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Binding and Factor XIII -Mediated Cross-Linking of a 27-
Kilodalton Fragment of Fibronectin to Staphylococcus aureus

Abstract. A 27-kilodalton tryptic fragment, derived from the amino terminus of the
200-kilodalton fibronectin subunit, inhibited binding of intact fibronectin to Staphylo-
coccus aureus and could be cross-linked to Staphylococcus aureus by blood coagu-
lation Factor XIII,. Interactions of fibronectin with Staphylococcus aureus via this
fragment may be important for bacterial opsonization and attachment.

Fibronectin is a high-molecular-weight
glycoprotein that is found in a soluble
form in blood and other body fluids; it is
found in an insoluble form in connective
tissues and is associated with basement
membranes (/). In cell culture, fibronec-
tin is secreted into the media of cultured
adherent cells and is organized into an
extracellular fibrillar matrix (2). Trans-
formed cells generally lack a fibronectin
matrix (/). Fibronectin binds to Staphy-

Fig. 1 (left). Chromatographic separation of
fragments of lightly trypsinized brtiectin.
Plasma fibronectin was purified froit d(ﬁbrin-
ogen- and fibronectin-rich side fractloh of
Factor VIII preparation (6). The puriﬂéd pro-
tein (6.4 mg/ml) was incubated in tris-buffered
saline, pH 7.4, with trypsin (1 pug/ml) at 37°C.
After 15 minutes, soybean trypsin inhibitor (5
ug/ml) was added. The mixture was diluted
threefold with water and applied to a column
(5 by 6 cm) of DEAE-cellulose, equilibrated
and eluted with a buffer of 0.01M tris-chloride
and 0.05M sodium chloride (pH 7.4). The
pass-through peak, I, contained the 27-kd
fragment (inset). The 160- to 180-kd frag-

lococcus aureus (3) and opsonizes this
organism for neutrophils (¢). Fibronectin
also binds to collagen, sulfated pro-
teoglycans, hyaluronic acid, fibrin, and
gangliosides and is a substrate for blood
coagulation Factor XIII, (plasma trans-
glutaminase) (/). As a result of these
multiple interactions, fibronectin prob-
ably functions as an adhesive and opson-
ic protein (/).

Thrombin (5, 6), plasmin (7), and low
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ments, along with traces of a 31-kd fragment, were eluted in peak II by a 1-liter, linear (0.05M to
0.40M sodium chloride) gradient. The fractions were concentrated by precipitation with 90 per-
cent saturated ammonium sulfate, dissolved in and dialyzed against tris-buffered saline, and
stored at —70°C. Peak fractions were analyzed after reduction by discontinuous slab poly-
acrylamide gel electrophoresis (inset). The migration of the fragments was compared to the
migration of size standards (W): (from top to bottom) fibronectin, 200 kd; phosphorylase, 93 kd;

albumin, 68 kd; ovalbumin, 43 kd; and chymotrypsinogen, 24.5 kd.

Fig. 2 (right). Inhibition

of binding of '**I-fibronectin to S. aureus by fibronectin fragments. Varying concentrations of
27-kd or 160- to 180-kd fibronectin fragments or intact fibronectin were incubated for 2 hours at
22°C with lyophilized S. aureus (0.4 mg/ml; approximately 0.8 X 10® bacteria per milliliter) in
tris-buffered saline (pH 7.4) containing 0.1 percent albumin. '?’I-Labeled fibronectin (3 nM) was added, the mixtures were incubated for an
additional 2 hours at 22°C, and bound and unbound !**I-labeled fibronectin were separated by centrifugation (10% for 2.5 minutes) in a Micro-
fuge. The labeling in both the supernatant and the top of the Microfuge tube, which contained the bacteria, was determined in a gamma counter.
In the absence of unlabeled fibronectin or the 27-kd fragment, 10 percent of the 1?’I-labeled fibronectin bound to the bacteria. Concentrations of
intact fibronectin and fibronectin fragments were calculated from absorbance of 280 nm, based on the extinction coefficient of intact fibronectin
(16). (@) Intact fibronectin; (M) 27-kd fragment; and (A) 160- to 180-kd fragments.
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concentrations of trypsin (6) cleave the
200-kilodalton (kd) subunit of human
plasma fibronectin into 27-kd and 160- to
180-kd fragments. The 27-kd fragment
contains the site or sites of Factor XIII,
transamidation (6, 7) and mediates cross-
linking to collagen (6). The 160- to 180-kd
fragments contain separate sites that me-
diate binding to collagen (5, 6, 8), hepa-
rin (9), and eukaryotic cells (/0). Se-
quence analysis places the 27-kd frag-
ment at the NH,-terminus and the 160- to
180-kd fragments toward the COOH-ter-
minus of the 200-kd fibronectin subunit
(5). We now report that the binding site
for S. aureus is in the 27-kd fragment and
that both intact fibronectin and the 27-kd
fragment can be. cross-linked to S.
aureus by Factor XIII,.
Two-dimensional electrophoretic anal-
ysis [isoelectric focusing followed by dis-
continuous slab polyacrylamide gel elec-
trophoresis in the presence of sodium
dodecyl sulfate (//)] revealed that the 27-
kd fragment of early tryptic digests is the
only sizable basic fragment in either
early or late tryptic digests of fibronec-
tin; the other fragmernts are acidic.
Therefore, chromatography of the early
tryptic digest on diethylaminoethyl
(DEAE)-cellulose efficiently separated
the 27-kd fragment from 160- to 180-kd
fragments and traces of a 31-kd fragment
(Fig. 1). The 27-kd fragment could be
distinguished from the 31-kd fragment by
three criteria in addition to migration in
gels: (i) the 27-kd fragment contained the
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site (of §fi§) of transamidation (6); (ii)
the 31-1%', ‘4Bment stained heavily for
carboh$Hiate; and (iii) the 27-kd frag-
ment aégﬁeﬁtéd slightly earlier than the

i lﬁér!t during sequential treat-
th tkypsin (6). By the standards
shown ifi.Fig. 1, the apparent size of the
27-kd frééﬁignt was 24 kd when analyzed
by polydcrylamide electrophoresis in so-
dium dodécyl sulfate without prior re-
duction, and 27 kd when analyzed by gel
permeation chromatography on Seph-
acryl S-200 in physiological saline.

The 27-kd fragment was as effective as
intact fibronectin at inhibiting binding of
125].]abeled fibronectin to S. aureus,
whereas the mixture of 31-kd and 160- to
180-kd fragments had no inhibitory activ-
ity (Fig. 2). Of the fragments of lightly
trypsinized '?»I-labeled fibronectin the

iodinated 27-kd fragment, but not the
iodinated 160- to 180-kd and 31-kd frag-
ments, bound to S. aureus (Fig. 3). In an
experiment like that shown in Fig. 2, we
could show no inhibition of binding of
125].labeled fibronectin (60 ng/ml) to S.
aureus (0.4 mg/ml) by heparin (2 to 20
ng/ml) or cyanogen bromide fragment
al(I)-CB7 of type I collagen (2 to 20 ug/
ml). Trypsinogen and cytochrome ¢, two
basic proteins of approximately the same
size as the 27-kd fragment, also did not
inhibit binding of *’I-labeled fibronectin
to S. aureus.

Bound intact '*I-labeled fibronectin
and the iodinated 27-kd fragment both
could be cross-linked by Factor XIII,
(Fig. 3). In slots containing bacteria from
a complete reaction mixture, labeled
protein migrated at the interface of the 3
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Fig. 3. Binding and cross-linking of '**I-labeled fibronectin or **I-labeled 27-kd fibronectin frag-
ment to S. aureus. Plasma fibronectin was iodinated in the presence of a minimal amount of
chloramine-T, and the labeled protein was purified by affinity chromatography on gelatin-
agarose (6). Labeled fibronectin (4 ug/ml; approximately 2.8 X 10 counts per minute per milli-
liter), was digested with trypsin (1.5 ug/ml) at 37°C for 5 minutes. Digestion was stopped by the
addition of soybean trypsin inhibitor (7.8 pg/ml). Untrypsinized (A) or lightly trypsinized (B)
125]_]abeled fibronectin was incubated at 22°C for 60 minutes with lyophilized S. aureus in tris-
buffered saline containing 0.1 percent albumin. The four incubation mixtures also contained
various combinations of human Factor XIII purified (6), human thrombin purified (6), and cal-
cium ion. Incubation mixture 4 contained Factor XIII (26 pg/ml), thrombin (1 U/ml), and 10 mM
calcium ion. Incubation mixture 1 lacked calcium ion, incubation mixture 2 lacked Factor XIII,
and incubation mixture 3 lacked thrombin. At the end of the incubations, soluble and cell-
bound proteins were separated by centrifugation of the bacteria through silicone oil. Soluble
and pellet proteins were incubated for 3 minutes at 95°C in a mixture of 2 percent sodium do-
decyl sulfate and 2 percent 2-mercaptoethanol, and analyzed by polyacrylamide slab gel elec-
trophoresis. The slab was stained for protein, dried, and subjected to autoradiography. The
stacking and running gels consisted of 3 percent and 10 percent polyacrylamide, respectively;
the upper arrow points to the top of the stacking gel, and the lower arrow points to the top of the
running gel. The sizes of the radioactive bands were estimated in comparison to the same stan-
dards used in Fig. 1. Inspection of the gel after protein-staining (not shown) revealed distortion
of the 27-kd region in lanes containing pellet proteins. This distortion causes the 27-kd radio-
active band in the cell-bound fraction to appear larger than that in the trypsinized digest prior to
binding (B) or to that in the soluble fraction (B, soluble).
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percent stacking gel and the 10 percent
separating gel (size, ~ 500 kd) and at the
top of the 3 percent stacking gel (size,
> 2000 kd). No cross-linking was seen if
Factor XIII or calcium ion was omitted
from the reaction mixture. The cross-
linking observed when thrombin was
omitted from the reaction mixture can be
attributed to small amounts of thrombin-
activated zymogen in the Factor XIII
preparation. In addition to cross-linking
of the bound proteins, cross-linked fibro-
nectin dimers were seen in the slot con-
taining unbound '?°I-labeled fibronectin
from the complete reaction mixture (Fig.
3).

Several conclusions follow from these
results. First, binding to S. aureus is me-
diated by a site in the NH,-terminal 27-
kd fragment of fibronectin. Second, the
binding site of fibronectin for S. aureus is
distinct from the binding sites for colla-
gen, heparin, and eukaryotic cells, all of
which are in other parts of fibronectin (5,
6, 8,9, 10, 12). Third, the bacterial mac-
romolecule to which fibronectin can be
cross-linked is apparently large and het-
erogeneous in size. It is likely that the
cross-linking is between the Factor
XIII,-reactive glutaminyl residue or
residues of fibronectin and primary
amino groups of the bacterial macro-
molecule.

Binding and cross-linking of fibronec-
tin to S. aureus may be an important de-
terminant of the host-pathogen relation-
ship. Factor XIII, would be activated
in areas of inflammation and thus would
be available to stabilize fibronectin-S$.
aureus complexes. Fibronectin can be
cross-linked by Factor XIII, to fibrin (/3)
and collagen (/4) and is thought to en-
hance removal of soluble fibrin and colla-
gen by fixed macrophages (/5). We find
that fibronectin opsonizes S. aureus for
neutrophils (4); this may be a mechanism
for clearing S. aureus from the body pri-
or to the development of antibody-medi-
ated immunity. Binding and cross-link-
ing of S. aureus to tissue fibronectin,
however, could contribute to the patho-
genicity of S. aureus by providing a
mode of bacterial attachment.

DEANE F. MOSHER
RICHARD A. PROCTOR
Departments of Medicine and Medical
Microbiology, University of Wisconsin,
Madison 53706
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Preferred Sites of Strand Scission in DNA Modified by
anti-Diol Epoxide of Benzo[a]pyrene

Abstract. The sites of DNA modification by the anti-diol epoxide of benzolalpyrene
were investigated with the use of a DNA substrate of defined sequence. The modified
DNA was labile to strand scission at alkaline and neutral pH at guanine, adenine,

and cytosine positions.

Benzo[a]pyrene, a potent mutagen
and carcinogen is present in combustion
products of gasoline and other fuels, and
more than 1300 tons are liberated into
the atmosphere of the United States per
year (/, 2). It requires metabolic con-
version for activity in biological systems.
One of the oxidative metabolites, the
(£) trans-78,8a-dihydroxy-9«,10a-ep-
oxy-7, 8, 9, 10-tetrahydrobenzo[a]pyrene
(anti-BP-diol epoxide) accounts for most
of the benzo[a]pyrene DNA binding ac-
tivity in animal feeding studies and in in
vitro reactions (3, 4). The anti-BP-diol
epoxide is mutagenic and carcinogenic
@,5,6).

Incubation of DNA with anti-BP-diol
epoxide results in breakage of the
phosphodiester backbone of DNA (7).
To determine whether DNA breakage
occurred at a preferred nucleotide or nu-
cleotide sequences, we incubated the
anti isomer of trans-BP-diol epoxide with
DNA fragments of defined sequence that
were terminally labeled with 32P. The re-
action products were analyzed on high-
resolution, denaturing polyacrylamide
gels of the type used for DNA sequenc-
ing. As the DNA is labeled at only one
end, and as the sequence of the DNA
substrate is known, the lengths of the
cleavage products should reveal the sites
at which strand scission occurs.

A 30-minute incubation of the DNA
fragment with anti-BP-diol epoxide mod-
ified the DNA so that the electrophoretic
mobility was reduced (compare lanes 1

SCIENCE, VOL. 209, 22 AUGUST 1980

and 2 to lane 3 in Fig. 1). The higher the
concentration of the anti-BP-diol epoxide
(in the range from 10 to 100 wg/ml), the
greater the observed reduction in the
electrophoretic mobility of the DNA.
Since the DNA was denatured prior to
being layered on the gel, this experiment
demonstrates that the phosphodiester
bonds are not broken by this treatment.

In contrast, the DNA modified by ex-
posure to anti-BP-diol epoxide (90 ug/
ml) for 30 minutes was subject to strand
scission on subsequent treatment at ele-
vated pH. Treatment of the modified
DNA with either 0.1 NaOH or 1M pi-
peridine (Fig. 1, lanes 4 and S, respec-
tively) for 30 minutes at 90°C resulted in
DNA products that migrated more rapid-
ly than did unmodified DNA.

The length of the reaction products
provides information regarding the sites
of DNA cleavage. Comparison of the
electrophoretic mobilities of the short
DNA fragments that resulted from treat-
ment of the DNA with anti-BP-diol ep-
oxide to those produced in sequencing
reactions shows that breakage occurred
most frequently at guanine positions
(Figs. 1 and 2). Cleavage products were
also observed that would correspond to
scission at cytosine and adenine and less
frequently at thymine positions. The rel-
ative rates of strand scission at each nu-
cleotide were determined by measure-
ment of the amount of radioactivity in
each band. The amount of radioactivity
in bands corresponding to breakage at

0036-8075/80/0822-0929$00.50/0  Copyright © 1980 AAAS

guanine positions was consistently three
to four times higher than that observed
for any other base.

Modification of DN A at lower concen-
trations (10 to S0 wg/ml) of anti-BP-diol
epoxide for 30 minutes also resulted in
lesions that caused strand breakage on
alkaline hydrolysis and that were qualita-
tively similar to those observed at the
higher concentration. In contrast, longer
incubations (6 hours) with anti-BP-diol
epoxide resulted in breakage of DNA
that was not subject to subsequent alka-
line hydrolysis (Fig. 2, lanes 7 and 8).
Thus, the phosphodiester bonds were
broken during the prolonged reaction.
Again, the most frequent site of strand
scission was at guanine positions. A sim-
ilar pattern of DNA breakage was also
observed in experiments in which DNA
modified in 30-minute reactions with
anti-BP-diol epoxide at 10.0 ug/ml was
separated from the reactants by passage
over a Sephadex G-100 column and then
incubated for 6 hours more. These ex-
periments demonstrated that modified
DNA is labile to strand breakage at neu-
tral pH in the absence of the aqueous hy-
drolysis products of the anti-BP-diol
epoxide.

From these experiments we conclude
that DNA modified by the anti-BP-diol
epoxide is labile to strand scission both
at alkaline and neutral pH. The question
arises as to what are the modifications
that result in the observed cleavage pat-
tern. The principal DNA adduct of the
anti-BP-diol epoxide is to the exocylic
NZ2-amino group of guanine (3, 4, 8, 9).
Formation of an adduct to the N-6 posi-
tion of adenine has also been reported.
Binding of benzo[a]pyrene to DNA at
guanine and adenine probably accounts
for the observed decrease in the elec-
trophoretic mobility of the modified
DNA, but it is not evident that such ad-
ducts would increase the lability of the
phosphodiester bonds adjacent to the
modified base. Osborne et al. (10) and
King et al. (11) suggest that the anti-BP-
diol epoxide forms an adduct at the N-7
position of guanine and that the lability
of the corresponding glycosylic bond is
greatly increased even at neutral pH.
Such a lesion could result in the cleavage
at the observed guanine positions. Ad-
ducts of the anti-BP-diol epoxide to ade-
nine and cytosine residues of DNA have
also been reported ¢, 8, 9), but the site
of modification is not known. We suggest
that adducts at the N-3 position of cyto-
sine and adenine could result in the
cleavage pattern observed here. Gamper
et al. (7) suggest that the anti-BP-diol
epoxide may form phosphotriesters with
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