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Abstract

We have characterized the adsorption of bovine fibrinogen onto the biomedical polymer polyethylene
terephthalate (PET) by performing mass spectrometric mapping with a lysine-reactive biotin label.
After digestion with trypsin, MALDI-TOF mass spectrometry was used to detect peptides from
biotinylated bovine fibrinogen, with the goal of identifying lysines that were more accessible for
reaction with the chemical label after adsorption. Peptides within domains that are believed to
contribute to heparin binding, leukocyte activation, and platelet adhesion were found to be biotin
labeled only after bovine fibrinogen adsorbed to the PET surface. Additionally, the accessibility of
lysine residues throughout the entire molecule was observed to increase as the concentration of the
adsorbing bovine fibrinogen solution decreased, suggesting that the proximity of biologically active
maotifs to hydrophilic residues leads to their exposure. The surface area per adsorbed bovine
fibrinogen molecule was quantified on PET using optical waveguide lightmode spectroscopy
(OWLS), which revealed higher surface densities for bovine fibrinogen adsorbed from higher
concentration solutions. By measuring changes in both the identity and conformation of proteins that
adsorb from complex mixtures such as blood or plasma, this technique may have applications in
fundamental studies of protein adsorption and may allow for more accurate predictions of the
biocompatibility of materials.
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1. Introduction

Upon exposure to blood, implanted materials adsorb a thin layer of proteins onto their surfaces
[1-3]. The rate of adsorption and the chemical properties of the surface influence protein
conformations and surface coverage as the adsorbed proteins denature and unfold at this solid/
liquid interface. Some adsorbed proteins expose previously hidden binding domains that
participate in inflammatory, thrombotic, and immunologic responses [4-8]. The postadsorptive
conformations of fibrinogen have been investigated on surfaces of varying surface energy [9,
10] and these transformations expose sites responsible for platelet activation and aggregation
[11-14]. Here, we introduce mass spectrometric mapping to probe local conformational
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changes within bovine fibrinogen (bFg) following adsorption to the biomedical polymer
polyethylene terephthalate (PET).

Fibrinogen is a 340 kDa dimeric glycoprotein composed of Aa, Bf, and y chains containing
globular and a-helical coiled-coil secondary structures held together by 29 disulfide bonds.
The structure is trinodular, composed of one inner and two outer globular domains linked by
regions of coiled-coils [15]. The inner domain (E domain) contains the amino termini of the
Aa, BB, and vy chains [16], while the two outer domains (D domains) consist of the carboxyl
termini of the B, and y chains [17]. Extending from the D domains, beginning near Aa224 in
bFg, are the mobile and highly flexible «C domains that associate non-covalently with the E
domain [18]. Fibrinogen possesses several cell adhesion and protein interaction domains in all
three of its major chains, including RGD integrin binding motifs in the Aa chain [19], a heparin
[20] and cadherin [21] binding domain in the B chain, and a dodecapeptide essential for
platelet aggregation in the y chain [22].

When proteins are reacted with a chemical label prior to enzymatic digestion, labeled peptides
with increased masses can be identified by mass spectrometry. Since the rate of reaction of
protein functional groups is dependent on their degree of solution exposure [23], mass
spectrometry can be used to map changes in protein conformation by varying the experimental
conditions and tracking the accessibility of specific residues to chemical modification. Mass
spectrometric mapping has been previously utilized to discern protein-protein interactions and
protein conformations in solution [24-26]. Arginine, lysine, tryptophan, and tyrosine are the
most common targets of amino acid modification [24,26,27]. Since lysines occur frequently
throughout proteins, are charged and have a high degree of solution exposure, amine-specific
N-hydroxysuccinimide (NHS) ester labels have been used in various applications, including
isotope-tagging for relative absolute quantification (ITRAQ) [28,29]. The availability of water-
soluble derivatives of NHS-esters provides an advantage over most other reagents used for
protein labeling, in that the reaction can be performed under physiologic conditions [30].

Techniques such as antibody labeling [11], atomic force microscopy (AFM) [9,31-35], circular
dichroism [36], sum frequency generation (SFG) [37], total internal reflectance fluorescence
(TIRF) [34], and Fourier transform infrared spectroscopy (FTIR) [35,38,39] have demonstrated
structural changes in fibrinogen after adsorption onto surfaces. Each of these techniques has
advantages for elucidating protein structural changes, but generally provides information at
the domain-level. Antibody binding can be used to correlate the exposure of cell interaction
motifs to post-adsorptive changes in fibrinogen conformation [11]. While antibody binding
verifies the exposure of previously inaccessible domains of fibrinogen, it is dependent on the
availability of specific antibodies and can only reveal changes in protein conformation in areas
of the protein complementary to these antibodies. AFM has provided detailed information on
the overall postadsorptive structure of fibrinogen by revealing the dimensions of the fibrinogen
D and E domains on various surfaces. However, AFM is not well suited for discerning
transitions in dense monolayers of protein. Detailed studies on the global changes in fibrinogen
secondary structure after adsorption have been performed using SFG, TIRF, and FTIR, also
yielding information at the domain-level. We believe that mass spectrometric mapping may
contribute to the study of adsorbed proteins by providing residue-specific information on
surface-dependent conformational changes under physiologically relevant experimental
conditions.

We have developed a proteomics-based strategy to analyze the adsorption of bFg onto PET,
which supplements our earlier proteomic studies on the adsorption of serum and plasma
proteins on biomaterials [40]. The conformational changes that occur upon fibrinogen
adsorption were examined by comparing the mass spectra of bFg that was biotin-labeled in
solution to bFg that was labeled after adsorption to the surfaces of PET particles. We
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hypothesized that there was a tendency for sections of bFg to be exposed to solution during
the adsorption process, and that peptides at these locations would be biotinylated at higher
rates. We targeted primary amines with a chemical label due to their reactive properties and
presence at 107 sites throughout the bFg molecule, which could be analyzed with respect to
their location in three dimensional space due to the availability of the nearly complete bFg
crystal structure. The reactions were performed under physiological conditions with an NHS-
ester label. These residue-specific mass spectrometric mapping experiments correlated well
with optical waveguide lightmode spectroscopy (OWLS) results, both of which demonstrated
concentration-dependent changes in fibrinogen spreading on PET surfaces. Our data support
previous findings that large scale changes in fibrinogen conformation occur upon adsorption
from dilute solutions, evidenced by enhanced exposure of hydrophilic lysine groups throughout
the protein. Furthermore, postadsorptive increases in lysine exposure were detected for several
residues localized within biologically relevant fibrinogen motifs. Thus this method may be
useful in localizing adsorption-induced conformational changes to specific sites within proteins
with a residue-level resolution.

2. Materials/Methods
2.1 Spin Coating

Unless otherwise noted, all reagents were purchased from Sigma. Glass OWLS chips coated
with a Si/Ti/O, waveguide layer (48 x 16 x 0.5 mm, MicroVacuum Ltd.) and silicon wafers
(48 x 16 x 0.5 mm) were cleaned by immersion in piranha solution (3:1 H,SO,4 and H,0,) for
5 min followed by rinsing in DI water. Polyethylene terephthalate (PET, 0.05 mm thick,
McMaster Carr, Chicago, IL) sheets were dissolved in chloroform with 5% (w/v) trifluoroacetic
acid (TFA) to make 0.8% solutions of PET. The PET solution (100 pL) was applied to the
surfaces of either the wafers or OWLS chips and spun at 4500 RPM for 50 s with a model
KW-4A spin coater (CHEMAT Technology). PET layer thicknesses on the silicon wafers were
confirmed with a variable angle Stokes ellipsometer (Gaertner Scientific Corporation). X-ray
photoelectron spectroscopy (XPS, Kratos Analytical Axis 165 spectrometer, University of
Missouri Rolla) was performed to verify the composition of the layers.

2.2 OWLS Analysis

PET coated waveguide chips were placed inside the flow chamber of a MicroVacuum OWLS
110 optical waveguide lightmode spectrometer. The adsorption of bFg from 1, 0.5 and 0.1 mg/
mL solutions in phosphate buffered saline (PBS; 0.2 g/L KClI, 0.2 g/L KH,PQy, 8 g/L NaCl,
1.15 g/L anhydrous NayHPQy, pH 7.4) was monitored with a time step of 30 sec. PBS was
flowed over the surface of the chips for at least 1 h, or until a baseline with a transverse magnetic
mode refractive index variation less that 1 x 1076 was obtained. Solutions of bFg (0.1, 0.5, or
1 mg/mL) were allowed to flow over the surface for 4 h at 0.15 mL/min. The surface was then
washed with PBS at 0.15 mL/min until a steady baseline was again reached. The thickness and
density of the adsorbed layers were determined for each time point using MicroVacuum
BioSense software.

2.3 Analysis of OWLS Results

The density and the change in density with time (dM/dt) were fit to a random sequential
adsorption (RSA) model of the protein adsorption process [41], using MathWorks MATLAB
version 6.1. The OWLS data was fit to the equation:

DL o KCH PO ®
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where @ is the fractional surface coverage, K, is the deposition rate constant, Cy, is the bulk
solution protein concentration, and ¢ is a surface coverage dependent function that represents
exclusion effects due to previously adsorbed proteins. The fractional surface coverage is
defined by:

_ Ma
0= 2

where M is the adsorbed surface density, m is the mass of a single fibrinogen molecule, and
a is the surface area covered by one fibrinogen molecule. The dM/dt data were fit to the RSA
equation previously derived using statistical mechanics of hard sphere adsorption to a two
dimensional surface [42]:
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The maximum 6, or jamming limit, resulting from the adsorption process for spheres is 0.547
[43]. By substituting this maximum coverage into equation (2), the protein surface density at
the jamming limit, M., was calculated for each adsorption experiment. M., was used to directly
convert OWLS surface density measurements into fractional surface coverages. Statistical
significance (p-value < 0.05) between the fibrinogen concentrations was determined by
ANOVA followed by a Scheffe post-hoc test.

2.4 PET Particle Fabrication

PET solutions (1%) were obtained by dissolving polymer sheets in dichloromethane with 5%
(v/v) TFA. Each sample was filtered with a 0.5 um PTFE filter (Millipore) and poured into 1
L of DI water while stirring. Emulsions were stirred overnight and PET particles were removed
by filtration. The particles were washed in ethanol and DI water and stored under vacuum until
use. The surface area per gram of particles was determined for three separate fabrications using
BET (Micrometrics Brunauer Emmett Teller model Gemini 2375).

2.5 Biotinylation

PET particles were placed in 1.5 mL silicone-coated polypropylene Eppendorf tubes and
washed 3X in ethanol and 3X in PBS. Disposable polystyrene columns (Fisher Scientific) with
2 mL bed volumes were filled with the PET particles (150 mg) in PBS and allowed to settle
for 30 min. PBS (3 mL) was added to the columns for washing, followed by 2 mL of 1, 0.5,
or 0.1 mg/mL bFg in PBS. The PET surfaces were incubated with the bFg solutions for 2 h
and then washed with 5 mL of PBS. The PBS washes were collected in 1 mL samples for
analysis with a GENESYS 10 spectrophotometer (Spectronic) at 280 nm to monitor the
decrease in protein concentration and to ensure that the non-adsorbed bFg solution was
completely removed. A 10 mg/mL solution of Sulfo-NHS-LC-Biotin (Pierce) in PBS was
added to the column and incubated for 1 h to allow reaction with the adsorbed bFg. PBS (5
mL) was then flowed through the column to remove excess NHS solution. The adsorbed protein
was eluted from the column with 500 pL of an elution buffer (4% SDS, 40 mM Tris, 8M urea,
pH 8.5). The elution buffer was allowed to incubate in the column overnight. Protein was
collected by acetone precipitation and dried in an Eppendorf VVacufuge concentrator.
Adsorption experiments were performed in triplicate for each concentration.

SDS-PAGE was used to monitor the extent of labeling in biotinylated samples. To maintain a
similar degree of labeling between solution-labeled and surface-labeled samples, 0.5 mg/mL
of bFg was biotinylated in solution with 1 mg/mL of Sulfo-NHS-LC-Biotin for 1 h at room
temperature. The labeled bFg was concentrated and desalted by acetone precipitation. The
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solution-labeled samples were not exposed to PET surfaces nor the elution buffer. Solution-
labeling experiments were performed in triplicate.

Each surface-labeled and solution-labeled fibrinogen precipitation was resuspended in DI
water and separated into 3 samples. The samples were reduced with 100 mM DTT, alkylated
with 100 mM iodoacetamide and separated by SDS-PAGE using Tris-HCI linear gradient 8-
16% gels (Pierce). Fibrinogen Aa, BB, and y chains were stained with SYPRO Ruby stain and
excised from the gels. In-gel trypsin digestions were performed overnight for 16 h at 37°C.
The peptides were purified for MALDI-TOF analysis using ZipTips (Fisher Scientific) with
elution by 15 mg/mL a-cyano-4-hydroxycinnamic acid matrix solution in 0.1% TFA/50%
acetonitrile.

2.6 MALDI-TOF Analysis

Mass spectrometry was performed with an Applied Biosystems VVoyager System 4254
MALDI-TOF in positive-ion reflectron mode to produce centroided spectra. Each bFg sample
was divided into three separate aliquots prior to in-gel trypsin digestion and thus each sample
was analyzed with MALDI-TOF three times (see workflow diagram, Fig. 4). The three spectra
obtained for each sample were normalized to each other using internal bFg peptide standards.
Peptides common to each trypsin digest that did not contain lysines were selected as standards.
Trypsin-digested bFg peptide masses were predicted using the EXPASy proteomics server
[44]. Peptides with up to three missed cleavages ranging in size from 700 — 4000 Da were
found in MALDI-TOF spectra with in-house Perl scripts that identified peaks consistent with
tryptic bFg peptides. A tolerance of + 0.1% was utilized with a maximum upper deviation of
2 Da and a maximum lower deviation of 1 Da was utilized. Biotin-labeled peptides were
identified by the following criteria: 1) the peptide contained at least one missed cleavage, 2)
the peptide mass increased by the size of the Sulfo-NHS-LC-Biotin label (+339.452 Da), and,
3) the peptide contained at least one lysine residue that was not located at the carboxyl terminus,
since trypsin cleavage after labeled lysines should be unfavorable. If two separate peaks
corresponded to different peptides that contained the same labeled lysine location due to
incomplete trypsin digestion, the normalized intensities were summed. The summed
normalized intensities of peptides containing each lysine residue were averaged across the three
trypsin digests. These average lysine intensities were then averaged across three separate
experiments for each of the tested conditions. Non-parametric Mann-Whitney pairwise
comparisons were used to identify statistically significant (p-value < 0.05) changes in intensity.
Labeled bFg locations were visualized using PDB file 1DEQ [45] with Visual Molecular
Dynamics version 1.8.3 [46]. A sequence comparison between human and bovine fibrinogen
was performed using CLUSTAL W version 1.83 [47].

2.7 Liquid Chromatography Electrospray-lonization lon Trap Tandem Mass Spectrometry

The reliability of labeled peptide detection was confirmed by processing some solution-labeled
samples with liquid chromatography electrospray-ionization ion trap tandem mass
spectrometry (LC-ESI-MS/MS). After biotinylation, PBS solutions of bFg were buffer
exchanged using microcentrifuge filters (NMWL 10,000, PLGC cellulosic membrane,
Millipore Corp.) into 25 mM ammonium bicarbonate and digested with sequence grade trypsin
overnight at 37°C. The ammonium bicarbonate was evaporated in a Vacufuge and samples
were stored at —20°C. Tryptic peptides were dissolved in 25 pL of 5% acetonitrile/0.02% N-
heptafluorobutyric acid (HFBA). The peptide solutions (4 pL) were injected into a nano-HPLC
system (Agilent 1100 capillary pump) connected to a Picoview nanoelectrospray head (New
Objective, Woburn, MA) attached to an ion trap mass spectrometer (LCQ DECA,
ThermoFinnigan, San Jose, CA). The peptides in the mixture were separated at a flow rate of
300 nL/min. A gradient of 5% acetonitrile/0.02% HFBA to 80% acetonitrile/0.02% HFBA was
run over 60 min, with peptides separated on a 75 um x 5 cm C18 Biobasic column (New
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Objective). The LCQ-DECA was operated in positive ion mode using a capillary voltage of
12 V, a capillary temperature of 150°C, and a spray voltage of 2.2 kV. Each experiment was
immediately followed by a blank injection to ensure that proteins were not carried over from
previous injections. Data were collected in full MS/MS mode and biotin-labeled peptides were
identified using an in-house program as described previously [40].

3.1 Characterization of PET Films

The spin coating of PET layers was initially characterized on silicon wafers. Ellipsometry
showed consistent thicknesses of between 45 and 50 nm across the surfaces of the silicon wafers
(Fig. 1). XPS analysis verified the composition of these layers (Table 1). Peaks at 283.5 eV
for carbon and 530.5 eV for oxygen revealed their respective atomic compositions to be
approximately 71.0% and 24.8%, which corresponded well with the expected amounts for a
PET layer of 72% for carbon and 28% for oxygen. OWLS waveguide chips were coated using
the protocol developed for the silicon wafers and the changes in thickness were verified by
OWLS to be between 50 and 75 nm.

3.2 OWLS Analysis of Fibrinogen Adsorption onto PET

A random sequential adsorption model was used to determine the average surface area of
individual bFg molecules on PET-coated OWLS chips at the jamming limit (Table 2). Changes
in protein surface density over time for the bulk solution concentrations of 0.1, 0.5 and 1 mg/
mL were non-linear least-squares fit to equation (3) by adjusting the a/m and K parameters.
Statistically significant differences in surface density were found when comparing the 1 mg/
mL samples to either the 0.5 mg/mL or the 0.1 mg/mL samples. The 0.5 mg/mL and 0.1 mg/
mL samples were not significantly different.

3.3 MALDI-TOF Sequence Coverage

The bFg peptides identified in the MALDI-TOF spectra of the solution-labeled samples
revealed the sequence coverages of the Aa, Bf3, and y chains to be 69%, 68%, and 61%,
respectively (Fig. 2). Within these regions, 81 of the 107 lysine locations in bFg were identified.
Due to the lack of lysines present in certain sections (e.g. a 128 amino acid span between
A0272-400), several large segments of bFg were neither available for MALDI-TOF detection
after trypsin digestion nor accessible for labeling with biotin.

To determine whether the sequences spanned by the recovered peptides included areas of the
protein that were complementary to binding motifs previously studied in human fibrinogen,
the sequences of human and bovine fibrinogen were compared using multiple sequence
alignments with CLUSTAL W. Although only approximately 66% of the entire bFg molecule
was observable by MALDI-TOF, identified regions included several locations of interest,
which are labeled in Fig. 2. In the Aa chain, an RGDF platelet binding domain for o3
integrins at Aa98-101 was found to be complementary to Aa95-98 in human fibrinogen and
was found in the MALDI-TOF sequence coverage. A region containing an RGGS motif at
Aou541-544 in bFg that was not found in the sequence coverage had high sequence
complementarity to a region in human fibrinogen containing an RGDS (Aa572-575). An
RGDS motif is present in bFg at Aa255-258 and was within the sequence coverage, but an
RGDS is not present in human fibrinogen at the complementary site. The Bp chain of human
fibrinogen contains domains linked to cadherin binding (Bp15-42) and heparin binding
(BP15-57), which were respectively located in bFg at Bp21-49 and B21-64. Both sequences
were identified in bFg by MALDI-TOF after trypsin digestion. The binding domains of the y
chain are highly conserved between species. The MAC-1 leukocyte binding sites at y190-202
and y377-395, the RIBS-I epitope at y373-385, the ayj,B3 platelet-binding site within y370-
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385, and the platelet-binding dodecapeptide at y400-411 were in similar locations for human
and bovine fibrinogen. The biologically-active y chain binding domains were within the
sequence coverage except for the MAC-1 leukocyte motif.

3.4 PET Particle Fabrication

SEM analysis revealed mostly spherical particles with diameters ranging from 1-200 pum that
tended to aggregate in PBS solution (Fig. 3). Higher percentages of spherical particles were

obtained when the surface tension was adjusted with surfactant during formation, but this step
was not performed to eliminate the possibility of unwanted influences of surfactant on protein
adsorption. BET analysis determined the surface area of the particles to be 20.1 + 2.9 cm2/mg.

3.5 Biotinylation of Surface Adsorbed Fibrinogen

The biotinylation protocol used for labeling and analyzing bFg after adsorption to PET surfaces
is outlined in Fig. 4. Plastic disposable chromatography columns were packed with 150 mg of
PET particles to provide approximately 3000 cm? of surface area. Based on OWLS
measurements of adsorbed bFg surface density, this surface area was estimated to adsorb
between 0.3 — 0.9 mg of bFg as the solution concentration increased from 0.1 mg/mL to 1mg/
mL. Decreased reaction between surface adsorbed bFg and the biotin label was expected when
compared to the reaction of bFg in solution with the biotin label. Therefore, a 10-fold higher
concentration of Sulfo-NHS-LC-Biotin was used for the surface adsorption experiments to
maintain similar levels of biotin labeling between surface and solution samples (Fig. 5a). SDS-
PAGE of bFg eluted from the PET columns revealed differences in molecular weights between
labeled and unlabeled bFg chains. The changes in mass of solution-labeled and surface-labeled
samples were compared to verify similar levels of biotin incorporation. The size of each band
was determined via the linear relationship between the mobility of proteins in SDS-PAGE gels
and the logarithms of their molecular weights [48]. Using the molecular weight standards to
produce a standard curve, the Aa, Bp, and y chains were found to correlate well with their
expected molecular weights of 63.5 kDa, 56 kDa, and 47 kDa (Fig 5b). The changes in
molecular weight of the bFg chains in the solution-labeled samples corresponded to the binding
of approximately 68.4% + 17.0%, 53.8% * 11.0%, and 52.1% + 17.1% of the lysines in each
respective chain. For the surface-labeled samples, the respective changes in molecular weight
of the Aa, B, and y chains corresponded to the reaction of approximately 68.7% + 12.8%,
50.6% + 14.0%, and 41.6% * 21.5% of the lysines. An ANOVA revealed no statistically
significant differences in the extent of biotinylation between the solution-labeled and surface-
labeled fibrinogen chains.

3.6 Identification of Biotinylated Residues

After excision from SDS-PAGE gels and digestion with trypsin, the labeled and unlabeled
fibrinogen chains were analyzed with MALDI-TOF and fibrinogen peptides were identified
based on the expected molecular weights of tryptic fragments. Fig. 6 demonstrates the detection
of labeled and unlabeled peptides for fibrinogen biotinylated in solution and fibrinogen
biotinylated after adsorption onto a PET surface. Trypsin should not cleave after lysines that
have been labeled, and thus all Sulfo-NHS-LC-Biotin labeled peptides contained at least one
missed cleavage. As a result, the average peptide mass increased as the number of biotinylated
peptides increased, and the majority of labeled peptides had molecular weights above 2000
Da.

The ability to discern labeled from unlabeled peptides based on peptide molecular weight was
verified with LC-ESI-MS/MS sequence analysis after an in-solution trypsin digestion. Table
3 lists the peptide sequences that were detected and the locations of the labeled lysines within
them. These lysine locations and peptide masses were used to verify solution-labeled peptides
that were identified with MALDI-TOF (Fig. 7 (+)). A total of 19 of the 81 lysine residues
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spanned by the MALDI-TOF sequence coverage were identified as biotin-labeled, and 11 of
these lysines were also detected as labeled by LC-ESI-MS/MS.

The lysine residues that were labeled after bFg was adsorbed onto PET from 1, 0.5, and 0.1
mg/mL solutions are displayed in Fig. 8. The exposure of lysine residues was higher for the
0.5 mg/mL and 0.1 mg/mL samples when compared to the 1 mg/mL samples. Both the degree
of label incorporation and the surface coverage of the MALDI-TOF spectra increased after
adsorption onto PET (Table 4). A statistical comparison between solution-labeled and the 1
mg/mL surface-labeled samples revealed a significant decrease in the relative intensity of
Aa128 and a significant increase in exposure of Aa438 and Aa442 following adsorption.
Several biotin-labeled locations found for the 1 mg/mL surface sample were within the
sequence coverage of the solution-labeled samples, yet were not found labeled in solution.
Overall, 7 labeled lysines were found in the Aa chain only in the adsorbed protein, along with
10 in the B chain, and 9 in the y chain. Two of theses residues were BB60, which is located
within a heparin/cadherin binding domain, and y196, which is located within a MAC-1 binding
motif.

After adsorption from 0.5 mg/mL solutions, there were 17 biotinylated locations each in the
Ao and y chains and 21 locations in the Bf chain that were within the sequence coverage of
the solution samples, but were not labeled while in solution. When the 0.5 mg/mL samples
were compared to the solution samples, statistically significant decreases in intensity were
found for Aa55, Aa71, Aal28 and Aal65, while Aal41 increased in intensity. In addition to
BB60 and y196, a multitude of previously inaccessible lysine residues were found labeled,
including y380, y381, y385, and y406 which all contained binding motifs essential for platelet
adhesion.

For adsorption from 0.1 mg/mL solutions, statistically significant decreases in lysine exposure
were seen for Aa71, and Aal28, and an increase in ranked intensity was observed for Aal41.
As seen in the 0.5 mg/mL samples, previously inaccessible locations were labeled in all three
chains, with notable exposures of y380, Y381, and y385. Increased labeling in the Aa chain
was mainly localized at the carboxyl terminus, while residues throughout the Bp chain
increased in exposure. Within these locations, a total of 12 residues in the Aa chain, 18 in the
Bp chain, and 9 in the y chain were found to have reacted with biotin exclusively in the surface-
labeled samples.

Protein visualization software was utilized to display the three-dimensional locations of
biotinylation sites (Fig. 9). Lysines labeled while in solution were found primarily within the
coiled coils of the Aa chain and the globular domains of the Bf and y chains. Several locations
in the aC domain and in the coiled coil regions of the B chain were biotin labeled as well, but
these residues were not present in the bFg crystal structure. After adsorption, lysines throughout
both the globular and coiled regions of the Bp and y chains were labeled, including several
locations within the protein interior that are not normally solution-exposed.

4. Discussion

Conformational changes can occur in proteins after adsorption to biomaterial surfaces. These
changes can influence protein surface coverage with time and expose binding sites that are
responsible for eliciting biological responses [4-8]. Since fibrinogen adsorbed on biomaterials
directs numerous cellular and thrombotic responses [49], a better understanding of fibrinogen
conformational changes at the molecular level may provide information useful in the
development of devices with enhanced biocompatibility. We are developing methods to allow
a more complete analysis of the fibrinogen structure-function relationship at solid/liquid
interfaces by using mass spectrometric mapping to probe changes in the exposure of individual
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residues. These methods may be beneficial for studying conformation changes in proteins
adsorbed from complex mixtures, such as blood or plasma.

Prior to performing the chemical labeling experiments, we used optical waveguide lightmode
spectroscopy (OWLS) to measure the extent of bFg spreading on PET as a function of solution
protein concentration. OWLS has the ability to measure the surface density of protein layers
in situ with a 30 s time-step, which permits the determination of parameters in kinetic models
of molecular interactions with surfaces [41,50]. Since our interest lies in the interactions of
proteins at the solid/liquid interface between blood and biomaterial surfaces, we modified the
surfaces of OWLS waveguide chips by spin coating to study the frequently used biomaterial
PET.

OWLS results for bFg adsorbed onto PET demonstrated the postadsorptive spreading of the
protein in a concentration-dependent manner, consistent with previous results on other surfaces
[41,51]. During protein adsorption, the rate of protein unfolding appears to be on the order of
the time required to approach the RSA jamming limit on surfaces [41]. Proteins thus will not
have adequate time to reach their maximum spread area when adsorbed from highly-
concentrated solutions, due to the filling of adjacent spaces required for major conformational
changes [52]. Statistical analysis of OWLS results showed that the 0.5 and 0.1 mg/mL samples
were not different from each other, while both were significantly different from the 1 mg/mL
samples. The RSA model does not account for the kinetics of spreading, diffusion or
hydrodynamic effects on the adsorption process. However, diffusion and hydrodynamic
influences have been shown to be counteractive [53]. A model that incorporates multiple states
of protein denaturation may improve the measurement of protein unfolding Kinetics on
surfaces, but would require the curve-fitting of additional parameters to the OWLS surface
density measurements, which may introduce additional inaccuracies.

Atomic force microscopy (AFM) has previously provided a detailed picture of fibrinogen’s
post-adsorptive conformations. We compared our OWLS results with published AFM
experiments, estimating fibrinogen m/a values from reported volume measurements [9] (Table
2). The m/a estimates were calculated based on dimensions of fibrinogen obtained by Sit et al,
who used AFM to study the structure of fibrinogen adsorbed onto hydrophobic
(octadecyltrichlorosilane, OTS), negatively charged (mica), and positively charged (3-
aminopropyltriethoxysilane, APTES) surfaces. Their results were obtained under experimental
conditions that differed from ours, allowing spreading to occur only over a 1 h period, while
our studies allowed 4 h of spreading. We monitored adsorption only on PET, a surface with a
higher surface energy than OTS and lower surface energy than mica and APTES [54].
Moreover, Sit et al. used a much lower fibrinogen concentration (50 ng/mL), so that the
jamming limit would not be reached. The OTS surface resulted in a lower m/a in the AFM
experiments than the PET used in our OWLS experiments, which was expected due to the
higher surface energy of PET and the more concentrated fibrinogen solutions that we tested.
PET in the presence of 0.5 and 0.1 mg/mL fibrinogen solutions showed larger spread areas
than the hydrophilic mica surfaces exposed to a 50 ng/mL bulk concentration. Wertz et al.
showed that the majority of postadsorptive conformational changes occurred within the first
15 minutes after adsorption [51], and thus the measurements of Sit et al. may represent the
maximum obtainable surface coverage for individual fibrinogen molecules on the surfaces
tested. Assuming that bFg has a rod-shaped geometry with dimensions of 6.0 x 6.0 x 45 nm,
the theoretical unspread end-on and side-on close packing densities for adsorbed bFg at
complete surface coverage are 1.57 and 0.21 ug/cm? [55]. Thus, even at the highest
concentration tested, bFg adsorption levels were in the vicinity of a side-on molecular packing
arrangement. These adsorption densities were even lower than the 0.4 — 0.5 pg/cm? achieved
on low energy methylated surfaces [55-57], which may reflect extensive spreading of
fibrinogen on the PET surface.
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Our OWLS experiments revealed increases in the average area per bFg molecule as the solution
concentration decreased from 1 mg/mL to 0.1 mg/mL, indicating that different degrees of
conformational change occurred between these concentrations. By proteomic methods, we
were then able to determine the specific residues within bFg that were susceptible to
biotinylation after adsorption to the surfaces of PET particles. These small PET particles were
fabricated with high surface areas using emulsion chemistry to increase the amount of adsorbed
protein for the labeling experiments. Our hypothesis was that if a predisposition existed for
certain biologically active domains within bFg to be exposed upon adsorption, then lysine
residues found near these sites would have a higher tendency to react with the chemical label
and could be detected by changes in MALDI-TOF peak intensities. Based on the OWLS results,
we expected to observe differences in labeling between higher concentration, 1 mg/mL, and
lower concentration, 0.5 and 0.1 mg/mL, samples. While only a few statistically significant
changes in intensities were found, large differences in the number of biotin labeled lysines
were observed. These qualitative results suggest that conformational changes influenced by
the energetically more favorable interactions of hydrophilic residues with the solution over the
PET surface may be driving the exposure of biologically active motifs. This is evidenced by
the drastic increase in accessibility of lysines within the highly interspecies conserved y chain,
which coincides with the exposure of several cell interaction motifs essential to thrombosis
and inflammation. Overall, our results are consistent with previous experiments examining the
interactions of proteins with low energy surfaces, but at a higher level of resolution and
revealing additional complexity.

Although SDS-PAGE showed equivalent increases in molecular weight between solution-
labeled and surface-labeled samples, mass spectrometric analysis may have revealed
considerable differences in the distribution of the label throughout the bFg molecule. MALDI-
TOF has astrong bias for higher concentration peptides [58], and, consequently, many solution-
labeled peptides originating from sterically-hindered locations may have been overshadowed
by highly labeled locations. However, the nonlinear nature of MALDI-TOF intensity may have
amplified the differences in labeling between solution and surface biotinylated samples. LC-
ESI-MS/MS demonstrated the presence of several labeled peptides that were never detected
in the MALDI-TOF spectra of solution-labeled samples. More quantitative mass spectrometric
methods will be required to definitively show that such differences between surface and
solution labeled fibrinogen exist.

Increases in lysine exposure within the Aa chain appeared to occur most prominently in the
aC domain. Previous immunochemical studies of the human fibrinogen Aa. chain performed
by Cierniewski et al. revealed that in solution, the majority of the immunogenic surface resided
between Aal-238, with moderate immunogenicity between 239-476 and minimal antibody
binding at the C-terminus between Aa518-584 [59]. Since the inaccessible areas of the aC
domain were readily bound by antibody after plasmin cleavage, they concluded that this region
was integrated into the native fibrinogen molecule in a manner that influenced epitope
exposure. Mass spectrometric mapping of the bFg Aa chain displayed similar distributions of
accessibility to the biotin label. Of the 11 lysines biotinylated to a high degree in the Aa chain,
only one location was found labeled near the carboxyl terminus in the solution-labeled samples.
The surface-labeled samples showed that post-adsorptive conformational changes readily
exposed these minimally accessible carboxyl-terminal domains, possibly due to decreased
interaction between the aC domain and the E domain. Binding of an antibody that recognizes
human Aa572-575 has been correlated with platelet adhesion to adsorbed human fibrinogen
[60]. A region within the bFg aC domain containing an RGGS site (Aa541-544) has high
sequence homology with a region in the human fibrinogen sequence that contains an RGDS
motif (Aa572-575). A lysine (Aa549) near this site was shown to increase in exposure after
adsorption to PET from the lower concentration solutions. Similarly, a lysine (Aa103) in close
proximity to the Aa98-101 RGDF site in the bovine fibrinogen, which is synonymous to RGDF
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Aa95-98 in human fibrinogen, was found to increase in exposure upon adsorption to PET as
the solution concentration decreased. While biotinylated Aa103 was detected in the LC-ESI-
MS/MS analysis of solution-labeled samples, Aa549 was only found to be biotinylated in the
surface-labeled samples by MALDI-TOF.

Although similar percentages of labeled lysines was found in the y chain when comparing the
high concentration and low concentration adsorption experiments (Table 4), the labeling in the
low concentration samples shifted towards the carboxyl terminus. In the 0.5 and the 0.1 mg/
mL samples, residues were labeled within the sequence y370-383, which has been shown to
have an essential role in platelet adhesion [61]. Sites located in the y377-395 sequence, thought
to bind the oppp/Mac-1 leukocyte integrin and participate in inflammation, were also found
labeled [62]. LC-ESI-MS/MS analysis revealed that y406 within the platelet adhesion
dodecapeptide (400-411) was accessible while in solution. This lysine was not found labeled
in MALDI-TOF analysis of solution samples nor the 1 and 0.1 mg/mL surface-labeled samples.
However, this residue was detected as labeled after adsorption to PET from the 0.5 mg/mL
solutions [13]. These results suggest that the peptide containing this lysine either does not
ionize well in MALDI-TOF or is present at very low amounts.

It has been shown that nonactivated platelets bind less to human fibrinogen fragments
containing only y400-411, only Aa95-98, or without Aa572-575 [63]. These previous
findings are supported by our data that suggest a post-adsorptive exposure of the locations in
bFg that are synonymous to these platelet binding human fibrinogen sites. Furthermore, a lysine
near the bovine complement to Aa572-575 in human fibrinogen was only found exposed after
adsorption, while a lysine near the bovine complement to Aa95-98 in human fibrinogen was
accessible both in solution and on the surface. Thus our data also supports previously performed
experiments that suggest that Aa572-575 may be more specific to post-adsorptive platelet
binding than Aa95-98.

We are currently investigating several potential changes to our chemical labeling protocol that
could broaden its applications in the study of protein conformation at solid/liquid interfaces.
First, MALDI-TOF was selected for our initial mass spectrometric mapping experiments
because of the quickness and ease of sample preparation and analysis. Unlike MALDI-TOF,
more sensitive electrospray ion-trap and Fourier transform mass spectrometry can take
advantage of quantitative techniques such as stable-isotope labeling by amino acids in cell
culture (SILAC, [64]) or ITRAQ [29], as well as provide vastly more reliable peptide
identification. With mass spectrometry coupled to liquid chromatography, adsorption from
multicomponent protein solutions or even whole blood could potentially be analyzed, which
would have novel applications in the study of post-adsorptive processes such as the Vroman
effect [65,66]. Another area that could be considerably improved in our experiments is
sequence coverage, since we were only able to observe approximately 66% of the fibrinogen
molecule after in-gel trypsin digestion and purification of solution samples. Digesting samples
with different enzymes should provide access to sections of the fibrinogen molecule that were
not observed with trypsin digestion. Also, by using multiple labels that react with functional
groups other than primary amines, a higher percentage of fibrinogen’s surface could be
monitored for conformational changes.

5. Conclusion

In summary, we have applied OWLS and mass spectrometric mapping in the study of proteins
at solid/liquid interfaces. We have shown that OWLS waveguide chips can be coated with PET
and that substantial differences in protein spread area are found between bFg adsorbed at 1 and
0.1 mg/mL. Using chemical labeling and proteomic methods, we compared the differences in
exposure of lysines between bFg in solution and bFg adsorbed to PET. Our results suggested
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extensive conformational changes in all three chains and specific increases in the exposure of
biologically relevant residues in the Aa and y chains during the unfolding process on PET.
Based on our results, we are pursuing more comprehensive and quantitative adaptations of this
methodology.
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Ellipsometry measurements of polyethylene terephthalate (PET) layer thickness and
uniformity on silicon wafers. PET coatings were applied to surfaces using spin coating, and
ellipsometry was used to determine the layer thickness at 2 mm increments across a wafer.
Error bars represent standard deviations of four samples.
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Sequence coverage obtained for Aa, Bp, and y chain in-gel trypsin digests of biotinylated
bovine fibrinogen. Residues that were found in peptides recovered after the trypsin digests are
represented with thick lines, while residues that were not found are represented with thin lines.
Locations of important binding motifs are indicated. Sequence coverages of 69%, 68%, and
61% were obtained for the Aa, Bp, and y chains, respectively.
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Fig 3.

Scanning electron microscopy (SEM) of fabricated PET particles. a) An individual PET
particle at 2000x magnification. b) SEM image of an aggregate of PET particles at 300x
magnification. Particle sizes ranged from 1 to 200 pum.
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Fig 4.

Workflow diagram for bovine fibrinogen (bFg) surface adsorption experiments. Diagram is
labeled as follows: 1) Adsorption of bFg onto PET beads packed in a column, from 0.1, 0.5,
or 1 mg/mL solutions. Each concentration was tested in triplicate, 2) Incubation of adsorbed
bFg with Sulfo-NHS-LC-Biotin for 1 h, 3) Elution of adsorbed bFg with 4% SDS, 100 mM
DTT and 8 M urea elution buffer. Elutions were separated into three samples for separate
trypsin digestion, 4) bFg purification by acetone precipitation, 5) bFg chain separation by SDS-
PAGE, 6) In-gel trypsin digestion, 7) Peptide purification with Zip-tips, 8) MALDI-TOF
analysis, (each PET column yielded three separate samples, and bFg Aa, Bj, and y chains were

Biomaterials. Author manuscript; available in PMC 2008 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Scott and Elbert

Page 20

analyzed for each sample), 9) Intensities of peptides containing labeled lysine residues were
averaged across the three separate digests.
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Fig 5.

SDS-PAGE gel of bFg before and after reaction with the Sulfo-NHS-LC-Biotin label. The
concentration of the label was adjusted to achieve the same degree of labeling for both bFg in
solution and bFg adsorbed to PET. a) Aa, B, and y chains were separated by SDS-PAGE and
stained with SYPRO Ruby stain to compare the increases in molecular weight due to labeling.
Lanes are labeled as follows: Unlabeled bFg in solution (lane 1); labeled bFg eluted from the
surfaces of PET particles after adsorption from 1 mg/mL (lane 2), 0.5 mg/mL (lane 3), and 0.1
mg/mL (lane 4); unlabeled bFg eluted from PET surfaces (lane 5); and bFg labeled in solution
(lane 6). b) The increases in molecular weight due to labeling were determined from the changes
in migration the distances of the protein bands.
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Centroided MALDI spectra corresponding to bFg trypsin digest fragment masses from the 0.5
mg/mL adsorption experiments. Open circles indicate the identification of masses that
correspond to unlabeled bFg trypsin fragments. Black squares mark peaks that match an
expected peptide after the Sulfo-NHS-LC-Biotin label was added to the mass. Spectra are
shown for: a) Unlabeled bFg Aa chain, b) Aa chain labeled with biotin, ¢) Ao chain labeled
with biotin after adsorption onto PET, d) Unlabeled B chain, e) B chain labeled with biotin,
f) BB chain labeled with biotin after adsorption onto PET, g) Unlabeled y chain, h) y chain
labeled with biotin, i) y chain labeled with biotin after adsorption onto PET.
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Fig 7.

Normalized MALDI-TOF spectral peaks corresponding to biotinylated lysine residues within
bFg Aa, BB, and y chains, labeled while in a 0.5 mg/mL solution. A cumulative sum of the
intensities of all the labeled peptides that contained the listed lysine residues was determined,
normalized relative to the highest intensity obtained, and averaged across three separate
experiments. Error bars represent one standard deviation. (+) mark peaks that were also found
to be labeled by the more accurate LC-ESI-MS/MS sequence analysis. The MALDI-TOF
sequence coverages for each chain are displayed below each graph. Labeled lysine locations
are in italics.
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Normalized MALDI-TOF spectral peak intensities of lysine residues within bFg Aa, B, and
v chains that were biotinylated after adsorption to a PET surface from 1, 0.5 and 0.1 mg/mL
solutions. Error bars represent one standard deviation. Locations that were labeled both in
solution and after adsorption to a PET surface are represented by grey bars. Locations that were
labeled only after adsorption to a PET surface are represented by black bars. Pairwise Mann-
Whitney comparisons were used to determine statistically significant differences in intensity
(p-value <0.05) between solution-labeled samples and surface-labeled samples (*) and between
the high concentration (1 mg/mL) surface-labeled samples and the low concentration (0.5 mg/
mL, 0.1 mg/mL) surface-labeled samples ().
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Fig 9.

3D image of bFg displaying the locations of labeled lysines after adsorption to a PET surface
from a 0.1 mg/mL solution. The image is labeled as follows: Aa chain, red; B chain, blue;
vy chain, green; residues not included in sequence coverage, black; labeled lysine residues,
yellow spheres; lysine residues with statistically significant changes in relative intensity after
adsorption to PET surface, orange spheres. Image was generated using the bFg PDB file LDEQ
and Visual Molecular Dynamics version 1.8.3.

Biomaterials. Author manuscript; available in PMC 2008 September 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Scott and Elbert

Table 1

XPS analysis of PET coated silicon wafers.

Page 26

Peak Position BE (eV) Atomic Conc. %
(0] 530.5 24.80
Ti 464 0.02
N 397 0.19
C 283 71.48
S 167 0.12
Si 100.5 3.05
cl 99.5 0.00
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Table 2
Summary of bFg m/a values estimated from OWLS and AFM experiments. OWLS analysis of PET coated
waveguide chips was performed under flowing bFg solutions in PBS. A random sequential adsorption model
was used to determine the m/a from measured changes in surface density during the adsorption process.
Statistically significant differences were determined by ANOVA with a Scheffe post-hoc test. OWLS samples
that are significantly different (p-value < 0.05) from the 1 mg/mL samples are marked with an (*). AFM
Calculations were made using fibrinogen volume and height measurements obtained from Sit et al [9].

Instrument Material Bovine fibrinogen Concentration m/a (ng/cm?)
OWLS PET 1 mg/ml 275.48 +4.34
PET 0.5 mg/ml *129.68 +51.73
PET 0.1 mg/ml *119.63 £ 22.82
AFM Mica 50 ng/ml 162.31 + 19.28
APTES 50 ng/ml 124 + 17.96
oTS 50 ng/ml 79.82 +13.19
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Table 3
Biotin-labeled bFg peptides identified by liquid chromatography electrospray-ionization ion trap tandem mass
spectrometry. bFg was labeled with biotin while in a 0.5 mg/mL solution. Collision-induced dissociation
fragmentation spectra of tryptic bFg peptides were compared to the predicted spectra of tryptic peptides from a
database of 1x10° proteins. Only peptides that matched bFg peptides with p-values < 1x10~7 were considered
significant. Labeled lysine locations are displayed in lowercase italics.

Peptide Sequence Lysine Location Mol. Wt. (Da) p-value of match
MKGLIDEVDQDFTSR Ad55 2093.63 1x107%°
GDFAKANNNDNTFK Aal03 1895.43 2.45x10" %2
ANNNDNTFKQISEDLR Aall2 2218.23 6.66x10 71
KVIEQVQR Aal28 1339.54 2.32x107%°
LEVDIDIKIR Aal60 1554.08 8.49x10™*?
ALEHKVDLEDYK Aal75 1799.48 4.14x10712
NQQKQLEQVIAINLLPSR Aal86 2432.49 2.6x10714
EFKSQLQEAPLEWK Aa222 2072.62 1.21x10%?
ALLEMQQTKMVLETFGGDGHAR Aa242 27727 1.98x10 %0
SCSkVITKTVTNADGR Aa438 2415.95 6.73%1020
VITKTVTNADGR Aadd2 1614.47 2.21x10*?
TETTKEVVK Aa455 1374.64 2.69x10°%°
Dk DDFFTR Aad91 1383.43 5.06x10°%°
kPPDADGCLHADPDLGVLCPTGCK Bp65 2933.07 1.91x107
kSIEDLR BB102 1200.23 5.38x10 10
VYCDMKTEK BpB250 1513.58 6.69x10 1
VYCDMKTEKGGWTVIQNR Bp250, Bp253 2865.09 3.8x10°%
TEKGGWTVIQNR Bp253 1727.93 7.66x10 13
QGFGNIATNAEGKK BpB290 1774.73 4.34x107%
ISQLTNMGPTKLLIEMEDWK BB316 2687.71 3.64x107 %3
DNDGWKTTDPR Bp393 1644.27 4.96x10 1
kQCSKEDGGGWWYNR BB399, Bp403 2550.37 5.22x107%®
NSKSMMEEIMK 87 1667.27 3.57x10°
DkVVQLEANCQEPCQDTVk IHDVTGR y127, y144 3719.16 1.62x10 %
DCQDVANKGAK y159 1544.92 8.48x107 2
LDGSLDFKK 205 1362.57 2.57x10720
LAIGEGQQHQLGGAKQAGDV ¥406 2316.76 3.77x10°%°
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Table 4
Sequence coverage and percentage of labeled lysines observed after MALDI-TOF analysis of tryptic bFg
peptides. Peptides originated from bFg that was labeled with Sulfo-NHS-LC-Biotin while in solution or after
adsorption onto PET from different solution concentrations.

Sequence Coverage Lysines Labeled in Lysines Labeled in Lysines Labeled iny
Aa Chain Bp Chain Chain
Solution 66% 28% 13% 10%
1 mg/mL 74% 51% 39% 53%
0.5 mg/mL 89% 7% 92% 93%
0.1 mg/mL 84% 69% 84% 50%
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