
the sample is not as pure as would be ideal, likely due to the
use of only one purification step. This impurity could also
indicate that the slightly higher observed mass is due to some
aggregation of smaller protein fragments to the gelsolin 1-3
fragment. While other protocols often call for two or more
purification steps, for our purposes of creating a biosensor
for the detection of lysophosphatidic acid, the sample does
not need to be extremely pure or have a highly accurate
concentration, and thus there has not been a need for us to
add a second purification method. Finally, the lack of any
bands in Lane 8 indicate that no protein was lost during spin
filtration.

[ 1 2 3 4 5 6 7 8 9 ]
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82kDa
64 kDa
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26 kDa
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—

Figure 2: An image of the SDS-PAGE from the synthesis and
purification of gelsolin 1-3. The lanes represent samples taken from
the different stages of the process: (1) column flow through; (2) wash
1; (3) wash 2; (4) wash 3; (5) eluent; (6) eluent post-spin filtration;
(7) water wash; (8) spin filtrate; and (9) Invitrogen™ BenchMark™
Prestained Protein Ladder.

Some of the darker bands observed between 82 and 115
kDa in Lanes 6 and 8 are assumed to be from the gelsolin
1-3 dimerizing with itself, a feature we have observed
consistently when conducting this synthesis and purification.
As stated previously, the 1- 3 and 4-6 subdomains of gelsolin
are homologous, so some dimerization is not only possible
but likely and expected. The strong band at 49 kDa in the
eluted and dialyzed samples, as well as the dimer bands
between 82 and 115 kDa on the ladder, indicate that gelsolin
1-3 was synthesized and purified successfully.

Mass Spectrometry

To further confirm the positive identity of the gelsolin
1-3 protein, it was characterized with mass spectrometry.
Mass spectral characterization of the truncated gelsolin
protein revealed the presence of multiple distinct species.
Initial experiments tuned for a higher m/z region showed a
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predominant species of 33.6 kDa as displayed in Figure 3.
The 33.6 kDa mass is lower than the expected 41 kDa for the
gelsolin 1-3 sample. A second protein fragment of 68.5 kDa
is also present, though at a lower concentration. This species
is close to double the mass of the previous fragment, meaning
it is most likely formed from dimerization of the 33.6 kDa
gelsolin 1-3 fragment. This reinforces the gel electrophoresis
results which display a faint band in the 82-115 kDa region in
addition to a strong band in the 49 kDa region corresponding
with the presence of gelsolin 1-3. As stated above, the 1-3 and
4-6 domains are homologous to each other in the full protein,
so dimerization is expected.
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Figure 3: Positive nano-ESI mass spectrum of the sample. In the
higher m/z range, a 33.6 kDa molecular weight species is detected
predominantly, with charge states indicated on the plot. Lower
intensity peaks of a 68.5 kDa species are also present. This latter
species is likely to be a dimer of gelsolin 1-3 that resembles the full
gelsolin protein.

Since it is possible that a quaternary complex might
dissociate upon introduction into the gas phase, the lower
m/z region was also examined (Figure 4). This revealed the
presence of a 14.3 kDa species. The combined masses of the
33.6 kDa and 14.3 kDa species is 47.9 kDa which agrees
with the gel electrophoresis results presented in Figure 2.
Since gelsolin’s individual subdomains are all homologous,
it seems that upon introduction to the gas phase, one of the
subdomains separated from the other two, giving the 33.6 and
14.3 kDa species seen in the spectrum. It is worth noting that
68.5 kDa and 14.3 kDa is 82.8 kDa, which is approximately
equal to the mass of full-length gelsolin or dimerized gelsolin
1-3 (82 kDa). This suggests that the individual subdomain
dissociated from the complex upon introduction to the gas
phase, especially as it is missing from both the single gelsolin
1-3 and the dimerized gelsolin 1-3. The particular pattern
of this dissociation aligning with the masses of gelsolin
subdomains also further confirms the identity and presence
of gelsolin 1-3.
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Figure 4: Positive nano-ESI mass spectrum of the sample tuned
to the lower m/z range. Multiple charge states of a species with a

molecular weight of 14.3 kDa are indicated.

Conclusions

The results from both SDS-PAGE and FTICR-MS of the
synthesized sample align to indicate the successful synthesis
of gelsolin 1-3. While this has previously been confirmed
indirectly by the development of both fluorescence-based
and electrochemistry-based biosensors for the detection of
lysophosphatidic acid using gelsolin 1-3, this work serves to
provide more concrete evidence and structural information
about the protein. The total mass was similar to the expected
mass of approximately 41 kDa, with small but expected
amounts of dimerization being observed. In addition, there
was dissociation of a fragment equivalent to the mass of one
subdomain from the whole complex, the most likely place
for fragmentation to occur. These results combine to support
the successful synthesis of gelsolin 1-3, which can now be
confidently put to use in future biosensors for the detection of
lysophosphatidic acid.
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