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Abstract

We previously reported that the fibronectin (FN) type 111 domains of FN may unfold to interact with
anastellin and form FN aggregates. In the present study, we have focused on the interaction between

anastellin and the third FN type 111 domain (1113) which is a key anastellin binding site on FN.

Anastellin binding to 1113 was monitored by 8-anilino-1-naphthalene sulfonate (ANS) fluorescence.
ANS binding to anastellin dramatically increased its emission intensity, but this was reduced to half

by the addition of 1113, suggesting that ANS and 1113 share a common hydrophobic binding site on

anastellin. An engineered mutant of I113 that was stabilized by an intrachain disulfide bond did not

interact with anastellin, as seen by its failure to interfere with ANS binding to anastellin. We also

mutated hydrophobic core residues to destabilize 1113 and found that these mutants were still capable
of interacting with anastellin. Anastellin binding to 1113 was also monitored using an intramolecular
GFP-based FRET construct, in which 1113 was flanked by two GFP variants (1113-FRET). Anastellin

bound to I113-FRET and caused an increase in the FRET signal. The dissociation constant was
estimated to be ~210 nM. The binding kinetics of anastellin to 1113-FRET fit a first order reaction

with a half time of ~30 s; the kinetics with destabilized 1113 mutants were even faster. MALDI-TOF
mass spectrometry suggested that the middle part of 1113 became destabilized and protease sensitive

upon anastellin binding. Thus, the stability of 1113 seems to be a key factor in anastellin binding.

Fibronectin (FN) is assembled into matrix fibrils, which are the primary components of the
extracellular matrix in embryonic tissues and wound healing (1). Cells in tissue culture can
also assemble an FN matrix. The FN molecules must be connected to each other by protein-
protein bonds to make the matrix fibrils, but almost nothing is known about the nature of these
bonds or their location on the FN molecules. Unlike most protein assemblies, which have been
reconstructed in vitro, FN matrix fibrils have so far required cell surface interactions for their
assembly. An important step toward FN matrix assembly in vitro was the discovery by Morla
etal. (2) thata small fragment of FN, now called anastellin, could cause FN to form a precipitate
with a fibrillar substructure. They called this aggregate superFN. Anastellin and superFN,
although artificial constructs, are interesting for their potent anti-angiogenic activity (3,4). In
addition, the interactions that form superFN may be related to those that assemble FN in natural
matrix fibrils.

FN is a modular protein containing 15-17 FN type 111 (FNIII) domains along with 12 FN type
I domains and two FN type Il domains. FNIII domains are abundant in animal proteins and are
one of the most commonly occurring domains (5). Currently, 2,573 domains in 488 proteins
in the human genome have been classified as members of the FNIII superfamily in the
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SUPERFAMILY database (http://supfam.org/SUPERFAMILY) (6,7). As shown in Fig. 1,
FNIII domains consist of a beta-sandwich structure with three strands (A, B and E) on one side
and four strands (C, C’, F and G) on the other.

Anastellin is an artificial protein domain derived from the first FNIII domain of FN by
truncating the A and B strands (2). Briknarova et al. (8) extensively studied the structure and
function of anastellin and discovered that hydrophobic residues on the C-, F- and G-strands,
which are exposed by the truncation, and also a few residues on the E-strand are crucial for
inducing superFN. We studied the interaction of anastellin with FN and found that anastellin
bound to FNIII domains 1-2, 3and 11 (9). FN fragments containing FNI11 domains 1-3 formed
superFN-like aggregates without the rest of the FN molecule. The third FNIII domain (1113)
seemed particularly important. This was the only single FNI11 domain that could block superFN
formation, and FN fragments containing a disulfide bond in 1113, engineered to prevent its
unfolding, were inhibited for aggregation. This suggested that opening of the beta sandwich
of 1113 was an essential step in the binding of anastellin.

In the present study, we generated several 1113 mutants to study the 1113/anastellin interaction.
Fluorescence spectroscopy was used to study the binding of anastellin to 1113 in solution and
MALDI-TOF (matrix assisted laser desorption ionization-time of flight) mass spectrometry
was used to identify protease sensitive sites in 1113 that were exposed by anastellin binding.
Overall, our results indicate that the instability of 1113 plays an important role in the interaction
with anastellin.

EXPERIMENTAL PROCEDURES

Bacterially expressed proteins

The cDNA fragment of 1113 was amplified from the 1111-5 expression vector (9) by PCR and
was cloned into pET15b (Novagen). This construct has the sequence:
mgsshhhhhhssglvprgshmgtTTAP...(1113)... PRSDgt (the sequence in lowercase is from the
expression vector). Previous works have found that a C-terminal extension enhances the
stability of some FNIII domains (10,11), so we included several extra amino acids at both the
N and C termini. The PCR amplified 1113 fragment was also cloned into a GFP-based FRET
construct, which was generated for this experiment. The sequence of the I113-FRET construct
is mgsshhhhhhssglvprgshmggrMVSK...(mYPet)...LTAAtsgt-TTAP...(1113)... PRSDgt-
MVSK...(mECFP*)... ELYKggr (the mYPet, 1113 and mECFP* sequences are underlined,;
ECFP* differs from ECFP by two mutations (12)). To make the FRET signals more sensitive
to conformational changes, the flexible 11 amino acid C-terminal segment of mYPet was
deleted in this construct. The expression construct for the disulfide mutant, 1113(S795C-
S837C), which we call 1113SS, and the 1113SS-FRET construct were also created in the same
way as the wild-type constructs using the 1111-5 constructs containing these mutations as
templates (9). Note that we use the Kornblihtt amino acid numbering, which does not include
a31amino acid signal sequence (13). 1113 mutants were generated by site-directed mutagenesis
with pfu turbo DNA polymerase (Stratagene). Several 1113 mutants were also cloned into the
FRET constructs. 1113, 1113SS and anastellin were expressed in Escherichia coli BL21 (DE3)
at 37°C and purified with a cobalt column (Talon, Clontech) using standard procedures.
Proteins were eluted with imidazole from the column and were dialyzed against 20 mM Tris
with 150 mM NaCl (TBS, pH 8.0). In the case of anastellin, denaturation and renaturation were
required, as reported previously (9). The FRET constructs were expressed in E. coli C41 (DE3)
at 20°C to improve their solubility and were purified as described above. Minor degradation
products which contained mYPet co-purified because of the N-terminal his-tag. However, a
minor acceptor contamination had a negligible effect on FRET signals as reported previously
(12). Protein concentrations were determined from the absorbance at 280 nm using the molar
extinction coefficient of each protein as calculated (14,15) by the Protean computer program
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(DNAstar Inc.). Disulfide bond formation was confirmed by 5,5'-dithio-bis (2-nitrobenzoic
acid) assay under denaturing conditions (16,17). SDS-PAGE was performed using standard
procedures.

Fluorescence spectroscopy

Fluorescence measurements were carried out with a Shimadzu RF-5301-PC
spectrofluorometer. For intrinsic tryptophan fluorescence measurements, 5 uM purified 1113
or various mutants were excited at 280 nm in the presence of 0 to 6 M urea, and emission
spectra were collected at 1-nm intervals from 300 nm to 400 nm using slit widths of 5 nm for
both excitation and emission. Some experiments were also carried out in the presence of 1 mM
DTT. These measurements were performed with triplicate samples at room temperature.

For 8-anilino-1-naphthalene sulfonate (ANS) fluorescence measurements, reactions contained
50 uM ANS and combinations of 10 uM 1113 or its mutants and anastellin. ANS was excited
at 360 nm and emission spectra were collected at 1-nm intervals from 370 nm to 620 nm using
slit widths of 5 nm for both excitation and emission. Some experiments were also carried out
in the presence of 1 mM DTT. The concentration of ANS was estimated from the molar
extinction coefficient (4,950 M~1cm™1) at 350 nm in 0.1 M phosphate buffer (pH 6.8) (18).
The stoichiometry of ANS binding to anastellin was estimated by a Job plot (19). ANS and
anastellin were mixed in various ratios at a total concentration of 50 uM. Samples were excited
at 360 nm and emission intensities at 470 nm were plotted to estimate the stoichiometry of
ANS to anastellin. The stoichiometry of ANS binding to the anastellin/I113 complex was also
estimated.

For FRET measurements, 1 uM I113-FRET or HHI3mutant-FRET was excited at 433 nm in the
presence and absence of anastellin (5 uM), and emission spectra were collected at 1-nm
intervals from 440 nm to 620 nm using slit widths of 3 nm for excitation and 5 nm for emission.
Some experiments were also carried out in the presence of 1 mM DTT. The relative emission
intensity was normalized to the donor (CFP) intensity at 475 nm in the trypsin-digested sample.
FRET signals were evaluated by determining the “emission ratio”: the ratio of the acceptor
intensity at 528 nm to the donor intensity at 475 nm. FRET efficiency was calculated from the
decreased donor emission (12). All fluorescence measurements were performed with triplicate
samples at room temperature and the measured error was within 5%.

To determine the dissociation constant (Kd), anastellin binding to 0.05 uM 1113-FRET was
monitored by measuring the emission ratio (528 nm/475 nm) to create a saturation curve. Based
on the saturation curve, a Scatchard (Rosenthal) plot was constructed to estimate the Kd with
the following equation (B/F)(Kd) + (B) = (Bmax), where B is the concentration of the 1113/
anastellin complex, F is the concentration of free anastellin, and Bmax is the maximal
concentration of the complex.

The binding kinetics of anastellin to 1113-FRET were monitored by measuring acceptor
fluorescence at 528 nm at 2-second intervals for 5 min. The negligible amount of
photobleaching was corrected with FRET signals for 1113-FRET without anastellin. The half
time was estimated from the single-exponential equation Fo,—F(t)= [Fs, —Fole K, where F., is
the maximal fluorescence, and F(t)is the fluorescence at time, tand Fg is the initial fluorescence
after correction for bleaching (t = 0) Fitting was carried out with Excel using the Solver function
and allowing, F., Fg and the half time (t1» = 1n2/k) to vary as reported previously (20).

MALDI-TOF mass spectrometry

To map thermolysin sensitive sites in 1113 upon anastellin binding, MALDI-TOF mass
spectrometry was performed with a Voyager DE (Applied Biosystems). A 10 uM mixture of
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1113 and anastellin was digested with thermolysin (1 pg/ml) in TBS containing 2 mM CaCl,, at
room temperature for 1 hr; digestion was quenched with 5 mM EDTA. After thermolysin
treatment, some samples were further digested with trypsin (1 ug/ml) at room temperature for
30 min. Protease digested samples were mixed with saturated sinapinic acid (1:5), mounted on
a plate and dried for MALDI analysis. Spectra were obtained from triplicate samples in linear
mode with the accumulation of 128-160 laser shots. Acquired spectra were smoothed with the
Data Explorer program.

The stability of 1113 and mutants

In order to evaluate the stability of wild-type 1113, intrinsic tryptophan fluorescence was
measured in the presence of urea. For wild-type 1113, a broad emission peak centered near 320
nm in the absence of urea was shifted towards 350 nm as the concentration of urea was increased
(Fig. 2A). The addition of urea also caused a substantial increase in emission intensity at 350
nm (Fig. 2B). DTT caused no significant change in the emission spectrum for this wild-type
domain.

We have previously generated a disulfide mutant of 1111-5 in which an intrachain disulfide
bond was engineered in 1113 to prevent spontaneous unfolding (9). The disulfide mutant
inhibited superFN-like aggregation with anastellin. In the present study, these mutations were
introduced into 1113 alone, instead of the larger 1111-5 construct. The mutant S795C-S837C,
here called 1113SS, locks the beginning of strand B to the end of strand E (Fig. 1C). The emission
spectrum of 1113SS was similar to wild-type in the absence of urea, although the broad peak
was slightly shifted to around 325 nm (Fig. 2C). Adding urea to 6 M had no effect on the
emission spectrum of 1113SS. Under reducing conditions, however, this mutant denatured just
like wild-type 1113 (Fig. 2D). We conclude that the disulfide bond in 1113SS was properly
formed and greatly enhanced the stability of the domain. In addition to the disulfide mutant,
we also mutated D838 on the E-F loop to glycine to enhance its stability (see details in the
Discussion). As shown in Figs. 2E and F, this mutant is slightly more stable than wild-type, as
indicated by a shift in the denaturation curve to higher urea concentrations.

Anastellin/IlI3 interaction assayed by ANS fluorescence

The emission intensity of 8-anilino-1-naphthalene sulfonate (ANS) is enhanced when it binds
to hydrophobic regions of proteins, so it can be used to monitor conformational changes and
protein-protein interactions. The emission intensity of ANS alone was very low, with a broad
emission maximum near 520 nm when it was excited at 360 nm (Fig. 3). When mixed with
1113 the spectrum of ANS was only slightly increased, indicating that 1113 does not have any
large exposed hydrophobic patches. In the presence of anastellin, however, the emission
intensity of ANS was greatly increased and the emission maximum was shifted to around 470
nm. This is apparently because anastellin lacks two beta-strands on one side of its beta-
sandwich, exposing several hydrophobic residues, as seen in the NMR structure (8). When 1113
was included in a mixture of ANS and anastellin, however, the emission intensity was reduced
by about half. DTT did not affect the emission spectra of ANS with anastellin, the anastellin/
1113 complex, or 1113 (Fig. 3).

In contrast to 1113, the addition of 1113SS to anastellin did not affect the ANS emission spectrum
(Fig. 3), indicating that 1113SS does not interact with anastellin. Under reducing conditions,
however, the reactivity of ANS was decreased just like in the case of the anastellin/I113 complex
(Fig. 3), indicating that complex formation was inhibited by the disulfide bond and not by the
mutations themselves. ANS binding to anastellin was not inhibited by high salt (1M NaCl) or
an ionic detergent (0.1% Chaps), although ANS fluorescence was somewhat reduced.
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Interestingly, anastellin was able to interact with 113 under high salt conditions, as seen by a
reduction of ANS fluorescence. On the other hand, Chaps inhibited the interaction between
anastellin and 1113 (data not shown). This is consistent with a previous report that Chaps
stabilizes the structure of anastellin and eliminates superFN formation (8).

We used a Job plot to estimate the stoichiometry of anastellin to ANS. The plot of ANS binding
to anastellin is asymmetric indicating that the stoichiometry cannot be 1:1 but is approximately
2:1 ANS:anastellin (Fig. 4A). In contrast, the plot of ANS binding to the anastellin-I113
complex is symmetric and the stoichiometry appears to be 1:1 (Fig. 4B).

Mutational analysis of IlI3/anastellin binding

The structure and stability of FNIII domains have been most extensively studied with the tenth
FNIIT domain (11110) of FN and the third FNII1 domain of tenascin (10,21-26). These studies
indicate that hydrophobic core packing is a key factor for stability (21,22,27), although a
number of hydrogen bonds and some surface residues seem to contribute to the folding process
(10,28,29). Our results so far suggested that anastellin binds to unfolded 1113 and that
electrostatic interactions do not contribute to complex formation. Therefore, we mutated
hydrophobic core residues of 1113 to negatively charged aspartate to further explore the stability
of 1113 and its interaction with anastellin. The positions of mutations are shown in Fig. 1B.
Although all mutated domains were soluble, most mutations did affect folding as shown by
changes in tryptophan fluorescence and increasing ANS reactivities (see Table S1 of the
supporting information). Surprisingly, none of the mutations inhibited anastellin binding as
monitored with ANS fluorescence. Because most of the mutants behaved similarly, it was
impossible to determine which specific residues contact anastellin. Instead, it seems that
anastellin may bind to a non-specific hydrophobic “patch” of some undetermined size when it
is exposed.

The interaction between Il13 and anastellin analyzed by FRET

The 1113/anastellin interaction was also monitored by GFP-based FRET, using a construct in
which I113 was flanked by YFP and CFP (Fig. 5A). For this construct, we deleted 11 amino
acids from the flexible C terminus of YFP. When this construct was digested with trypsin,
which does not affect the fluorophores of GFPs (12) but cleaves a sensitive site in the C terminus
of 1113, the FRET signal decreased, as indicated by the increase in donor fluorescence at 475
nm, and the decrease in acceptor fluorescence at 528 nm (Fig. 5B). Upon binding of anastellin
the FRET signal for 1113-FRET increased (Fig. 5B and Table 1). DTT had no effect on the
FRET signal of wild-type 1113-FRET, either before or after anastellin binding (data not shown).
Interestingly, the FRET signal for I113SS-FRET was higher than that for 1113-FRET, suggesting
that the stabilization of 1113 makes the conformation more compact, or enhances a weak binding
of the GFPs to 1113. The FRET signal of 1113SS did not change upon addition of anastellin.
Under reducing conditions, the emission spectrum of I113SS-FRET was similar to that of wild-
type 1113-FRET, and the FRET signal was increased by the addition of anastellin just like wild-
type 1113-FRET (data not shown). This suggests that the cysteine mutations alone did not affect
anastellin binding, but the formation of the disulfide bond did. We also tested several 1113
mutants in this assay. The FRET signals for 1113(\V798D), 1113(V834D) and 1113(D838G) were
also significantly increased by anastellin binding (Table 1). The relation between the
conformations of the FRET constructs and the FRET signals was also studied by urea treatment
(see details in Table S2 and the supplementary results of the supporting information).

We next used the FRET assay to determine an apparent affinity constant for the binding of
anastellin to 1113. Fig. 6A shows the emission ratio as the concentration of anastellin was
increased from 0.05 to 10 uM. Based on the saturation curve, a Scatchard plot was constructed.
The Kd was estimated to be ~210 nM from the slope of the line (=1/Kd) (Fig. 6B). 1113(D838G)
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interacted with anastellin with lower affinity, while 1113(\V798D) and 1113(\VV834D) appeared
to bind anastellin more tightly (Table 1).

The binding kinetics of anastellin to I113-FRET were monitored by measuring acceptor
fluorescence at 528 nm. At 20 uM anastellin the half time was approximately 30 s, at both low
(0.1 uM, Fig. 7A) and high (1 uM, Fig. 7B) I113-FRET concentrations. Anastellin
concentrations below 20 pM gave slower reactions, while concentrations above 20 uM showed
no increase in reaction rates (data not shown), consistent with the saturation seen in Fig. 6A.
These results suggested that the kinetics of binding of anastellin to 1113-FRET were determined
by a first order reaction with a rate constant of ~0.02 s~1. The binding kinetics of anastellin to
1113(D838G) were slower than to wild-type. On the other hand, the kinetics of the unstable 1113
(V798D) and 1113(\VV834D) mutants were too fast to measure in this assay (Table 1). These
results are consistent with the measurements of apparent Kd.

Thermolysin sensitive sites on 1113 exposed by anastellin binding

Intact 1113 and 1113SS are approximately 13 kDa (including the his-tag), but they migrate slowly
in SDS-PAGE, as if they are ~19 kDa (Fig. 8A). Mild thermolysin digestion cleaved off the
N-terminal his-tags of 1113 and 1113SS, producing a band that runs at ~17 kDa. The thermolysin
cleaved fragments are less sensitive to Coomassie blue staining, perhaps due to the loss of the
his-tag. Even with mild digestion, the cleaved fragments continued to degrade gradually under
these conditions. In the presence of anastellin, 1113 became more sensitive to thermolysin
digestion, as reported previously for full-length FN and the 1111-5 fragment (9). The primary
indication of digestion is the loss of intensity of the ~17 kDa band. In addition, a smaller
fragment appears, which can be barely seen just below the anastellin band. On the other hand,
anastellin had no effect on the thermolysin sensitivity of 1113SS.

We further studied the thermolysin digested 1113 fragments by MALDI-TOF mass
spectrometry. Mass spectrometry detected three prominent fragments in addition to full-length
I113 and anastellin (Fig. 8B). Based on the molecular masses, fragments 1 and 2 were identified
as the N-terminal region of 1113 (Fig. 8C); they differ by only five amino acids at the C-terminus
of fragment 1. Fragment 3 was derived from the C-terminal region of 1113. These fragments
were further digested with trypsin to verify the locations of the thermolysin sensitive sites (data
not shown). These results suggest that the region containing the C-, C’- and E-strands of 1113
became thermolysin sensitive upon anastellin binding and are digested into short peptides,
which do not show up as discrete fragments.

DISCUSSION

Fluorescence spectroscopy

The hydrophobic probe ANS is often used to study protein structure and function. In the present
study, ANS binding to anastellin produced a strong fluorescence enhancement, and the Job
plot indicated binding of two ANS per anastellin. 1113 binding to anastellin reduced ANS
fluorescence to half and the Job plot showed one ANS per I113/anastellin complex. These results
suggest that one of the ANS binding sites on anastellin is blocked in the 1113/anastellin complex.
Another, but less likely, possibility is that 1113 binding to anastellin blocks two ANS binding
sites and creates a new site on either 1113 or anastellin. In any case, 1113 and ANS share a
common binding site on anastellin, suggesting that anastellin binds to 1113 through hydrophobic
interactions.

In the present study, we used GFP-based FRET to monitor the interaction between 1113 and
anastellin. Unlike most FRET applications in which the two interacting proteins are
individually tagged with donor and acceptor fluorophores, we fused acceptor (YFP) and donor
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(CFP) to the N and C termini of 1113 to look for a possible conformational change upon
anastellin binding. We had expected that if 1113 opened up to bind to anastellin, the FRET signal
would decrease upon binding. Instead we found that anastellin binding increased the FRET
signal. The increased FRET signal could be due to the donor and acceptor being moved closer
together, or to their being locked in a more favorable angular orientation. Either case may be
explained by a weak interaction between the anastellin/1113 complex and the GFPs. The pseudo-
average distance between the two GFP fluorophores changes approximately 0.6 nm by
anastellin binding to 1113, which is indicative of a weak interaction (for details on distance
estimation from FRET efficiency, see our previous work (12)).

The stability of FNIII3

We previously reported that superFN aggregation, at saturating anastellin concentrations, was
a first order reaction with a half time of ~600 s (9). Here we found that, at saturating
concentrations, anastellin binding to 1113 is a first order reaction with a half time of ~30 s. It is
reasonable that the binding of anastellin to 1113 is faster than the more complex aggregation
reaction. We suggest that the rate of ~0.02 s for anastellin binding to 1113 is determined by
the rate at which 1113 spontaneously opens and exposes the anastellin binding site. This rate is
much faster than the spontaneous unfolding rate of 0.0002-0.0005 s~1 for 11110 and the third
FNIII domain from tenascin estimated by chemical denaturation curves (30,31). On the other
hand, a faster unfolding rate of ~0.02 s~ for 11110 was estimated by atomic force microscopy
(32). The reason for the difference between unfolding rates deduced from chemical and force
measurements is not clear. The rate of opening of the anastellin binding site in 1113 seems much
faster than the usual spontaneous unfolding rates of other FNI1I domains, and this is likely
important for its being a key domain for binding anastellin.

NMR studies of FNI1I domains have shown that the loops between the beta-strands are highly
flexible (23,24). All mutations in the loops, except the one between strands E and F, had only
aminor effect on folding (22,25,33,34). It has also been reported that the E-F loop can interact
with the C-terminal residues to stabilize folding (10). The amino acid sequence identity of
FNIII domains 1-14 of FN ranges from 14-38% when we aligned them (data not shown).
Interestingly, the E—F loop is highly conserved among all FNIII domains, with an average
~65% identity over XLXPGxxY, where Y is the first residue of strand F. The D838G mutant,
in which the first residue on the E-F loop was replaced with the more frequently occurring
glycine (found in eight out of fourteen FNIII domains) showed slower anastellin binding
kinetics. This mutation slightly enhanced the stability of 1113 as shown in Figs. 2E and F, and
thus probably slows down the unfolding rate, which determines anastellin binding (Table 1).
These findings indicate that the E-F loop plays an important role in FNIII domain folding. It
is possible that the disulfide bond between strands B and E also locks the E—F loop and stabilizes
global folding as shown by the urea denaturation curves in Figs. 2C and D.

Anastellin binding to 1113

We previously proposed two possible open configurations of 1113: one where strands A and B
lifted up with the B—C loop as a hinge and one where strands C’ and E flipped up with the E-
F loop as a hinge (9). In the present study, we found that strands C’ and E became thermolysin
sensitive upon anastellin binding. These data favor the second model. However, it is possible
that the disulfide lock affects global structure rather than local structure, because the disulfide
mutation between strands B and E seems to stabilize the entire domain, as suggested by urea
denaturation, rather than by locking a particular beta-strand.

Our model involves a mechanism similar to domain swapping (35,36) but is different in several
aspects. Most known domain-swapped oligomers involve association of identical domains.
I113 and anastellin have a similar secondary structure but they share only about 20% sequence
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identity. The Il13/anastellin complex must therefore involve interfaces different from those in
the folded 1113. Since we were unable to map the precise anastellin binding site on 1113 by
mutagenesis, it is possible that anastellin binds non-specifically to exposed hydrophobic
patches when FNIII domains transiently unfold, rather than binding to specific residues.

Our ultimate goal is to discover how FN molecules are bound to each other to make FN matrix
fibrils. We suggest that a key to the assembly mechanism may be the unfolding of FNIII
domains to interact with FN type | domains and/or unfolded FNIII domains on different
molecules. In addition, the folding dynamics that our present study has indicated for 1113 may
have relevance for the many FNIII domains in other proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

FN

fibronectin
113

the third FN type I11 domain
GFP

green fluorescent protein
FRET

fluorescence resonance energy transfer
ANS

8-anilino-1-naphthalene sulfonate
MALDI-TOF

matrix assisted laser desorption ionization-time of flight
CFP

cyan fluorescent protein
YFP

yellow fluorescent protein
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Fig. 1. Structural models of 1113 and 1113SS, and the positions of mutations

(A) 1113 consists of a beta-sandwich structure with three strands (A, B and E) on one side and
four strands (C, C', F and G) on the other. (B) The positions of mutated residues are shown.
These residues were substituted with aspartate, except that D838 was substituted with glycine.
(C) Anengineered disulfide bond between residues 795 and 837 locks strands B and E together.
Structural models of 1113 and 1113SS were created previously (9).
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Fig. 2. The stability of 1113 and mutants

1113 and mutants were excited at 280 nm and intrinsic tryptophan fluorescence was measured
at wavelengths from 300 nm to 400 nm (A, C and E). Urea was used as a denaturant. Urea
denaturation curves (B, D and F) were created by plotting the emission intensity at 350 nm as
a function of urea concentration in the presence or absence of DTT.
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Fig. 3. Interaction between anastellin and 1113 measured by ANS fluorescence

Anastellin, 1113 and a mixture of anastellin and 1113 in the presence of ANS were excited at
360 nm and the emission intensities were measured at wavelengths from 370 nm to 620 nm.
ANS fluorescence was strongly enhanced in the presence of anastellin but decreased to about
half when 1113 was also present, indicating that 1113 partially blocks ANS binding to anastellin.
[113SS had no effect, but under reducing conditions, 1113SS interacted with anastellin just like
wild-type and led to a reduction in ANS fluorescence.
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Fig. 4. The stoichiometry of ANS binding to anastellin and the anastellin/l113 complex
Job plots show an approximately 1:2 stoichiometry of anastellin to ANS (A) and 1:1
stoichiometry of anastellin/I113 complex to ANS (B) at a total concentration of 50 puM.
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Fig. 5. Interaction between anastellin and 1113 monitored by GFP-based FRET

(A) 113 is connected to two GFPs by flexible segments. The diagram does not include the N-
terminal his-tag and the unstructured C terminus of CFP. (B) The I1I3-FRET and 1113SS-FRET
constructs in the presence or absence of anastellin were excited at 433 nm and the relative
emission intensities were measured at wavelengths from 440 nm to 620 nm. The emission
spectrum of I113-FRET changed significantly in the presence of anastellin, suggesting that
anastellin interacts with 1113. On the other hand, anastellin had no effect on the emission
spectrum of 1113SS-FRET. The emission spectra were normalized to the donor intensity at 475
nm in the trypsin-treated samples.
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Fig. 6. Estimation of the dissociation constant between anastellin and 1113 by GFP-based FRET
(A) Anastellin binding to 0.05 uM 1113-FRET was monitored by measuring the emission ratio
(528 nm/475 nm) to create a saturation curve. (B) A Scatchard plot was created by transforming
the data from the saturation curve to estimate the dissociation constant.

Biochemistry. Author manuscript; available in PMC 2010 May 19.



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

1duosnuely Joyiny vd-HIN

Ohashi et al.

35 1
A 0.1 uM II3-FRET + 20 pM anastellin

Relative fluorescence

B 100 -

H (o)) @
o o o
1

Relative fluorescence
N
o

100 150 200 250 300 350
Time (seconds)

1 uM III3-FRET + 20 uM anastellin

0 50

Fig. 7. Binding kinetics of anastellin to 1113

100 150 200 250 300 350
Time (seconds)

Page 17

0.1 uM (A) and 1 uM (B) 1113-FRET were mixed with 20 uM anastellin and excited at 433
nm. Anastellin binding to 1113-FRET was measured as the increase in acceptor fluorescence at
528 nm for 5 min. At 20 uM anastellin, the kinetics profiles were not affected by different 1113-

FRET concentrations.
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Fig. 8. Mapping the thermolysin sensitive sites on 1113 upon anastellin binding

(A) A Coomassie blue stained SDS gel shows that 1113 became more thermolysin sensitive in
the presence of anastellin. Std, BenchMark protein ladder (Invitrogen). (B) Thermolysin
digested fragments derived from I113 in the presence of anastellin were analyzed by MALDI-
TOF mass spectrometry. (C) The sequences of the thermolysin digested fragments are shown

in bold letters.
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FRET efficiency with or without anastellin, and the dissociation constant and the binding kinetics of the complex

FRET Half

efficiencya Kd time
II3-FRET 0.19 - -

1113-FRET + Anastellin 0.28 ~210nM ~30s
1113(V798D)-FRET 0.21 - -

1113(V798D)-FRET + Anastellin 0.28 ~180nM <15
1113(V834D)-FRET 0.21 - -

1113(V834D)-FRET + Anastellin 027 <50 nMP <1s¢
1113(D838G)-FRET 0.18 - -

1113(D838G)-FRET + Anastellin 0.27 ~490 nM ~60s
1113SS-FRET 0.31 - -
I113SS-FRET + Anastellin 0.32 - -

a - S
FRET efficiency is estimated from the decreased donor fluorescence.

b R . .
The Kd of anastellin binding to this mutant was too low to be accurately measured by this assay.

The binding kinetics of anastellin to these mutants were too fast to monitor by this assay.
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