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Solution Structure of the N-Terminal F1 Module Pair from Human Fibronéttin
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ABSTRACT. Multiple sites within the N-terminal domaint®F1) of fibronectin have been implicated
previously in fibronectin matrix assembly, heparin binding, and binding to cell surface proteins of pathogenic
bacteria. The solution structure & 1°F1, the N-terminal F1 module pair from human fibronectin, has
been determined using NMR spectroscopy. Both modules in the pair conform to the F1 consensus fold.
In 4F15F1, the only other F1 module pair structure available, there is a well-defined intermodule interface;
in IF12F1, however, there is no detectable interface between the modules. Comparison of the backbone
I5N-{*H} NOE values for both module pairs confirms that the longer intermodule sequefHe&Hi is

flexible and that the stabilization of tH&1 C—D loop observed ifF15F1, as a result of the intermodule
interface, is not observed #fr12F1.

Fibronectin is a large extracellular glycoprotein that exists and cell surface proteins of pathogenic bacteria such as
in the plasma as a soluble disulfide-linked dimer and in an Staphylococcus aureusnd Streptococcus dysgalactiae
insoluble multimeric form as a major component of the Bacterial binding via these cell surface proteins (or
extracellular matrix. Fibronectin is a mosaic protein with each MSCRAMMSs) to extracellular matrix proteins such as
monomer being composed almost entirely of three types of fibronectin is a putative mechanism for host invasion by the
protein module. Fibronectin type 1, 2, and 3 (F1, F2, and microorganism (for a review see r8). The fibronectin-
F3) modules were first identified in fibronectin but have since binding MSCRAMMSs share a similar structural organization,
been found in a number of other proteins. Structural studieswith the ligand binding region consisting of repeated units
of recombinant modules have identified a well-defined (3—5 times) of 46-50 residues.
consensus three-dimensional fold for each of the three Much of the fibrin (L0, 11) andF3 (7) binding activity
module types 1-3). of 1-5F1 has been further localized to tHE15F1 module

Consistent with fibronectin’s involvement in many vital pair, and these interactions seem to require the module pair,
physiological processes (for review see4gfbinding sites  rather than the isolatetF1 or 5F1 module. Studies using
for a wide range of molecules have been identified along synthetic peptides from fibronectin-binding MSCRAMMs
the length of the fibronectin monomer. Fibronectin modules have also located binding sites ##15F1 in each of three
are organized into a number of proteolytically resistant repeats of arS. aureusprotein (12) and for 'F12F1 and
domains that retain affinity for the various ligands, and in 2F15F1 in a single repeat froi8. dysgalactia¢l13). However,
many cases, attempts to localize binding sites more preciselythe intact'-5F1 domain, as well as being required for matrix
within these domains have shown that module pairs or largerassembly, also appears to be necessary for optimal binding
fragments are required for optimal binding activig).( to S. aureug14). Sites in'F1,2F1, and®F1 have also been

The 29 kDa N-terminal domain, a frequently studied implicated in heparin bindinglb). The relative orientations
proteolytic fragment of fibronectin, contains a short sequence of F1 modules in intact 5F1 may play a role in all these
(residues 118), containing a covalent binding site for fibrin, processes.
which is followed by a string of five F1 modules. This |n 4F15F1, the only F1 module pair structure previously
domain is involved in a number of important physiological available, the relative orientation of the two modules is
processes; in particular, it is vital for incorporation of determined by a well-defined intermodule interfat)( In
fibronectin into the extracellular matrix6). Binding sites the present work high-resolution NMR spectroscopy is used
within 1=°F1, for 'F3 (7) and***“F3 (8) of fibronectin, and  to study theF12F1 module pair and to compare the backbone
for an as yet unidentified cell surface receptdrtfave been dynamics of théF12F1 and*F15F1 module pairs.
proposed to play important roles during fibronectin matrix
assembly!~5F1 also contains binding sites for fibrin, heparin, MATERIALS AND METHODS
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nitrogen source in the growth and induction phase. Expres-
sion of F1°F1 was carried outni a 1 L fermentor from
Electrolab Ltd. (Tewkesbury, U.K.), using 1.0% (w/v)
(*®NH4)2SO, as described elsewhertg).

IF12F1 and*F1°F1 were purified using procedures similar
to those described previousl§)( However, after harvesting
the culture supernatant, the initial chromatography step
utilized cation exchange (20 mM sodium acetate, pH 4.8)
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Data Processing and Analysidata processing was
performed using the FELIX 2.3 software package (Biosym
Technologies Inc.) on Sun workstations. Homonuclear
NOESY, TOCSY, COSY, and DQF-COSY experiments
were processed as described previoudlyThe 3D NOESY-
HSQC was processed using linear prediction;ifrom 96
to 128 points prior to apodization using a Lorentztan
Gaussian function i, and a Kaiser function i, andts.

on SP-Sepharose Fast Flow (Pharmacia), rather than anion N-{*H} NOE spectra were processed using methods similar
exchange. Prior to cation exchange, the supernatant containi© those described previousig1). The HMQC-J spectrum

ing 'F1°F1 was filtered (0.2¢m), concentrated, and diafil-

was processed by multiplication with a Lorentzig®aussian

trated into the cation-exchange buffer. The supernatantfunction int, and using linear prediction ify from 256 to

containing*F15F1 was adjusted to pH 3 and filtered (0.2
um), prior to cation exchange. Elution was achieved with a
0—1 M NaCl or 0-0.5 M NaCl gradient forF12F1 and
4F15F1, respectively. After further purification by reverse-
phase HPLC, the identity and purity 95%) of'F1°F1 and
4F15F1 were confirmed by electrospray mass spectrometry
and N-terminal sequence analysis.

NMR SpectroscopyA 2.2 mM solution of *N-labeled
IF1?F1 in 90% HO/10% DO was adjusted to pH 4.0. NMR
spectra were acquired &t frequencies of 500.1, 600.1, and
750.1 MHz on spectrometers built in-house at the Oxford
Centre for Molecular Sciences and incorporating Oxford

Instruments Magnets and GE/Omega computers. Spectra

were acquired at 37C unless stated otherwise. For the

assignment and structure determination the following spectra

were recorded in O: a 2D'H-'H NOESY (100 ms mixing
time) (17) and a 2D*H-'H TOCSY (42 ms mixing time)
(18, 19) incorporating a DIPSI3 mixing sequenc20( 21)

and both incorporating a 1-1 read pulse for solvent suppres-

sion 2), a 2D H-'H COSY @3), and a 3D'*N-filtered
gradient-enhanced NOESYHSQC (100 ms mixing time)
(24, 25). The sample was then exchanged int®Dand the
following 2D homonuclear spectra were acquired: a DQF-
COSY (26), a TOCSY incorporating a DIPSI2 mixing
sequence (38 ms mixing time), and four NOESY spectra (50,
100, 150, and 200 ms mixing times) at 3Z and a TOCSY
(38 ms mixing time) and a NOESY (100 ms mixing time)
at 25°C. 15N decoupling during acquisition was carried out
using a GARP1 decoupling sequen2@)( 2Ju1-can coupling
constants were measured by line-shape fittingptraces
from a**N-'H HMQC-J spectrum28). Slowly exchanging
backbone amide protons were identified by lyophilizing
1F12F1 from HO, redissolving in RO, and recording two
TOCSY spectra (38 ms mixing time) at 2&.

To compare the backbone dynamicsef?F1 and*F15F1,
the steady-staféN-{'H} NOE was measured for all residues
with well-resolved'H-*N cross-peaks. A 1.6 mM solution
of 1N-labeled*F15F1 in 95% HO/5% D,O was adjusted to
pH 4.6. The!*N-labeled!F1?F1 sample was as described

384 points.

For'F12F1, spectral assignment and the extraction of NOE
intensities for the structure calculations were performed with
the aid of the program NMRView (Merck and Co. Inc) on
an SGI Indigo2 workstation. Spectra'sf1?F1 were assigned
using established techniques for 2BI-'H spectra 82).
Additional assignments were obtained using a BD®N
HSQC-NOESY spectrum.

Assignments for théF1°F1 15N-{'H} NOE spectra were
from Phan et al. 31), with the exception of Ser45 which
was assigned using 2D NOESY and TOCSY spectranof
labeled*F15F1 and previously reported homonuclear chemi-
cal shifts B83).

Structure CalculationsInterproton distances were esti-
mated from the relative intensities of cross-peaks (NOESs)
in NOESY spectra acquired with a 100 ms mixing time. This
mixing time was chosen on the basis of an NOE build-up
curve (data not shown) drawn using the intensities of NOEs
in NOESY spectra acquired using mixing times of 50, 100,
150, and 200 ms. NOE intensities were calibrated using
known interproton distances in regions of secondary structure
(34) and classified as strong:@.8 A), medium £3.5 A),

or weak £5.0 A). Intraresidue NOEs between protons on
adjacent carbon atoms were not included as restraints.
Hydrogen bond restraints were included in the later stages
of the structure calculations and only when three criteria were
met: slow exchange of the corresponding amide proton and
an NH--O distance of<2.3 A and an N-H:--O angle of
>12¢° in >70% unrestrained structure85). For each
hydrogen bond, two restraints were added: 1.58 &n-o

< 2.3 A and 1.58 A< dy-o < 3.2 A. Estimates ofp
backbone dihedral angles were obtained fAd—cqn USINg

the Karplus equation3g) and using initial structures to
eliminate ambiguity¢ angle restraints were added with errors
of +40°.

1F1%F1 structures were calculated from the experimental
restraints with simulated annealing using X-PLOR v3.851
(37) with v4.02 and v4.01 parameter and topology files,
respectively (kindly provided by Michael Nilges). A total
of 100 structures were calculated using &fieinitio simulated

above. The pulse sequence was based on sequences prewvannealing protocol with 60 ps of high-temperature (2000 K)

ously described29) and incorporated gradient enhancement
(25). Experiments were performed at® frequency of 76.0
MHz. A relaxation delay b5 s was used to ensure complete
solvent recovery. For the experiment with NGH,saturation
was applied during the relaxation delay. A WALTZ16
decoupling sequence3@ was applied for'®>N decoupling
during acquisition. For the assignment of Ser45i-
labeled 4F1°F1, 2D TOCSY and NOESY spectra were
acquired at 37C.

restrained molecular dynamics, followed by two cooling
stages of 40 and 20 ps to a final temperature of 100 K. The
nonbonded energy was calculated using a purely repulsive
function with a final value of the van der Waals radii scaled
by a REPEL value of 0.75. An iterative procedure was used;
NOEs which could not be assigned unambiguously were
included as ambiguous restraints during initial structure
calculations 88) followed, where possible, by resolution of
the ambiguity by inspection of preliminary structures. The
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Ficure 1: Sequence alignment of the 12 F1 modules from fibronectin. The definition of module and linker residues is as described in the
Results and Discussion section. The sequence alignment was performed with the assistance of the programs PILEUP (Genetics Computer
Group Inc.) and BOXSHADE. Residues conserved B0% of the sequences are highlighted with a black box, and conservative substitutions
arelhighlighted with a gray box. The secondary structurfétfis represented above the sequence alignment. For clarity, residue numbering

for IF1 is indicated.
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Ficure 2: Summary of NHi)—NH(i+1), CaH(i)—NH(i+1), and GH(i)—NH(i+1) NOES,3Jynu—can, Slowly exchanging amide protons,
and chemical shift index (CSI¥Q) observed in spectra 6F12F1. The relative strengths of the NOEs (strong, medium, or weak) are
indicated by the width of the horizontal bars. Values’afy-con >8 Hz are indicated by a filled square and slowly exchanging amide
protons by a filled circle. Positive or negative values of the CSI were calculated ueiHgc@Bemical shifts from Wishart et al47) and

are indicated by a solid vertical bar above or below the line, respectively.

protocol utilized “sum averaging” and “floating stereospecific NOE was measured for 78 out of 90 non-proline residues in
assignment” of valine and leucine methyl carbons and *F1%F1 and for 80 out of 92 non-proline residues'i#i°F1.
methylene protons3Q). The structures were refined using Errors on'>N-{*H} NOE values were estimated from a
an additional cycle of simulated annealing. A total of 24 Monte Carlo simulation, which used one standard deviation
refined structures were chosen on the basis of their low of baseline noise.

overall energy and agreement with the experimental re-

straints. The average structures and rmsd'Fdr and?F1 RESULTS AND DISCUSSION
were calculated separately by superimposing over the Resonance AssignmentSomplete assignment of the
backbone heavy atoms (N,aCC) of secondary structure  backbonéH and>N and most of the side chat#l of F12F1
elements ofF1 and?F1, respectively. Geometric strain was was achieved. In some cases overlap of peaks precluded
removed from the average structures by restrained energyspecific assignment of side chain resonances. The assign-

minimization in X-PLOR. ments are provided in Supporting Information.
Calculation of®SN-{H} NOE.The steady-stat&®N-{‘H} The structure of'!F1 as a single module (fibronectin
NOE was measured for the backbofiN nuclei of 'F12F1 residues 61, referred to below a¥-1s) was determined

and “F1°F1. The NOE was calculated as the ratio of previously in this laboratoryQ). The'F1s construct included
resonance intensities in spectra collected with and without residues +18, which are N-terminal to th&=1 module in

1H saturation. A number of residues were not included in native fibronectin. For residues &1, the chemical shifts

the analysis due to spectral overlap. Thus, the heteronucleanof the assigned carbon-attached protons (backbone and side
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Ficure 3: Solution structure with side chains of selected core residuéslofind?F1. (A, top) Stereoview of the 24 final structures
superimposed over the backbone heavy atoms @&,&) of the secondary structure 81 (only residues 1761 are shown). Side chains

of the core residues Tyr28, Trp34, and Phe54 are shown in green, red, and blue, respectively. (B, bottom). Stereoview of the 24 final
structures superimposed over the backbone heavy atomso(N;)Cof the secondary structure &1 (only residues 62109 are shown).

Side chains of the core residues Tyr75, Tyr81, and lle102 are shown in green, red, and blue, respectively. The figure was prepared using
the program INSIGHT Il (Biosym Technologies, San Diego).

chain) differ by<0.07 ppm betweefF1s and'F1?F1, and be considered part of the module fold. Using this definition
CaH chemical shifts of residues %8 differ by <0.04 ppm. there are no “linker” residues in tH&15F1 pair, and in the
Figure 1 shows a sequence alignment of the 12 F1 modules'F12F1 pair, the intermodule linker is formed by residues
from fibronectin. With the structures of several F1 modules 60—63.
now available, it is possible to define the extent of the  Secondary Structurd?otentialS-strands oftF1°F1 were
modules on the basis of structure rather than amino acididentified on the basis of mediunstrong GtH(i)—NH(i+1)
sequence. For example, the observed long-range intramodul@nd weak NHi)—NH(i+1) NOES,3Jun-con COupling con-
NOEs and the rmsd of backbone residues in the calculatedstants>8 Hz, nonrandom coil @H chemical shifts 41),
structures of'F1, 2F1 (present work)F1, andSF1 (11) slowly exchanging backbone amide protons (Figure 2), and
suggest that two residues N-terminal to the first cysteine and characteristic long-range interstrand NOES, particulacyic
three residues after the last cysteine of each F1 module car(i)—CaH(j) NOEs. The!F1 module has the consensus F1 fold
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Table 1: Structural Statistics for the Family of 24 Structures

rmsd ¢sd) from experimental restraifits
all NOE restraints (A)
intraresidue (A)
sequential (A)
short range X&)
long range (A)
ambiguous (A)
hydrogen bonds (A)
dihedral angle (deg)
rmsd @sd) from idealized covalent geometry
bond lengths (A)

0.0083+ 0.0007
0.01164 0.0013
0.0060+ 0.0013
0.0046+ 0.0016
0.0041+ 0.0013
0.0029+ 0.0019
0.0006+ 0.0014
0.0306+ 0.0421

0.0009+ 0.0001

angles (deg) 0.2654+ 0.0029
impropers (deg) 0.1134+ 0.0064
rmsd @-sd) of Cartesian coordinates (A)

atoms backbone N, C all heavy
residues 2158 0.63+0.17 1.07+0.18
residues 2323, 26-28, 33-37, 42-47, 54-58 0.46+ 0.11 0.91+ 0.14
residues 66106 1.12+0.21 1.60+ 0.22
residues 6668, 73-75, 80-84, 89-94, 102-106 0.69+ 0.15 1.14+0.20

aNone of the 24 structures had NOE violation§.2 A or dihedral angle violations 2°. Analysis of theg andy angles of the 24 structures
using PROCHECK.NMR (48) shows that 93% of the (non-glycine and non-proline) residues fall within the most favored or additionally allowed
regions of the Ramachandran plot. All residues witandy angle order parametees0.9 @49) had average andy angles in the most favored
or additionally allowed regions of the Ramachandran pldthe average structure was calculated by superimposingalYa6d C atoms of the
selected residues. Rmsd was calculated by finding the mean and standard deviation between the average structure and each member of the family
for the selected residues.

with a short N-terminal double-stranded antiparghtedheet restraints, 2¢ backbone torsion angle restraints, and 2
(strands A and B: residues 223 and 26-28) followed by hydrogen bond restraints were used. In addition, 3 sequential
a triple-stranded antiparall@-sheet (strands C, D, and E: restraints between Glu61l and Ala62 and 1 short-range
residues 3337, 42-47, and 54-58). However, not all the  restraint between Pro60 and Ala62 were included.
expected slowly exchanging amides were observed (Figure A total of 24 refined structures were chosen on the basis
2) or predicted (based on interatom distances and angles) irof their low overall energy and agreement with the experi-
the 24 final structures. I1AF1, residues 6668 and 73-75 mental restraints. Figure 3 shows an overlay of the 24 final
(strands A and B) have an extended antiparallel arrange- 1F12F1 structures, and Table 1 shows the statistics for the
ment. However, no slowly exchanging amide protons and structure calculations. Bofr1 (Figure 3A) andF1 (Figure
not all the expected interstrand NOEs were observed for these3B) adopt the previously determined F1 consensus fold, but
residues. Residues 8@4, 89-94, and 102-106 (strands  (as expected from the larger number of distance restraints)
C, D', and E) form three extended strands in an antiparallel the 1F1 module is better defined with an rmsd of 0.46 A,
triple-stranded arrangement; again, however, fhiheetis  compared with 0.69 A fofF1 when the 24 final structures
not as well-defined as i1, and not all the expected slowly  are superimposed over the backbone W, &nd C atoms of
exchanging amides were observed, or predicted. the 3-strands. When the minimized average structuré-af
The triple-strande@-sheet residues reported féils @0) is superimposed over the backbone @, @nd N atoms of
differ slightly from those above folF12F1; this primarily the common secondary structure of the minimized average
arises from an improvement in the data analysis in the presentstructures ofF1, “F1, and®F1 (11) and’F1 (1), the rmsds
work. By including hydrogen bond restraints more conser- are 1.2, 1.2, 1.3, and 1.1 A, respectively.
vatively, it was clear that intF1?F1 the hydrogen bond In both'F1 and?F1 a short double-strandg@dsheet folds
acceptor for the slowly exchanging Glu32 HN (Figure 2) over the triple-strandeflsheet to enclose a hydrophobic core
was more likely to be Glu29 O (in the BC turn) than Cys47 (Figure 3). The four conserved cysteine residues (Figure 1)
O (as assigned foF1s). Additionally, the hydrogen bond  form disulfide bonds in a3, 2—4 configuration, connect-
acceptor for the slowly exchanging Tyr48 HN was not ing the twoS-sheets and two strands in the sec@asheet,
reliably predicted in initial structures; therefore, Tyr48 was respectively. Figure 4 shows that in bdthl and?F1 these
no longer classified as a strand residue. lle952®ieresidue disulfide bonds are almost completely buried in the core of
in a homologous position to Tyr48, also has a slowly the module. As expected, in general, residues with fewer
exchanging amide proton (Figure 2), and the most likely distance restraints also have a high rmsd, and in both modules
acceptor is Thr93 O with the formation of an intrastrand the turn between the twé-sheets is well-defined (low rmsd;
hydrogen bond. Figure 4). The clockwise twist (when viewed from the
Tertiary Structure of the F1 ModuleSheF12F1 structure N-terminus) of the turn between the first two strands of the
was calculated using a total of 1216 restraints. For residuestriple-strandegb-sheet is a feature of all F1 module structures
18—61, these included 258 intraresidue, 185 sequential, 56determined to date.
short-range (& i —j < 5), 146 long-rangei (— j = 5), and There is a significant difference betwe#fl and?F1 in
19 ambiguous interproton distance restraintsy ihckbone the number of slowly exchanging amide protons observed,;
torsion angle restraints, and 8 hydrogen bond restraints. Forfewer slowly exchanging amides are observedfdr (Figure
residues 62109, 206 intraresidue, 131 sequential, 25 short- 2). In addition, preliminary measurements of Theelaxation
range, 123 long-range, and 40 ambiguous interproton distancdime constant (data not shown) for backbdfé nuclei of
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FiIGURE 4: Correlation between the number of restraints, backbone and side chain atom rmsd, and side chain accedBils#ifly. i)

The number of NOESY-derived restraints as a function of residue number. The stacked bars from bottom to top (with progressively lighter
shading) show the number of intraresidue, sequential, short-range, and long-range restraints, respectively. (B) Average atomic rmsd between
the 24 lowest energy structures calculated for the backbone heavy atoms (solid line) and the side chain heavy atoms (dashed line). The
vertical dashed line indicates that the rmsd was calculated for residies and?F1 separately, by superimposing over residuéginand

2F1, respectively. (C) Mean side chain solvent accessibility (calculated over the 24 final structures) as a function of residue number. The
accessibility was calculated in X-PLOR using a probe radius of 1.4 A and is expressed as a percentage of the accessibility for the corresponding
residue in an extended chain Gly-Gly-X-Gly-GIg)( Circles show the position of glycine residues in the sequence.

105

1F1%F1 indicate significant chemical exchange contributions F1 modules?F1 and®F1 (Figure 1), where the equivalent
for a larger number of residueshl than'F1. The increased  residue is a tyrosine and a phenylalanine, respectively. The
line width (shortefT,s) observed for these residues is likely side chain orientation of residues Tyr28, Trp34, and Phe54
to contribute to the observation of fewer NOEs 4B1. Thus in 'F1, and Tyr75, Tyr81, and lle102 i#F1 is shown in
the higher rmsd for?F1 compared with'F1, which is panels A and B of Figure 3, respectively. The substitution
expected from the difference in the number of restraints usedof tyrosine in place of tryptophan, resulting in a smaller
in the structure calculations, may also reflect a real difference buried hydrophobic surface area, may reduce the thermo-
between the modules. dynamic stability ofF1, resulting in fewer slowly exchang-
The particular importance of three conserved residues, aing amides.
tyrosine in strand B, a tryptophan in strand C, and a A putative salt bridge was noted previously between a
hydrophobic residue in strand E (Figure 1), for the stability highly conserved basic residue in strand C and an acidic
of the F1 module fold has been suggested previoukly. ( residue in strand A of the F1 foldt®) (Figure 1). In'F1,
This idea is supported by the conserved side chain orientationthe side chains of Asp23 and Arg36 are in close proximity
of the tryptophan and tyrosine residues in all F1 module and have low solvent accessibility (Figure 4). %1, the
structures to date. The tryptophan is conserved in all but two side chains of the homologous residues, Asp68 and Arg83,
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Ficure 5: Intermodule orientation d12F1. A total of 24 final structures df12F1 are shown superimposed over the secondary structure
of IF1. The side chains of residues Tyr28, Trp34, and Phe5¥-(ihare colored as in Figure 3A. The side chain of Tyr8%Fih) is shown
in magenta. The figure was prepared using the program INSIGHT Il (Biosym Technologies, San Diego).

are less well-defined but also have low solvent accessibility defined interface observed in the only other F1 module pair
compared with other charged residues. The chemical shiftsstructure available/F15F1 (11).
of NeH of Arg36 and Arg83 are 7.93 and 7.82 ppm,  |n 4F15F1, the major intermodule interface is formed
respectively, compared with values of 6.94, 7.23, 7.24, and petween the N-terminal end of strand D 461 and the
7.17 ppm for Arg52, Arg99, Arg101, and Arg109, respec- N-terminalf-sheet ofF1 (11). A tryptophan residue ifF1,
tively, for which there is no evidence for a salt bridge. \hich appears to play an important role in this interface, is
Although the effects of aromatic ring current shifts from core ot conserved iAF1. In addition, inF15F1, the C-terminal
residues cannot be ruled out, shifts to high frequencyeld N (asidue of*F1 and the N-terminal residue 81 are both
of arginines involved in putative salt bridges have been constrained by NOEs to the DE loop &F1. In IF12F1,
observed previously3( 43). however, these C- and N-terminal residues are separated by
Residues Arg52 and Arg99 have been implicated in the four-residue intermodule linker whose orientation is ill-
binding of the N-terminal domain of fibronectin to heparin defined with respect to both modules. The NMR-observed
(15). Mutation of a single positively charged residue in difference in the intermodule interface of these two module
homologous positions in eithéFl (Arg52),°F1(Arg99), or pairs is consistent with previous spectroscopic and calori-
SF1 (Lys143) completely eliminated the heparin binding metric studies which detected an intermodule-stabilizing
activity of 175F1; thus multiple sites appear to be required interaction in*F1°5F1 but not in*F12F1 (10). In intact'5F1,
for heparin binding. Figure 4 shows thatir1?F1 the side it has been suggested ti#atl is stabilized by interactions
chains of Arg52 and Arg99 are highly solvent exposed and with 3F1 (10).

therefore would be available for interaction with the ligand. 15\ {14} NOE.One advantage of NMR spectroscopy for
Intermodule OrientationFigure 5 shows the 24 final  studying protein structure is that the relaxation properties of
1F12F1 structures superimposed over the secondary structuré®N nuclei can provide direct information about molecular
of F1. For clarity, the side chains of Tyr28, Trp34, and dynamics in solution44). To obtain further evidence about
Phe54 intF1 and of Tyr81 irfF1 are shown. The intermodule  the interface intF1°F1, the backbone dynamics & 1°F1
orientation is very poorly defined as would be expected from and*F1°F1 were compared®N-{'H} NOE values fofF1°F1
the complete lack of intermodule NOEs observed in the are available in the literature31); however, the present
NOESY spectra of'F1?F1 and is consistent with the studies were carried out on a sample of higher protein
similarity in chemical shift betweetF1s and'F12F1. This concentration. This resulted in lower experimental errors on
lack of an intermodule interface is in contrast to the well- the NOE values which was important for comparison of the
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both *F1?F1 and*F15F1 have low NOE values, indicating
significant backbone flexibility for these residues.

CONCLUDING REMARKS

The results presented here show that although both
modules of théF1?F1 module pair adopt the consensus F1
fold, the F1:-F1 intermodule interface identified previously
in the F1°F1 pair is not conserved. No intermodule NOEs
were observed in spectra of tHe1?F1 pair, and significant
backbone flexibility was detected in the intermodule linker.
In addition, theF1 module is less well-defined and has fewer
slowly exchanging amide protons th&#l, suggesting that
the ?F1 module is less stable and may be undergoing
conformational exchange.

There is evidence in the literature for the role of intact
module pairs or larger fragments of the N-terminal domain
in fibronectin function. The intermodule interface identified
previously in*F1°F1 may well be functionally important as
neither*F1 nor>F1 binds fibrin as single modules and yet

number. A horizontal bar above the sequence indicates where gapghe “F1°F1 pair contains most of the fibrin binding activity
in the sequence occur as a result of the sequence alignmentof this region of fibronectini0, 11). In addition, the!F15F1

Otherwise, a gap in the sequence indicates a lack of data for thismodule pair binds to a synthetic repeat from the fibronectin

residue. The positions of the CD loops and the intermodule linker,
which are mentioned in the text, are indicated. In HSQC spectra
of 1F12F1, peaks for a number of residues’FiL are weak, giving

binding protein fronS. aureuswhile the individual modules
lack activity (12). Although a synthetic peptide from an

rise to larger errors in the NOE for these residues. Where no error MSCRAMM of S. dysgalactiadinds'F1?F1 (13), it is not

bar is visible, the error falls within the dimensions of the symbol.

known whether both modules are required for binding.

A sequence alignment of the two module pairs was performed using  There is also evidence for the importance of multiple

the program PILEUP (Genetics Computer Group Inc.).

NOE for homologous residues in the two module pairs. In

binding sites in*5F1 in matrix assembly7), bacterial
binding (L3), and heparin bindingl§). Studies using circular
dichroism and fluorescence anisotropy indicated that heparin

addition, in the previous study the HSQC peak of Ser45 (nearbinding causes changes in conformation and flexibility of
the4F1 C-terminus) was not assigned, and thus an NOE valuethe N-terminal domain45, 46). Although the nature of this

was not available for this residue.

The results of the NOE experiments are consistent with
the calculated structures of tAE1?F1 and*F1°F1 module
pairs. As mentioned above, ifF15F1 (11) Arg46, the
C-terminal residue ofF1, as well as being constrained by
NOEs to the adjacent-strand of“F1, is close to the DE
turn of °F1, forming part of the intermodule interface. Asn47
is the N-terminal residue 6F1 and is restrained (as in other
F1 modules) by NOEs to the BC turn 8F1 and is also
close to the DE turni1). In the>N-{*H} heteronuclear NOE
experiment, there is no evidence of increased flexibility
(lower heteronuclear NOE value) for residues Arg46 and
Asn47 when compared with-sheet residues (Figure 6). In
contrast, intF12F1, there are no short- or long-range NOEs

conformational change has yet to be identified, a flexible
F1?F1 linker may allow the sites ifF1 (Arg52) and?F1
(Arg99) to bind to heparin simultaneously. Similarly, the
other interactions involving multiple binding sites in the
N-terminal domain may rely on a combination of well-
defined intermodule interfaces such as 4R1°F1 and
intermodule flexibility as observed here #/1?F1, which
would allow a new intermodule orientation to be adopted
on ligand binding. Such variation in intermodule interactions
may be another evolutionary variable that allows the forma-
tion of a wide range of binding sites in fibronectin and other
mosaic proteins, from relatively few basic module folds.
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