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ABSTRACT. In this study, we have investigated the interactions of a Staphylococcal recombinant fibronectin-
binding protein A (rFnbA) with fibronectin, fibrinogen, and fibrin. Using analytical size-exclusion
chromatography, we evaluated the stoichiometry of reversible binding of FnbA to fibronectin and
demonstrated that, in solution, it can accommodate at least two molecules of fibronectin. Results of ELISA
experiments demonstrated that rFnbA binds with equally high affinity to both immobilized fibrinogen
and fibrin. When included into a thrombin-induced fibrin polymerization reaction, rFnbA strongly inhibited
fibrin assembly in a dose-dependent manner. In this study, we have shown that rFnbA can act as a substrate
for coagulation factor Xllla. Factor Xllla catalyzes the incorporation of amine donor (dansylacadaverine)
and amine acceptor (peptide patterned on the N-terminal sequence of fibronectin) synthetic probes into
rFNbA, suggesting that it serves as a bifunctional substrate containing reactive glutamine and lysine residues.
We have demonstrated that the reversible complex formed by rFnbA and fibronectin or rEnbA and fibrin
is covalently stabilized by the transglutaminase action of factor Xllla. Incubation of rFnbA in the presence
of either of its ligands and factor Xllla results in the introduction of intermolecttgr-glutamyl)lysine
isopeptide bond(s) and the formation of high molecular mass heteropolymers. These findings suggest a
novel mechanism by which pathoger8taphylococcus aureusay utilize the transglutaminase activity

of factor Xllla for attachment to soluble proteins, cell surfaces, and matrixes.

The ability of pathogenicStaphylococcus aureuo Fibrinogen-binding Fibronectin-binding
recognize and bind human extracellular matrix (ECM) EEE
proteins is one of its most prominent features. Adherence ofNH, | | TP T ] ] |eooH
S. aureudo host tissues is believed to be a critical step in
colonization and subsequent establishment of infect&n. s A B1B2 Du D1D2D3bs W M C

aureuscells express several surface-associated proteins that
specifically recognize various ECM components including

fibronectin and fibrin(ogen) 1). Staphylococcal surface- , . , o
iated fibronectin-binding proteikl{= 110 kDa) is a FiGurRe 1: Schematic illustration of the structural organization of
associate _ _ gp _ '@ FnbA from S. aureusstrain ATCC49525 (top) and recombinant
single polypeptide chain receptor responsible for the binding FnbA (residues AlatPro839) used in this study (bottomfhe
of the bacteria to both fibronecti2,(3) and fibrinogen 4). cartoon shows the location of the major regions:N&+,-terminal
Fibronectin-binding protein frons. aureusbelongs to the ﬁ'grf;%'lOgiﬂgerg%%aéﬁg]['L‘ggﬁg\"mﬂgj‘ﬂgﬂéﬁg'gﬂi DBll Srz‘d DE;‘Z and
family of MSC.R.AMM rece_ptors (m.lcrOblal surface compo- D4—fibronectin-binding repeats; Wwall-sp’annilng r’egioﬁ; M—
nents recognizing adhe§lve matrix molec!JIeS) and ShareSmembrane-spanning region; ane-COOH-terminal cytoplasmic
common structuratfunctional properties with fibronectin ~ segment. Also shown is the position of the LPETG motif involved

receptors from other Gram-positive bacteriag). Most S. in the anchoring of FnbA to the cell wall peptidoglycan.
aureusstrains express one (FnbA) or two (FnbA and FnbB) , .
homologous fibronectin-binding proteins encoded by two B (Figure 1). The double copy of the B sequence is missing
linked genes@, 7). The NH-terminal region of the mature I the FnbB version of the protein. The Mterminal A
staphylococcal fibronectin-binding protein is formed by an €gion of fibronectin-binding protein forms a fibrinogen-
extended~500 residues long sequence A that is interrupted binding site similar to that of Staphylococcal clumping factor

ithin EnbA by two cobies of a-30-residues lona sequence (). The fibronectin-binding site is localized within the
b y o copl e g sequ COOH-terminal region of the protein and is composed of

three full copies (3740 residues, D1-3) and one partial copy
* Address co_rrespondence to the folloy\_/ing author. Telephone: (845) (19 residues, D4) of the D1-4 repeat. A fifth, Du repeat is

60333332&;2?1 (()?‘E’r)ofe?ﬁ'éﬁg?ﬁift‘r;‘a"- matsukay@wyeth.com.  geparated from the D1-4 segment by a 100 residues long
§ Biotechnology Group. ' insert and is adjacent to the Miterminal A region 6—8).

' Department of Bacteriology. The COOH-terminal extension of the fibronectin-binding

10.1021/bi035239h CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/18/2003

| [ LI L[ T Jooom
839




14644 Biochemistry, Vol. 42, No. 49, 2003 Matsuka et al.

protein is organized similarly to that of other surface- TACAG-3 and reverse'SCGAGGATCCITACGGCGTTG-
associated proteins from Gram-positive bacteria and com-TATCTTCTTCAATCG-3 PCR primers. The forward primer
posed of cell wall repeats W, an LPETG cell wall anchoring incorporated aiNcd restriction site (underlined) and ATG
motif, membrane-spanning region M, and the cytoplasmic initiation codon immediately before the coding region of the
segment C1, 9). mature sequence. The reverse primer included a TAA stop
Both fibrinogen and fibronectin are multifunctional ad- codon immediately after the coding segment, followed by a
hesive proteins that play a major role in many important BamnHlI site (underlined). The amplified DNA fragment was
physiological processes, such as thrombaosis, haemostasis, amgurified by electrophoresis in agarose gel, sequentially
wound healing 10, 11). Thrombin-mediated conversion of digested withNcd and BanHI restriction enzymes, and
fibrinogen to fibrin results in spontaneous polymerization ligated into the pET-28a expression vector (Novagen, Inc.).
of the latter and the formation of a clot that prevents the The resulting plasmid was used for transformation of TOP10
loss of blood upon vascular injury, as well as serving as a and then BL21(DE3)pLys&. coli host cells. The cloned
provisional matrix in subsequent tissue repair. During the DNA fragment of thefnbA gene was sequenced to confirm
late stage of the blood coagulation process, the fibrin polymer the integrity of the entire coding region. For expression of
is stabilized by the transglutaminase action of factor XIIl. the FnbA, BL21 cells were grown at 3T in Luria broth
Thrombin-activated plasma transglutaminase, or factor Xllla, medium containing 3Q:g/mL kanamycin and 3@:g/mL
catalyzes covalent cross-linking in the and o chains to chloramphenicol. Overnight cultures were diluted 1:100 with
produce cross-linked fibrin with increased mechanical stabil- fresh Luria broth medium, grown f& h at 37°C (mid-log
ity (10, 12). Fibrin polymerization is also accompanied by phase), induced with 0.4 mM isopropyl-1-th#ee-galacto-
the incorporation of fibronectin into the clotly). This pyranoside for 23 h, harvested by centrifugation, and lysed
reaction occurs in two stages. First, fibronectin binds by the freeze-thaw method. The soluble fraction of the
reversibly to fibrin and then becomes covalently cross-linked bacterial lysate was isolated from cell debris by centrifugation
to it by factor Xllla (14—17). The presence of fibronectin and then sequentially fractionated with 25 and 40% (w/v)
in the clot matrix is important to the cell adhesion and of ammonium sulfate. The material precipitated with 40%
migration events required for the wound healing process ammonium sulfate was collected by centrifugation, dissolved
(18—20). Factor Xllla catalyzes fibrin/fibrin and fibrin/  in 20 mM Tris, pH 7.4 1 M NaCl, 2 M urea, and applied to
fibronectin cross-linking through the formation of intermo- a Superose-6 size-exclusion column (Amersham Pharmacia
lecular e-(y-glutamyl)lysine isopeptide bonds between a Biotech) equilibrated with the same buffer. Fractions con-
reactive glutamine and tleeamino group of a reactive lysine taining rFnbA were pooled, dialyzed against 20 mM Tris,
residues. Cross-linking occurs via an acyl transfer reaction pH 7.4, 25 mM NacCl, and applied to a Fractogel TMAE
in which they carboxyamide group of glutamine serves as anion exchange column (EM Separations), equilibrated with
the acyl-donor (amine-acceptor), and thamino group of the same 20 mM Tris, pH 7.4, 25 mM NacCl buffer. Material
lysine serves as the acyl-acceptor (amine-donb2) 21). bound to the anion-exchange resin was eluted with 3%
The substrate specificity of plasma transglutaminase is linear gradient of NaCl using 20 mM Tris, pH 74M NacCl
extremely stringent, and only a limited number of proteins buffer. Fractions containing rFnbA were collected, pooled,
undergo this cross-linking reaction. Such proteins specifically and dialyzed against 20 mM Tris, pH 7.4, 150 mM NaCl.
associate with each other to form a reversible (noncovalent) Purified rEnbA samples were aliquoted and stored frozen at
complex and only then become covalently cross-linked by —20°C. The identity of isolated rFnbA was confirmed using
factor Xllla. Thus, the fact that the two main physiological SDS-PAGE and NH-terminal sequence analysis. Purified
substrates for factor Xllla (i.e., fibronectin and fibrin(ogen)) rFnbA exhibited a single band on SB8AGE and displayed
both interact with the Staphylococcal surface-associateda single NH-terminal sequence startingMASEQKTTTVE.
receptor raises the possibility that the fibronectin-binding  Preparation of Fluorescein Isothiocyanate Labeled rFnbA.
protein might undergo factor Xllla-catalyzed cross-linking Recombinant FnbA was labeled with fluorescein isothiocy-
to its ligands. To address this issue, we have investigatedanate (FITC) by incubating 1 mg of protein with a 5-fold
the reversible interaction and factor Xllla-catalyzed covalent molar excess of FITC on Celite (Sigma) in 1 mL of 0.1 M
cross-linking of the fibronectin-binding protein with fi- NaHCG; buffer, pH 9.5, fo 2 h at 37°C. Excess of FITC/
bronectin and fibrin(ogen). We have shown that the Staphy- Celite was removed by centrifugation, and the supernatant
lococcal fibronectin-binding protein serves as a substrate forwas applied to PD-10 column (Amersham Pharmacia Bio-
factor Xllla and undergoes covalent cross-linking to human tech) and equilibrated with TBS, pH 7.4 buffer. Absorbance
fibronectin and fibrin, resulting in the formation of het- at 280 and 495 nm was monitored. Fractions of FITC labeled
eropolymers. These findings suggest a novel mechanism byrFnbA were pooled, and the degree of labeling was estimated
which pathogeni@S. aureugmay attach to plasma proteins, optically (22) to be about 2 mol of dye/mol of protein.
cell surfaces, and extracellular matrixes. Analytical Size-Exclusion Chromatography Experiments.
These measurements were performed at room temperature
EXPERIMENTAL PROCEDURES on a Superose-6 10/30 column (Amersham Pharmacia
Expression and Purification of Recombinant Fibronectin- Biotech) using a Dynamax HPLC station equipped with a
Binding Protein A (rFnbA).The region of thefnbA gene ProStar fluorescence detector (Varian). Samples of FITC-
encoding fibronectin binding protein A amino acid residues rFnbA mixed with various amounts of human fibronectin
1-839 (Figure 1) was produced by PCR amplification using (Sigma) in TBS, pH 7.4 were applied to the column at a
chromosomal DNA fromS. aureusstrain ATCC49525 as  flow rate of 0.3 mL/min, while monitoring elution by
template. To clone thimbA gene, we designed the following  fluorescence at 525 nm with excitation at 495 nm. Concen-
forward 3-GGCCATGGCATCAGAACAAAAGACAAC- tration of the FITC-rFnbA was always 0.21M, while
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concentration of the fibronectin varied from 0 to 0.424. Q)
The volume of the sample loaded on the column was 0.25

mL in all experiments. Analysis of elution profiles was \yhere A represents the amount of ligand boungds the
performed using the Rainin Dynamax data reprocessing amount of ligand bound at saturation, [L] is the molar
program available with the Dynamax HPLC station. concentration of free ligand, anKy is the dissociation
Antibodies Anti-rFnbA polyclonal antibodies were gener-  constant.

ated by intradermal immunization of female New Zealand  Eipyin Polymerization Turbidity Measurement8olym-
White rabbits with 50ug of rFnbA in the presence of  erization of fibrin was measured as an increase of turbidity
complete Freund’s adjuvant at week 0, followed by subse- (jight scattering) at 350 nm as a function of time using a
quent intramuscular immunizations with 10 of protein Spectronic Genesis 2 spectrophotometer (Spectronic Instru-
in the presence of mcomplete Freund’s adjuvant at weeks 4ments, Inc.), equipped with a thermostatic cell holder or
and 8. Samples of rabbit sera were collected at weeks Ogpectra Max Plus 384 microplate reader (Molecular Devices).

(before the first immunization), 6, and 10. Antiserum polymerization reactions were performed either in 10 mm
collected at week 10 was used in this study. The mouse path cells or in microtiter plate wells, respectively. Fibrin
monoclonal anti-FITC antibody (clone FL-D6) alkaline nolymerization was initiated by the addition of 6:0.05
phosphatase conjugate was purchased from Sigma. Mousgj;mL thrombin (Sigma) to .M fibrinogen (Calbiochem)
monoclonal anti-fibronectin antibody (clone Z055) was j, TBS, pH 7.4 buffer containing 5 mM CaCl Low
purchased from Zymed Laboratories Inc. Mouse monoclonal concentrations of thrombin were used so that all three phases
anti-fibrinogen Au chain (Ao 529-539, clone 1C2-2) and o clotting, lag phase, turbidity rise, and final turbidity could

anti-fibrinogeny chain ¢ 95-265, clone 44-3) antibodies  pe monitored. The effect of rFnbA on fibrin assembly was
were obtained from Accurate Chemical and Scientific Corp. eyajuated by incorporating increasing concentrations of

Goat anti-rabbit and anti-mouse IgG alkaline phosphataserenpa into the reaction mixture prior to the addition of
or horseradish peroxidase conjugates were purchased fromyombin. BSA and Fn were utilized in control reactions.

BioRad Laboratories. All fibrin polymerization experiments were performed at 25
SDS-PAGE and Western Blot Analys8DS-PAGE was °C.

carried out using precast20% (BioRad Laboratories) or Factor Xllla Catalyzed Cross-Linking Reactiorross-
3—8% (Invitrogen) gradient gels. All SDSpolyacrylamide jinking with fibronectin was initiated by addition of 0.25
gels in this study were stained with Coomassie Brilliant Blue (y/m(" thrombin (Sigma) to a solution containing /@M
R (BioRad Laboratories). For Western Blot analysis, protein yrppa 1 4M human fibronectin (Sigma), and 1zg/mL
samples were electroblotted to nitrocellulose membranes anchyman factor XIIl (Haematologic Technologies, Inc.). The
immunostained with the corresponding rabbit polyclonal or yeactions were carried out in TBS, pH 7.4 buffer containing
mouse monoclonal antibody. The membranes were treateds ;v caC) at 25°C. At various times thereafter, cross-
with goat anti-rabbit or anti-mouse alkaline phosphatase- jinking reactions were terminated by the addition of 2% SDS
conjugated secondary antibody, and alkaline phosphataseyng 10943-mercaptoethanol, heated at 95, and analyzed
activity was developed with alkaline phosphatase conjugatep,y, Sps-pPAGE/Western blotting. Factor Xllla-catalyzed
substrate (BioRad Laboratories). cross-linking of fibrin in the presence or absence qfi\
Solid-Phase Binding Assaysolid-phase binding was  rFnbA was initiated by the addition of 0.5 U/mL thrombin

A=A LI/ Ky+ [L]

performed in plastic microtiter plates (Nunc) using an
enzyme-linked immunosorbent assay (ELISA). Microtiter
plate wells were coated overnight at@ with 100uL/well

of 3 ug/mL fibronectin (Sigma), fibrinogen (Calbiochem),
and BSA (Sigma) in 100 mM N€&€O;, pH 9.5 or TBS, pH
7.4 buffer. To convert fibrinogen into fibrin, wells with
adsorbed fibrinogen were treated with 10@/well of
thrombin (1 NIH U/mL) at 37°C for 1 h inTBS, 5 mM
CaCl, pH 7.4. The wells were then blocked with 5% nonfat
milk in TBS for 1 h at 37°C. After washing with TBS
containing 0.05% Tween-20 (TBS-Tween), the indicated
concentrations of rFnbA or FITC-rFnbA species were added
to the wells in TBS, pH 7.4 buffer and incubated fbh at

37 °C. Bound rFnbA was detected with rabbit polyclonal
antibody to rFnbA, followed by goat anti-rabbit IgG horse-

radish peroxidase conjugate. Peroxidase activity was devel-

oped using ABTS Microwell Peroxidase Substrate (Kirkeg-
aard and Perry Laboratories Inc.). Bound FITC-rFnbA was
detected with mouse monoclonal anti-FITC antibody alkaline

to a solution containing M human fibrinogen and 1&g/

mL factor Xlll. Cross-linking reactions were terminated at
various times by the addition of 20 mM Tris, pH 7.2, 9 M
urea, 40 mM dithiothreitol, 2% SD38). The clots were
solubilized at 37°C for 30 min, and heated at 9%, and
samples were analyzed by SBBAGE/Western blotting.
Preactivated factor Xlll was used to incorporate dansylca-
daverine (Sigma) or dansylaminocaproyl-QQIV (custom
synthesized by New England Peptide, Inc.) into rFnbA. For
this purpose, 50Qug/mL factor XIlIl was activated by
treatment with 0.25 U/mL thrombin in TBS, pH 7.4 buffer
containing 10 mM dithiothreitol and 20 mM CaClAfter
incubation for 20 min at 37C, thrombin was inactivated
by the addition of hirudin (Sigma), and this mixture was used
as factor Xllla. Dansylcadaverine was used to probe factor
Xllla-reactive glutamines, and the peptide dansgmi-
nocaproyl-QQIV was used to probe reactive lysirigs 25).
Incorporation was carried out by incubatingu®! rFnbA
with 30 ug/mL factor Xllla in the presence of either 2 mM

phosphatase conjugate. Phosphatase activity was developedansylcadaverine or 2 mM dansyfaminocaproyl-QQIV in
using Alkaline Phosphatase pNPP Substrate (Sigma). BoundTBS, pH 7.4, 5 mM dithiothreitol, 5 mM Caght 37 °C.
rFnbA and FITC-rFnbA species were measured spectropho-At various times, reactions were terminated by the addition

tometrically at 405 nm. The data were fitted by nonlinear
regression analysis using eq 1:

of 2% SDS and 10%g-mercaptoethanol, heated at 95,
and analyzed by SDSPAGE. Gels were examined under
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o [ ],_(nM) » . ) Ficure 3: Interaction of rFnbA with fibronectin as determined by
Ficure 2: Binding of rFnbA to immobilized fibronectin as  apalytical size-exclusion chromatography on Superose-6. Size-
determined by ELISA. Increasing concentrations of rFn@@r  exclusion chromatography elution profile of the FITC-labeled rFnbA
FITC-rEnbA (O) were incubated in microtiter wells coated with  zone (a) and FITC-rFnbA mixed with 0.5 (b), 1.0 (c), 1.5 (d), and
fibronectin or BSA W) as a control. Bound rFnbA species were 2 (e) molar equivalents of fibronectin are shown. Peaks corre-
detected with polyclonal anti-rFnbA or monoclonal anti-FITC sponding to the heterocomplex formed at different molar ratios of
antibody. The data are representative of four experiments, eachg|TC-rFnbA to fibronectin are labeled by arrows and depicted as
performed in duplicate. Curves represent the best fit of the data to| and |1, The inset shows the decrease in area of the FITC-rFnbA
eq 1. TheKq for interaction of rEnbA- and FITC-labeled rEnbA  heak plotted vs the molar ratio of FITC-rFnbA to fibronectin. The
with fibronectin was found to be 0.12 0.04 and 0.78: 0.3 nM, amount of FITC-rFnbA applied was constant in all cases. At each
respectively. molar ratio, two size-exclusion chromatography runs were per-

ultraviolet light and then stained with Coomassie Brilliant formed, and the data from all experiments was included in the graph.

Blue. excitation at 495 nm. As shown in Figure 3, increasing the
RESULTS proportion of fib_ronect_in in the mixture caused the decrease
of fluorescence intensity of the peak corresponding to FITC-
Reversible Interaction of Fibronectin-Binding Protein with  rFnbA and the appearance of a new fluorescence peak |
Fibronectin.Interaction of recombinant fibronectin-binding corresponding to a heterocomplex. Further increase of the
protein (residues Alal to Pro839) with fibronectin was fibronectin proportion in the mixture resulted in a continuous
evaluated by two methods: ELISA and analytical size- decrease of the intensity of the peak corresponding to FITC-
exclusion chromatography. In ELISA-based assays, bothrFnbA, which was accompanied by evolution of the hetero-
fibronectin-binding protein and its fluorescein-labeled deriva- complex peak I. The latter became broader and eventually
tive specifically interacted with the immobilized fibronectin  transformed into a new heterocomplex peak Il eluting ahead
in a dose-dependent manner (Figure 2). Detection of boundof both complex | and fibronectin-binding protein alone
rFnbA and FITC-rFnbA was performed with polyclonal anti- (Figure 3). In the presence of a two molar excess of
rFnbA and monoclonal anti-FITC antibody, respectively. The fibronectin in the mixture, the peak corresponding to free
solid lines on ELISA graphs represent the best fits of the FITC-rFnbA completely disappeared. A plot of the peak area
experimental data to eq 1 yielding dissociation constants of of the fluorescein-labeled fibronectin-binding protein versus
0.12 nM for fibronectin-binding protein and 0.79 nM for the molar ratio in the mixture reveals that Staphylococcal
fluorescein-labeled fibronectin-binding protein. Thus, the rFnbA does bind at least two molecules of plasma fibronectin
ELISA data confirmed functional (binding) activity of rFnbA  (Figure 3, inset). Since the amount of free FITC-rFnbA is
Alal to Pro834 and indicated that fluorescein labeled rFnbA already exhausted in the presence of two molar excess of
still exhibits strong affinity toward fibronectin. Binding of  fibronectin, further increase the proportion of fibronectin in
rFnbA to fibronectin was further investigated using analytical the mixture cannot be utilized for the evaluation of possible
size-exclusion chromatography. Since the affinity of Sta- formation of higher order complexes. Detection of such
phylococcal fibronectin-binding protein to human fibronectin  complexes eluting from the column in front of complex I
is extremely high kg = 0.12-0.79 nM), it is possible to is also restricted by column void volume. Thus, these data
estimate the stoichiometry of the complex by application of suggest that, in solution, FnbA can accommodate two or
the well-defined mixtures of both proteins to the size- more molecules of fibronectin.
exclusion column, monitoring the decrease of the peak area Reversible Interaction of Fibronectin-Binding Protein with
corresponding to the one protein component and the increasd-ibrinogen and Fibrin. Binding of fibronectin-binding
of the complex. However, when applied to Superose-6 protein to fibrinogen and fibrin was investigated using ELISA
column, both fibronectin-binding protein and fibronectin and the fibrin polymerization assay. In ELISA experiments,
eluted with very similar retention times of 40.46 and 40.00 to make absorption of fibrinogen and fibrin to microplate
min (not shown), making it impossible to distinguish between wells more uniform, all wells were first coated with
peaks corresponding to individual protein components. To fibrinogen, and then some of them were treated with
resolve this problem, we utilized the fluorescein-labeled thrombin to convert fibrinogen into fibrin (see Experimental
fibronectin-binding protein and detected its elution from the Procedures). Figure 4 presents typical examples of ELISA-
column by monitoring fluorescence intensity at 525 nm with based binding experiments of fibronectin-binding protein

Retention time (min)
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Ficure 4: Binding of rFnbA to immobilized fibrinogen and fibrin
as determined by ELISA. Increasing concentrations of rFnbA were
incubated in microtiter wells coated with fibrinogen)( fibrin (@),

or BSA (@) as a control. Bound rFnbA species were detected with
polyclonal anti-rFnbA antibody. The data are representative of four <
experiments, each performed in duplicate. Curves represent the bes @
fit of the data to eq 1. Th&y for interaction of rFnbA with
fibrinogen and fibrin was found to be 3042 4 and 29.3+ 6 nM,
respectively.
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rFnbA

with fibrinogen and fibrin. Fibronectin-binding protein binds Rl P e 18 &8 o

equally well to fibrinogen and fibrin coated plates. In both [Protein], (uM)
cases, titration resulted in a dose-dependent binding curvepgure5: Effect of rEnbA on fibrin polymerization. Panel A, fibrin
with a well-defined saturation plateau. Determination of polymerization in the absence (upper curve) and presence of the
dissociation constants for fibrinogen and fibrin resulted in indicateql _concentrations of rFnbA. Ponmeriz_ation was initiated by
values of 30.2 and 29.3 nM, respectively (Figure 4). To (he addition of thrombin (0.05 U/mL) at time zero to/M
further characterize the interaction between the two proteinsf'brmo-gen‘ and polymer formation was measured as a change in

A . . A turbidity at 350 nm with time. Panel B, changes in turbidity after
and to gain understanding of how the fibronectin-binding 35 min has been plotted as a function of different concentrations
protein might influence the functional properties of fibrin- of rFnbA (@) or Fn (v) and BSA @) as a control. There is a sharp
(ogen), we examined the effect of rFnbA on the thrombin- dose-dependent decrease in turbidity with added rFnbA up to 0.5
catalyzed fibrin polymerization reaction. Light scattering #M. atwhich the inhibitory effect reaches its maximum, and fibrin

; ) polymerization is completely blocked.

measurements were used to monitor the effects of fibronec-
tin-binding protein on fibrin assembl\26). Measurements  fibronectin, tested in control reactions, had no effect on fibrin
of light scattering (turbidity) over the time of fibrin clot  polymerization (Figure 5B). The previous data indicate that
formation allow monitoring of different stages of polymer- Staphylococcal rFnbA inhibits the fibrin polymerization
ization 26, 27). In the initial lag phase, monomeric fibrin  reaction by affecting all three phases of fibrin assembly.
forms long two-stranded protofibrils, which do not affect Fibronectin-Binding Protein Is a Target for Cross-Linking
light scattering. In a second phase, fiber growth occurs by by Factor Xllla. It is well-established that tissue or plasma
lateral association and branching of protofibrils, which is transglutaminases incorporate specific amine-donor and
accompanied by a rapid rise of turbidity. In a third plateau -acceptor synthetic probes into their protein substra2és (
phase, fibrin assembly (network of fibrin fibers) is nearly 23, 25). To examine the possibility that the fibronectin
completed; therefore, turbidity either stabilizes or continues receptor fromS. aureusserves as a substrate for activated
to increase slowly (Figure 5A, upper curve). The influence coagulation factor Xlll (factor Xllla), we asked if it could
of rFnbA on the assembly of clot was examined by addition incorporate the fluorescent amine-donor synthetic probe
of increasing concentrations of rFnbA to fibrinogen prior to  dansylcadaverine and amine-acceptor daasyhinocaproyl-
thrombin-induced polymerization. As shown in Figure 5A, QQIV peptide. The rFnbA was incubated in the presence of
fibrin polymerization was drastically affected by the presence factor Xllla and a molar excess of fluorescent probe. At
of fibronectin-binding protein. Within the 0.620.2 uM various times, aliquots of reaction mixtures with dansylca-
concentration range of rFnbA, there was a striking decreasedaverine or dansy-aminocaproyl-QQIV were collected,
in the rate of turbidity rise and maximum turbidity and an analyzed by SDSPAGE, and examined under ultraviolet
increase in the lag period (Figure 5A). In the presence of light prior to staining with Coomassie Blue (Figure 6). From
0.5uM rEnbA, the fibrin polymerization process was entirely the photographs taken under ultraviolet illumination, it is
inhibited. Maximum turbidity values plotted as a function apparent that factor Xllla catalyzed the incorporation of both
of different molar concentrations of rFnbA added into the probes into rFnbA in a time-dependent manner. In the
reaction mixture indicate that inhibition of fibrin assembly presence of 2 mM dansylcadaverine, the band corresponding
occurs in a dose-dependent manner (Figure 5B). Inhibitory to rFnbA undergoes a continual increase of fluorescence
activity of rFnbA reaches its maximum at a molar ratio of reflecting the attachment of increasing molecules of probe
rEnbA/fibrin of 1:2. Bovine serum albumin and human (Figure 6A). Under the same experimental conditions, other
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Ficure 6: Factor Xllla-catalyzed incorporation of dansylcadaverine C
(A and B) and dansy-aminocaproyl-QQIV (C and D) into rFnbA.
The rFnbA (2uM) was reacted with thrombin-activated factor Xllla
(30 ug/mL) in the presence of the molar excess of the glutamine-
labeling probe dansylcadaverine (2 mM) or the lysine decorating
peptide dansyk-aminocaproyl-QQIV (2 mM) in TBS, pH 7.4, 5
mM DTT, 5 mM CaC} buffer at 37°C. Aliquots were removed at
the indicated time points, mixed with SDS under reducing condi- M
tions, heated, and analyzed by SEFSAGE on 4-20% gradient

gels. After electrophoresis, the gels were photographed under
ultraviolet light (A and C) and then stained with Coomassie Brilliant 71
Blue (B and D). The brightly fluorescent material at the bottom of

kDa

210

the gels photographed under ultraviolet light is unreacted dansyl- 55
cadaverine and dansylaminocaproyl-QQIV peptide. Arrows show 41
positions of rFnbA and factor Xllla. The outer lanes in the gels s S el e
contain molecular mass standards as indicated. 0 30 60 120 240 360 480

Time (min)

tgsted proteins, mCIl.Jdl.ng bOVII’l'e Serum alb_umln and recom- FiGure 7: Factor Xllla-catalyzed cross-linking between rFnbA and
binant fragments of fibrinogen-binding protein fr@naureus  fipronectin. The rFnbA (M) was incubated in the presence of
(CIfA) and from S. epidermidigSdrG) failed to incorporate  fibronectin (2:M) and factor Xllla (15ug/mL) in TBS, pH 7.4, 5
dansylcadaverine (not shown). A gradual increase of fluo- {_nM Ca(_:lztbuffer aé 25_;(13- ggguotsa Wereorlemoved atjt_?e indiﬁatfidd

i i Qi ime points, mixed wi under reducing conditions, heated,
reﬁcer:ﬁe mtents_ ity of the anbdA batn d ?LSO was Clearlyfv2|S|bI'$| and analyzed by SDSPAGE on 4-20% gradient gels. After
when the re_ac lon was carrie _ou In the presence of 2 m electrophoresis, the gels were either stained with Coomassie Brilliant
dansyle-aminocaproyl-QQIV (Figure 6C). When rEnbAwas  Blue (A) or subjected to transfer to nitrocellulose filters followed
incubated alone with factor Xllla, the band on the SDS by immunostaining with anti-fibronectin (B) and anti-rFnbA (C)
PAGE corresponding to monomeric protein became depleted.antibodies. Lanes 1 and 2 in each panel contain the rFnbA and

; ; . fibronectin, respectively. Arrows show positions of the rFnbA,
This process was accompanied by the appearance of hlgt{ibronectin, factor Xllla, and products of cross-linking reaction

molecular mass polymers that failed to enter the gel (not gepicted as a, b, and c. The left-hand lane in each panel contains
shown). Collectively, these results clearly indicate that the molecular mass standards as indicated.

fibronectin binding protein carries reactive Gln and Lys
residues and therefore acts as a bifunctional substrate forcross-linking reactions and analyzed thereby the SDS
factor Xllla. PAGE and Western blot assays. Upon incubation of fi-
Factor Xllla-Catalyzed Cpalent Cross-Linking of  bronectin-binding protein in the presence of fibronectin and
Fibronectin-Binding Protein to Fibronectifo test whether  factor Xllla, the band corresponding to rFnbA was steadily
a reversible complex between Staphylococcal fibronectin- depleted as both proteins became cross-linked into high-
binding protein and fibronectin could be covalently stabilized molecular mass species (Figure 7 A). Formation of covalently
by the transglutaminase action of factor Xllla, we performed cross-linked heteropolymers consisting of fibronectin-binding
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Ficure 8: Factor Xllla-catalyzed cross-linking of rFnbA to fibrin. Cross-linking was initiated by the addition of thrombin (0.5 U/mL) at
time zero to 5uM fibrinogen and 15%g/mL factor XlII in the absence (A, C, E, and G) and presence (B, D, F, and H)udfl 2FnbA.
Reactions were performed in TBS, pH 7.4, 5 mM Galffer at 25°C. At indicated time points, cross-linking reactions were terminated
and analyzed by SDSPAGE on 3-8% gradient gels under reducing conditions. After electrophoresis, the gels were either stained with
Coomassie Brilliant Blue (A and B) or subjected to transfer to nitrocellulose filters followed by immunostaining with anti-rFnbA (C and
D), anti-fibrinogeny chain (E and F), and anti-fibrinogenchain (G and H) antibodies. Arrows show positions of rFnbA andxth® and

y chains of fibrin. The products of fibrin cross-linking are indicatedygsdimers and various size, polymers, while the products of
cross-linking between rFnbA and fibrin are depicted as a spectrum of low mobility bands ranging from a to b. The left-hand lane in each
panel contains molecular mass standards having, from top to bottom, the follMyvinglues: 210, 125, 101, and 56.2 kDa.

protein and fibronectin was evident from results of Western
blot analyses using anti-fibronectin monoclonal antibody
(Figure 7B) and anti-rFnbA polyclonal antibody (Figure 7C).

As shown in Figure 7B,C, both antibodies reacted with the
newly formed low mobility bands a, b, and c, strongly

suggesting that factor Xllla catalyzes covalent cross-linking
between Staphylococcal fibronectin-binding protein and
human fibronectin.

Factor Xllla-Catalyzed Cpalent Cross-Linking of Fi-
bronectin-Binding Protein to FibrinThe effect of Staphy-
lococcal fibronectin-binding protein on factor Xllla-catalyzed
fibrin cross-linking was investigated by SBAGE and
Western blot analysis. As shown in Figure 8A, in the control
reaction at time zero under reducing conditions, fibrin
migrates as three bands corresponding,t8, andy chains.
Cross-linking of fibrin by factor Xllla resulted in rapid
disappearance of the chain, which was accompanied by
formation ofyy dimers (Figure 8A,E). Depletion of the fibrin
o chain band and formation of the chain cross-linked

o. chain monoclonal antibody (Figure 8G). When fibronectin-
binding protein was included in the reaction mixture, it led
to several obvious changes in the fibrin cross-linking pattern.
Upon incubation of fibrin with factor Xllla, the band
corresponding to the rFnbA was progressively depleted,
while multiple new high molecular mass bands appeared on
SDS-PAGE (Figure 8B, bands a and b). These new bands
cross-reacted with both anti-rFnbA polyclonal antibody
(Figure 8D) and anti-fibrinogea chain monoclonal antibody
(Figure 8H) but did not react with anti-fibrinogenchain
monoclonal antibody (Figure 8F). These data suggest that
the new high molecular mass bands detected by-SEXSGE

and Western blot analysis represent heterocomplexes com-
posed of fibronectin-binding protein covalently cross-linked
to the fibrina chains. The apparent molecular mass of these
cross-linked complexes is consistent with the formation of
o chain polymers to which one or more fibronectin-binding
proteins are attached. The presence of fibronectin-binding
protein in the reaction mixture also affected the ratg-of/

polymers occurred at a much slower rate and was not easilychain cross-linking (Figure 8E,F). At tested conditions, the

detectable on SDSPAGE (Figure 8A) but was clearly
visible upon immunostaining of the blot with anti-fibrinogen

formation ofyy dimers was delayed (Figure 8F), suggesting
that fibronectin-binding protein inhibits this process.
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DISCUSSION reactive lysine residue(s) of FnbA. This speculation is
o supported by an earlier report that fibronectin and its,NH
The results presented here indicate that full-length recom- terminal Fib-1 region undergoes factor Xllla-catalyzed cross-
binant FnbA (Alal to Pro839) and fluorescein-labeled rFnbA inking to the surface 08. aureug31). It seems very likely
interact with |mmob|I|z_ed flbrqnectin witky values of 0.12 that Staphylococcal FnbA is directly involved in this cross-
and 0.79 nM, respectively (Figure 2). The apparent affinity |inking reaction resulting in the covalent attachment of
of this interaction is comparable to that reported for the fipronectin to the surface of the microorganism.
binding ofS. aureugells to fibronectin and its Nidterminal Binding of rFnbA to immobilized fibrinogen and fibrin
29 kDa Fib-1 fragment28, 29) (Kq = 1.8-5.6 nM) or for occurs with high affinity withKgs of 30.2 and 29.3 nM,
binding of the rD1-3 fragment of fibronectin-binding protein  respectively (Figure 4). These data indicate that Staphylo-
to 29 kDa Fib-1 fibronectin fragmen8() (Ks = 1.5nM).  ¢occal FnbA may bind equally well either to soluble
The strong interaction between these two proteins Wigh  fibrinogen circulating in plasma or to the fibrin clot formed
values in the subnanomolar/low nanomolar range was gt the site of vascular injury. Treatment of fibrinogen with
employed in this study to address the question of the thrombin utilized in this study for the generation of fibrin,
stoichiometry of association. Analytical size-exclusion chro- powever, may result in the formation of immobilized fibrin
matography revealed that full-length rFnbA accommodates monomer instead of fibrin protofibrils. This scenario assumes
at least two molecules of fibronectin. Because of restrictions that the FnbA-binding site(s) may not be readily available

molecules of fibronectin with FITC-rFnbA could not be fibronectin-fibrin(ogen) interaction, it was demonstrated that
detected, and therefore, the existence of additional fibronec-fisrinogen immobilized on a plastic and treated with throm-
tin-binding sites within FnbA is quite possible. The Staphy-  pin hehaves as polymeric fibrid§), the possibility that the
lococcal-binding site of fibronectin is located within the NH  employed procedure produced immobilized fibrin monomer
terminal Fib-1 region, which is composed of five type-l or - cannot be excluded. According to earlier published data, the
finger domains §1). The major site responsible for binding  FnbA-binding site is localized in the 17 residues COOH-
with Fnb_A was furth_er delimited to the region consisting of terminal region of the fibrinogep chain @). The reported

the two finger domains, four and five@). Interestingly, the K, value of the FnbAfibrinogen interaction estimated in
NH,-terminal flbrln-blndln_g site of flbronegtln |s_als_o fo_rmed this study by the surface plasmon resonance (SPR) technique
by the same fourth and fifth finger domairg), indicating was, however, much higher (1M) (4) than that determined
that binding to FnbA may prevent the incorporation of here using an ELISA-based assay. Such a discrepancy might
fibronectin into fibrin clot. Earlier studies demonstrated that be caused by partia| destruction and/or obscuring of the

the stoichiometry of association between the;Nefminal pjinding site(s) during covalent immobilization of fibrinogen
29 kDa F|b'1 fragment Of ﬁbronectin and the COOH'terminal to the sensor Ch|p4§ Apparenﬂy’ this does not take p|ace
D1-D3 repeat fragment of fibronectin-binding protein is equal ypon immobilization to the plastic of microplate wells. To
to 1.9:1 B0). Since fibronectin is composed of two chains, characterize further the interaction between rFnbA and fibrin-
the results of our size-exclusion chromatography experimentS(ogen), we have investigated the effect of rFnbA on
imply that in the presence of two molar excess of fibronectin, thrombin-induced fibrin polymerization using a turbidometric
each FnbA associates with two Mterminal regions rep-  method. Incorporation of increasing concentrations of rEnbA
resenting two different fibronectin molecules, while the into the reaction mixture containing AM fibrin causes a
second pair of their Nkiterminal sites remains unoccupied.  |ower turbidity, longer lag period, and slower maximum rate
This might be caused by the inability of the beérminus o turbidity increase as compared to the control (Figure 5).
of the free chain of fibronectin dimer to engage the second The maximum effect resulting in complete inhibition of fibrin
complementary site on the Staphylococcal receptor due toassembly was observed in the presence ofd/BrEnbA
flexibility constraints. Alternative scenarios, however, cannot (Figure 5), which translates into a molar ratio of one rEnbA
be excluded, especially if the COOH-terminal Fib-2 region to two fibrin molecules. This result is consistent with the
of fibronectin @2) indeed participates in recepteligand role of the COOH-terminal region of fibrin(ogem) chain
binding. in both binding of FnbA 4) and fibrin polymerization 34,
When factor Xllla is present in the reaction mixture, the 35). Binding of rFnbA to the COOH-terminus of fibrin(ogen)
reversible complex between fibronectin-binding protein and y chain results in occupation and/or steric hindrance of the
fibronectin is covalently stabilized by the introduction of major polymerization site and subsequent inhibition of the
intermolecular isopeptide bond(s). The identity of high protofibril assembly. Another evidence supporting this
molecular mass products of the cross-linking reaction interpretation is provided by the effect of rFnbA on the lag
detected on SDSPAGE was demonstrated by Western blot phase of the fibrin polymerization curves. When the con-
analysis. These high molecular mass bands were cross<entration of FnbA in the reaction mixture was increased
reactive with both anti-fibronectin monoclonal and anti- from 0 to 0.2uM, the time of lag phase extended from 300
rFnbA polyclonal antibodies, strongly suggesting their to 600 s (Figure 5), again strongly suggesting inhibition of
heteropolymeric origin (Figure 8). It is well-established that the protofibril formation stage.
fibronectin serves as a monofunctional substrate for factor The results of the fibrin polymerization light scattering
Xllla that contains a reactive glutamine residue located in experiments are in good agreement with the factor Xllla-
the third position within its Nkterminal region 83). catalyzed fibrin cross-linking data. Incorporation of rFnbA
Therefore, factor Xllla most likely catalyzes the formation in the factor Xllla-catalyzed fibrin cross-linking reaction
of the e-(y-glutamyl)lysine isopeptide bond between NH  resulted in partial inhibition of —y cross-links (Figure 8B,F)
terminal reactive glutamine residue of fibronectin and and in the covalent incorporation of rFnbA into chain
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polymers (Figure 8B,H). The—y cross-linking betweentwo  implanted medical devices. Further evaluation of factor
end-to-end oriented fibrin molecules takes place via reactive Xllla-catalyzed Staphylococcal cross-linking to fibronectin
Lys 406 and GIn 398 residues situated close to the carboxy-and fibrin(ogen) requires identification of reactive glutamine
terminus of they chain @6). The same Lys 406 and GIn acceptor and lysine donor site(s) within FnbA. These
398 residues also participate in formation of the FnbA- experiments are currently under way in our laboratory.
binding site that was narrowed down to the final 17 residues
at the COOH-terminal end of the chain @). Association

of FnbA with fibrin competes with factor Xllla-catalyzed
y—y cross-linking resulting in the delay of—y dimer
formation as compared to the control reaction (Figure 8).
Reversible binding of FnbA to the COOH-terminus of the
chain is stabilized by factor Xllla, which covalently attaches

ACKNOWLEDGMENT

We thank Dr. Leah Fletcher for her help with DNA
sequencing of the clonedhbA gene and Michael G.
Wetherell for assistance with protein sequence analysis. We
also thank Dr. Stephen A. Udem for critical reading of the
manuscript.

FnbA to the fibrina chains (Figure 8). Unlikes chains,
which form closed reciprocally cross-linked dimess;hains
become cross-linked into extensive multimeric arrays due
to the presence of multiple glutaminyl acceptors and lysine
donor sites 23, 37, 38). Cross-linking of FnbA to thex
chains of fibrin, therefore, may occur via its reactive
glutamine(s), lysine(s), or a combination of both.

The data presented in this study clearly demonstrate that
Staphylococcal rFnbA serves as a bifunctional substrate for
factor Xllla. Evidence for this has been obtained using a
primary amine dansylcadaverine that labels reactive glutamine-
(s) as well as a dansylated peptide patterned on the
N-terminal sequence of fibronectin that labels reactive lysine-
(s) (Figure 6). In addition, in the presence of active factor
XIll, FnbA forms large molecular homopolymers that failed
to enter the gel upon SDFPAGE analysis, again suggesting
the presence within FnbA of both reactive glutamines and
lysines. The existence of reactive glutamine and lysine
residues within FnbA indicates that they must be involved
in factor Xllla catalyzed cross-linking between FnbA and
its ligands. Because of their physiological importance and
well-established affinity to FnbA, we have proposed that both
fibronectin and fibrin(ogen) are suitable cross-linking partners
for Staphylococcal FnbA. Our data demonstrate the formation
of high molecular mass cross-linked heteropolymers when
FnbA is incubated in the presence of factor Xllla and
fibronectin (Figure 7) or fibrin (Figure 8). Both fibronectin
and fibrin(ogen) serve as major substrates for plasma and

tissue transglutaminases and undergo cross-linking reactions 15

with each other as well as other protei24)( Furthermore,
plasma transglutaminase circulates in blood mostly in as-
sociation with fibrinogen39), while tissue transglutaminase
is known to form tight complexes with fibronectid@ 41).
Thus, reversible binding of Staphylococcal FnbA to either
of its ligands would result in the formation of the ternary

[any
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