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ABSTRACT. The lonelF22F2 modular pair of fibronectin is found in the collagen-binding region. This
exclusive localization suggests thE2?F2 pair plays an important role in the recognition of collagen.
However, no information is currently available about the interaction between the two F2 modules and,
thus, the orientation of their putative collagen-binding sites with respect to one another. Comparison of
a variety of high-resolution NMR parameters from the F2 modules in isolation andF2Ae2 pair was

used to establish the extent of interaction between the F2 modules in the pair. Chemical shifts of the F2
modules and thé&F22F2 pair indicate that the structures of the modules are preserved in the pair and that,
with the exception of the covalent linkage, they do not intefatNMR relaxation data identify significant
motion occurring in the linker region of tHE2?F2 pair, and analyses of the anisotropic diffusion properties

of the IF2°F2 pair are consistent with the modules in the F2 pair tumbling independent of one another.

Fibronectin is an extracellular glycoprotein, found as both has been shown to comprise the sequential array of modules
a soluble dimer in plasma and an insoluble component of SF1'F22F2'F18F1°F1 (4, 5). Attempts to further localize this
the extracellular matrix1). Its roles encompass a variety of binding site have yielded conflicting resul&<10). Not all
physiological events such as embryogenesis, wound healingthe proteolytic fragments containing the F2 modules were
cell migration, and the maintenance of tissue integrity. found to bind gelatin, but the exclusive localization of the
Fibronectin is a mosaic protein composed almost entirely of two F2 modules to this region implicates these modules in
three types of modules: F1F2, and F3 2, 3). These gelatin binding. The existence of F2 modules in other gelatin-
modules are organized into functional domains, which allow binding proteins, such as the matrix metalloproteinases
the native protein to display a wide array of specific ligand- (MMP) 2 and 9, provides further evidence for the involve-
binding sites across its entire length. An understanding of ment of F2 modules in gelatin bindind.X). Furthermore,
how these modules associate with one another, to formrecombinant expression of F2 modules from these MMPs
various binding surfaces, has significant implications for has produced fragments with high affinity for gelaté) 12,
many aspects of extracellular matrix biology. 13), whereas recombinant MMP lacking F2 modules was

One important interaction in the extracellular matrix is that found to lack gelatin-binding activityl@, 15).
between fibronectin and collagen. The collagen-binding  Solution structures of the F2 modules PDC-109b from
region has been localized, on the basis of its affinity for either PDC-109 (6), the 'F2 (17) and ?F2 (18) modules from
heat-denatured collagen (gelatin) or isolated collagen fibronectin, and théF2 module from MMP219) have been
chains, to a 42 kDa proteolytic fragment of fibronectin. It determined by high-resolution nuclear magnetic resonance

(NMR). The consensus topology consists of two double-
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spatial arrangement and about how they interact with and a 2D*H—'H NOESY spectrum (125 ms mixing time)
collagen. Modeling studies of tHE2?F2 pair from fibronec- (32) were acquired on unlabeledF2’F2 at 17.6 T with
tin suggested that the two modules do not interact tightly acquisition times of 256.0 ms taand 42.0 ms ity; a three-
and have no preferred orientation with respect to one anotherdimensional (3D)*N-edited TOCSY-HSQC spectrum (42
(18). This observation precluded the notion of a continuous ms mixing time) 83) and a 3D**N-edited NOESY-HSQC
collagen-binding sitel(8); however, experimental evidence spectrum (125 ms mixing timeB8) were collected at 11.7
regarding the nature of the interface of #i¥@2F2 pair from T with acquisition times of 20.0 ms i3 (*H), 30.7 ms int;
fibronectin has not yet been obtained. (**N), and 51.2 ms irtz (*H). *H—"N HSQC spectral9)
New NMR techniques have recently been employed to acquired on the isolated F2 modules and#H&F2 pair were
provide information about long-range order in multidomain collected at 11.7 T with acquisition times of 128.0 mgn
proteins. These methods include the use of magnetically ("H) and 130.0 ms i (**N).
oriented dilute liquid crystalline medi2{, 22), magnetically N Ty, N T, and{'H} —"*N NOE data were measured
aligned molecules2@, 24), and the dependency dfN at 11.7 T with acquisition times of 117.0 mstin(*>N) and
relaxation on anisotropic diffusior26—27). All of these 128.0 ms irt; (*H) using previously described methodsl.
methods rely on a defined global coordinate system, but the Transverse relaxation time constan®)(were measured
effects of averaging of the global axis system, caused by using a spir-echo sequence with a CPMG delay of 520
interdomain motion, are not well understood. Dipolar and chemical shift anisotropy (CSA) cross correlation
Comparison of NMR-derived structural and dynamic Was removed by application of proton T80ulses every 5
information of isolated modules with multimodule fragments MS (T) and in the middle of the basic CPMG block]
provides an elegant method for probing the extent of (35, 36). Inaqcurames il measurements assoma_ted with
module-module interactions. In this work, we use chemical Sample heating were reduced by including a train'<f
shift and backbone relaxation rate information, derived from réfocusing pulses and delays trailing the pulse sequence such
the isolatedF2 and?F2 modules as well as tHE22F2 pair, that the total _number of refo_cusing pulses was the same in
to study the extent to which these two modules interact. Our 88Tz experiment 7). Heating was assessed by compari-
results suggest that the structures of the F2 modules ares0n of the H and*N chemical shift changes in tffe spectra
essentially unchanged when covalently linked to one anotherWith the minimum and maximum number 8N refocusing
and that théF22F2 pair lacks a well-defined interface; this Pulses. Provided each experiment was preceded by 15 min
allows them to tumble essentially independently of one Of dummy scans, peak intensities could be reproduced

another. reliably. Each series of; and T, measurements consisted
of eight autocorrelation spectra with increasifly relaxation
EXPERIMENTAL PROCEDURES delays, including one repeat experiment. Delays were chosen
to sample approximately the whole intensity decays, with
Protein Expression and Purificatiotunlabeled and uni-  the largest delay being at least 1.5 times the average

formly *N-labeled'F2?F2 module pairs, corresponding to relaxation time constant.
residues 315374 of mature human fibronectin, were Pairs of'H-detected *H} —1°N heteronuclear NOE experi-
produced by recombinant expression from the methylotrophic ments with and without NOE were carried out using the
yeast Pichia pastorisas outlined by Bright et al.2g). above acquisition parameterdd saturation in the NOE
Purification of the recombinant protein followed the proce- experiment was effected by means of a train of °12ip-
dures used for thé2 module 17) with two additional steps  angle pulses at 10 ms intervals for 2.5 s. The data sets used
preceding the final reversed-phase HPLC step. An affinity for the analysis were acquired using 1.2 mM samples.
chromatography step on gelatin-Sepharose 4B (AmershamControl spectra of théN Ty, 5N T, and{H} —5N NOE
Pharmacia Biotech) was followed by cleavage of the high- were also collected on 0.6 mM samples, to ensure that
mannose sugar on t#&2 module using endoglycosidase aggregation was not affecting the relaxation time constants.
Hr (New England Biolabs), leaving a singh-acetylglu- Homonuclear HOHAHA and NOESY spectra were pro-
cosamine (GIcNAc) attached to residue Asn85. Uniformly cessed as described previously)( The 3D TOCSY-HSQC
*N-labeled'F2 and’F2 were expressed as described above and NOESY-HSQC data were processed using a linear
and purified as reported previously7 18). prediction int; from 96 to 128 points, prior to apodization,
NMR Spectroscopy and Data Analyf\VIR samples of using a LorentzianGaussian function i, and a Kaiser
unlabeled'F22F2 contained 1.0 mM protein in 0.6 mL of function int; andts. The!N Ty, >N T,, and{*H} —'°N NOE
100% DO (pH* 6.0), and samples of uniformly labeled data were processed with mild resolution enhancement to
[**N]*F2, [°N]2F2, and [°N]F2°F2 contained 1.2 mM  optimize resolution while maintaining a good signal-to-noise
protein in 0.6 mL of a 90% kD/10% D,O mixture at pH ratio using Felix 2.3 (Biosym, Inc., San Diego, CA).
6.0. All NMR spectra were recorded on home-built GE- Overlapped resonances in thal Ty, 1N T,, and{*H} —°N
Omega spectrometers fitted with triaxial gradient, triple- NOE spectra were not analyzed in det&ilandT, relaxation
resonance probes. Pulsed field gradients were employed fottime constants were determined by least-squares fits of the
coherence selection and water suppress2®h (N decou- resonance intensities to the two-parameter exponential decay.
pling during acquisition was carried out using a 833 Hz Errors were determined from the standard deviations of
GARP1 decoupling field30). Experiments were carried out  differences in the peak intensities in the spectra, which were
at 25°C. For the assignment of tAE2?F2 module pair, the  recorded in duplicate38). The heteronuclear NOE effect
following spectra were acquired. A two-dimensional (2D) was calculated as the ratio of resonance intensities in the
IH—H Hartmanr-Hahn (HOHAHA) spectrum (42 ms  spectra recorded with and without the NOE. Errors in the
mixing time) 31), with a 7 kHz DIPSI2 mixing sequence, heteronuclear NOE were estimated from the signal-to-noise
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Ficure 1: Chemical shift comparison of isolated F2 modules withF#ZF2 pair. (A)*H—1N HSQC spectrum of 1.2 mNF22F2 at pH

6.0 and 25°C recorded at 11.7 T. Backbone amide proton resonances are labeled with the one-letter amino acid code followed by the
position in the sequence. Assigned Ndide chain resonances are connected by lines, and the corresponding assignments are in parentheses.
Gray peaks are folded resonances. (B) ThecHemical shift difference between the F2 modules in isolation and iARE&2 pair. (C)

The >N chemical shift difference between the F2 modules in isolation and iAREE2 pair.

ratio of each spectrum. by using theF test and by calculation of the probabili§y
Modeling of Relaxation DataThe values of the!®>N of obtaining a giverF value by chance4d).

relaxation time rate constants were derived assuming dipolar

and CSA relaxation using the usual fundamental constantsRESULTS AND DISCUSSION

together with 1.02 A for the NH bond length. The chemical Resonance Assignment of tHe2?F2 Module Pair and

shift anisotropy was assumed to b&70 ppm and t0 be  comparison with*F2 and 2F2. Backbone amide chemical

collinear with the dlpola_r tensoB@). The principal qxer, shift assignments of th&F22F2 pair were obtained using

Dy, andD; of the diffusion tensoD were determined by sequentiald,y and dyy connectivities from arisN-edited

global least-squares fits of thig/T, ratios derived from the NOESY-HSQC spectrum. AH—15N HSQC spectrum of the

spectral density functions of a diffusing particle to the 1io2Fs> modular pair is shown in Figure 1A with 110 of the

experimental valuesi0—42). Three models were testeq: 4 114 expected backbone amide protonVYHesonances

sphere Dx = Dy = D, D = (Dx + Dy + D;)/3], a symmetric  jqengified. In addition, seven of the possible 18 pairs of side

top [Dy = D,, andDp = (Dx + Dy)/2], and a fully asymmetric  chain H resonances were assigned unambiguously as were

tensor Dx = Dy = D) (43). _ _the resonances corresponding to the side chain of ASn85
_ In_ the case of a symmetric top, the spectral density function 54 the B of the Asn85-N-linked GIcNAc carbohydrate.
is given by Of the eight residues not observed in the spectrum, four were
o123 proline residues (Prol4, Prol8, Pro78, and Prol17), while
Jw) = Z AlT (1 + wZTKZ)] Alal, Val2, G_In35, and Arg95 all appea}re.d to undergo fast
exchange with solvent at pH 6.0. Similar results were

whereA; = (1.5 cod 6 — 0.5P, A, = 3 sir? 6 cog 6, and observed for the F2 modules in isolation, with Vall and Leu2

As = 0.75 sit 6, and correlation times; = 6Dy %, 7, = of the 2F2 mod_ule also undergo!ng fast solvent exchange.

(Dy + 5Dp)~%, andrs = (4Dy + 2Dp)~L The analysis was The speqtrum is weII—resoIved.\{wth only a small number of

performed with the program modelfree4 (kindly provided overlapping resonances. Specifically, the resonances of GIn4

by A. G. Palmer, Ill, Columbia University, New York, NY) ~ and Glu92, Arg34 and Arg94, Thr57 and Phe115, and Cys56

and programs written in house. The diffusion tensors were @nd His84 had degenerate amide proton and nitrogen

estimated by minimizing?2 in a grid search method followed ~chemical shifts. The backbone'tthemical shifts of Ser42

by least-squares fitting: and Gly102 are shlf.teq upflgld, identical to those Qbserved
for the F2 modules in isolatiorl{, 18), and can attributed

to ring current effects caused by proximal aromatic side

i
x= Z{ (Tl To)eare — (Toil To)opd 0%} chains (Phel9 and Phe79) found in the core of the individual
F2 modules.
whereg; is the experimental uncertainty of tie/T, ratio Since chemical shift is very sensitive to changes in the

of each included residue. Model comparisons were performedlocal environment, it can be used extensively to monitor
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Ficure 2: Backbonel®N relaxation rates for the isolated F2
modules and th&~22F2 module pair measured at 11.7Tp.vs Ty

plot of (A) the 56 residues from tH&2 module, (B) the 53 residues
from the 2F2 module, and (C) the 99 residues from @&ke2F2
module pair. Outlying residues are labeled appropriately. The
continuous lines are calculatdd and T, values as a function of
correlation time and the order parametg&t, using the isotropic
Lipari—Szabo model58). Curves with values of? equaling 0.5,

0.6, 0.7, 0.8, 0.9, and 1.0 are shown with the highest and lowest
values labeled accordingly.

protein—protein interactions. Comparison of the backbone
HN and*>N chemical shifts of théF22F2 pair with those of
the isolatedF2 and?F2 modules (panels B and C of Figure
1, respectively) indicate, with the exception of Thr60 at the
C-terminus of the/F2 module and Val3 at the N-terminus
of the 2F2 module, an absence of significant chemical shift
differences. The chemical shift differences observed for

Biochemistry, Vol. 39, No. 29, 2008377

{'H}-"*N NOE

T

50
residue
Ficure 3: {!H}—1N NOE for the isolated F2 modules and the
1F22F2 module pair. The data féF2 and?F2 are represented by
filled squares and filled diamonds, respectively. The data for the
1IF22F2 module pair are represented by open circles. The secondary
structure elements are depicted above the data with arrows
representings-strands, open boxes as helices, and thin lines as loop
structures. Th¢-strands are labeled-AD in the 1F2 module and
A’'—D' in the?F2 module. The positions of the linker and the loops
comprising residues 3439 in thelF2 (termed the CD loop) and
2F2 (termed the CDloop) modules are indicated.

Thr60 and Val3 are expected to arise because of a change
in the covalent peptide linkage between Thr60'%e2 and
Vall of 2F2. The absence of chemical shift changes for the
remainder of the residues in the F2 modules suggests that
backbone conformations of the two modules in the pair are
not perturbed and that there is no apparent long-range
interaction between th&F2 and?F2 modules in the pair.
Analogous observations have been made in studies of the
Abl SH(32) module pair45) and an immunoglobulin-like
module pair from titin 46). In contrast to these results,
chemical shift changes were observed in other fibronectin
module pairs, where modutenodule interactions have been
identified. In the’F1'F2 pair of fibronectin, a large backbone
chemical shift change, in Ser69 of tHe&2 module, is induced

by the presence of the precedifigl module 47), while
residues oft%F3 at the interface of th&3'°F3 module pair

of fibronectin display changes in chemical shift when
compared td%3 in isolation 48).

The *N-edited 3D NOESY-HSQC and homonuclear 2D
NOESY spectra allowed for the complete assignment of side
chain resonances of tH&2?F2 pair and the assignment of
>95% of short-, medium-, and long-range NOEs. All NOEs
previously observed in the two isolated F2 modulEg (.8)
were identified, indicating that the structures of the two
modules have not been significantly altered by the covalent
linkage of a second F2 module. In addition, no linker
module NOEs or modutemodule NOEs could be identified
during the assignment procedure. In contrast, more than 40
linker—module and four modutemodule NOEs were identi-
fied in the®F3'°F3 module pair which displayed an extended
structure with some flexibility at the modular interfacky.

The absence of chemical shift perturbation and the lack of
intermodule NOEs in th&2F2 module pair, in conjunction
with the flexibility observed in théF3'°3 module interface
where a number of linker NOEs have been identified,
strongly suggest that a stable interface is not formed between
the F2 module pair.
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FiGURE 4: Dependence of theT{/T,)~! ratios on the angl® between the NH bond vector and the unique axis of the diffusion tensor.

Diffusion anisotropy of (A)'F2 in isolation, (B)2F2 in isolation, (C)F2 (bold) in thelF22F2 pair, and (D¥F2 (bold) in the!F22F2 pair.
The straight line is obtained by linear regression, and the slope is a linear function of the axial ratio of the diffusion tensor.

Relaxation DataTo further characterize the mobility of and Thr44 from isolate@F2 are smaller than predicted by
the two modules in théF22F2 pair, longitudinal®N T; and overall diffusion (Figure 2A,B), implying that these residues
transversé®N T, relaxation time constants and the steady- undergo chemical exchange. In the pair, the same residues
state {*H} —'>N NOE were measured at 11.7 T for the exhibit depressed, values (Figure 2C). In addition, Val61
isolated!F2 and?F2 modules and th&#22F2 module pair. and Leu62 in the linker region exhibit larger than average
Reliable quantitation of peak intensities was possible for 56 T; and T, values (520 and 129 ms, and 536 and 124 ms,

of the expected 57 M backbone resonances in tRE2 respectively) indicative of increased mobility compared to
module, 53 of the expected 56'Hbackbone resonances in  residues in the core region of the F2 modules.

the 2F2 module, and 99 of the expected 11% backbone The{*H} —1*N NOE values for the F2 modules in isolation
resonances in th8#22F2 module pair. and the'F2’F2 pair are plotted in Figure 3. The average

The experimental; andT, values are plotted against one values (0.647 fotF2, 0.675 forPF2, and 0.730 fotF22F2),
another in Figure 2 for the two F2 modules and the F2 derived using residues in regions with secondary structure,
module pair. The averagg andT, values for'F2,2F2, and imply that the modules are well-ordered. Further, the average
IF2?F2 are 373 and 198 ms, 370 and 193 ms, and 461 and{'H} —>N NOE values for each F2 module in the pair are
103 ms, respectively. Measurements of relaxation time the same, within experimental error, indicating that their
constants on aF2?F2 sample with half the concentration high-frequency dynamic behavior is similar. Significantly
yielded results very similar to those for the 1.2 mM sample, reduced NOEs are observed for residues in the N- and
suggesting that unspecific aggregation is insignificant. Very C-termini of'F2 (Val3—Thr5 and Asp58-Thr60),%F2 (Val3,
little deviation from the above average values is seen for all GIn4, Met58, and Ala59), an#F2?F2 (Val3, Met118, and
three molecules, suggesting that, in each case, the relaxatio\la119). Reduced values were also found for the loop region
properties of the molecule are governed by the overall betweens-strands C and D comprising residues-39 in
diffusion tensor. A small number of residues at the N- and the 'F2 (CD loop) anc’F2 (CD' loop) modules. The same
C-termini of 'F2 (Thr3 and Thr60)?F2 (Val3 and Met58), trend is also observed in tAE22F2 pair, showing that these
and!F2’F2 (Thr3 and Met118) were found to have smaller loops maintain their mobility in each F2 partner. A significant
T,4/T, ratios, indicating increased mobility in these regions. reduction in NOE values is also noted for residues Met58,
These observations are consistent with those previously seetval61, and Leu62 in the linker region of tHE2?F2 pair,
for mobile loops and tails of a variety of other protei2$,( indicating the presence of sub-nanosecond time scale motion
50-53). TheT, values of Ser45 from isolaté&2 and Asn1ll  for these residues. These results, which suggest a mobile
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Table 1: Diffusion Parameters féF2, 2F2, and'F22F2

(6D)* 2D.4(Dxx + Dyy) DxdDyy 0P o° Yo %2 Qr° QF°
k2
isotropic 3.32 39.7
axially symmetric
prolate! 3.39 1.31 78 56 24.4
oblate 3.43 0.73 69 146 21.8 581072
asymmetric 3.40 0.71 0.78 57 142 -2 18.3 0.66
2F2
isotropic 3.47 22.2
axially symmetric
prolate 3.44 1.20 60 —-23 15.6
oblate 3.33 0.67 26 166 11.1 18102
asymmetric 3.37 0.65 0.92 25 174 76 10.0 0.86
1F2 in the'F2’F2 pair
isotropic 7.11 73.8
axially symmetric
prolate 7.33 1.84 10 45 31.6
oblate 7.13 0.73 81 107 24.0 241072
asymmetric 7.12 0.67 1.37 97 90 7 20.8 0.76
2F2 in the'F22F2 pair
isotropic 7.22 14.9
axially symmetric
prolate! 7.33 112 —24 40 12.7
oblate 7.44 0.85 97 157 10.6 0.39
asymmetric 7.47 0.83 0.91 98 154 —46 10.4 0.99

aparameters were obtained by fitting experimentdll, values to the averaged minimized structures’kf and?F2.° Euler angles of the
principle axes of the diffusion tensor in the principal axis frame a common molecular ff&@nevas calculated for the comparison of the isotropic
and axially symmetric model€, was calculated for the comparison of the axially asymmetric (oblate) and asymmetric nideedsvere carried
out assuming a prolate [2/(Dx + Dyy) > 1.0] or an oblate [P./(Dx + Dyy) < 1.0] diffusion tensor.

linker region in the'F22F2 pair, are consistent with results 4 and summarized in Table 1. As expected from the average
observed for linker regions in a number of proteins, where T, andT, values, the isotropic correlation times of the isolated
few or no intermodule NOEs were observed, including F2 (t, = 3.3 ns) andF2 (t,, = 3.4 ns) modules are typical
calmodulin 60) and the'F12F1 (54) and®F1'F2 (55) module of small globular 6.8 kDa protein$6€). Inspection of the
pairs of fibronectin. Unlike calmodulin, the short five-residue  Q, values in Table 1 shows that incorporation of anisotropic
linker would initially suggest limited flexibility between the  diffusion yields significantly better interpretation of the data
two F2 modules, as seen for tAE3'%F3 module pair 49). for axially symmetric diffusion tensors. As can be seen from
However, a previous conformational search study on the the largeQ, values, however, extension of the interpretation
'F2%F2 module pair using rigid F2 modules with an uncon- o a fully asymmetric model does not yield significant
strained linker showed that the relative orientation of one jmprovement. Within the axially symmetric model, the oblate

F2 module is only limited by the excluded volume of its gjffusion tensors consistently fitted the data better than the
respective partnerl). The absence of linkermodule and prolate, suggesting that the F2 modules resemble a disk-

module-module NOEs supports the conformational search ji s conformation rather than a cigar-like shape, which was
study and suggests that the residues in the linker are not

) o : _ observed for théF3'%3 module pair of mouse fibronectin
constrained to a specific conformation, allowing the modules (49). The axial ratios between the unique axes and the two
to explore a wide range intermodule orientations. )

Estimation of Rotational Diffusion Tensors and Rotational degenerate axes in the isolat@ anc’F2 modules are 0.73

: . . and 0.67, respectively. &# denotes the angle of the NH bond
Correlation TimesThe degree of coupling between the two ; . . e
. . . . : vector with the unique axis of the diffusion tensor, then for
F2 modules in théF2’F2 pair was investigated by comparing blate diffusion t ts theT,)* ratios t
the diffusion anisotropies of the F2 modules in isolation with " 0P'ate dilfusion tensor one expects To) ' ratios to

those in thé'F2°F2 module pair in a fashion similar to that be Iargelr forfsrr]naIB va!ues andfsma_ller vﬂg@nis eql_Jalldto
of Fushman et al. A7). The T; and T, relaxation time 90°. A plot of these ratios as a function of sifi (49) yields

constants of the isolated F2 modules and those of the@ Straight line with a negative slope as seen in Figure 4. In
IF2F2 pair were analyzed using an isotropic, axially the case of théFZ module, th(_a angles are well sampled.,
symmetric and fully asymmetric diffusion tensor. Since Making the estimate of the anisotropy more robust than in
analysis of the chemical shifts indicated that the structures the case of théF2, where there are fewer residues at small
of the F2 modules were not significantly altered upon angles (Figure 4B). However, incorporation of additional
covalent linkage with the respective partner, the averageresidues, from secondary structure elements uniqu&2o
minimized structures of the individual F2 modulds,(18) in the fit, improved the sampling of the angles and decreased
were used to fit the relaxation data of the module in isolation the axial ratio from 0.67 to 0.83 without changing the
and in the pair. The analysis was performed on a common orientation of the diffusion tensor. Accordingly, the results
set of residues located in secondary structure and withdo not critically depend on the choice of data set. Hence,
angular order parameters of the backbone dihedral afigle the relaxation data of the isolated F2 modules suggest that
of >0.94, namely-strands A-D, with the exception of  both molecules have oblate diffusion tensors. This is in good
Leu39, Trp40, and Alal09. The results are shown in Figure agreement with their overall pancake-like shape (Figure 5).
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urokinase-type plasminogen activat&l), and the HIV-1
nucleocapsid protein5@) all showed that their respective
domains had different intrinsic rotational correlation times.
More detailed analysis of the relaxation data'fe? revealed
that the diffusion tensor of this module is oblate with the
same axial ratio as the sindle2 module (Table 1 and Figure
4). In the case ofF2, the data indicate a similar trend; the
significance levels for the anisotropic interpretation are,
however, not as high. While an oblate diffusion tensor with
an axial ratio of 0.85 fits the relaxation data#%2 in the
pair better than a prolate or an isotropic model, there remains
a 40% probability that the improvement over the isotropic
model was obtained by chance (Table 1). In this analysis,
the axial ratios of théF2 module, in isolation and as part of
the pair, are found to be different. However, this apparent
difference is removed by better sampling of the angles with
respect to the unique axis in the isolat&® module (see
above).

Comparisons of orientations of the unique axBg) (of
the diffusion tensors with respect to a common molecular
frame of the respective modules are shown in Figure 5. The
unique axesl;) of both modules are reoriented to some
extent in the presence of their respective partner (red to green
arrows in Figure 5). The azimuthlp) and polar anglef)
change by about 20and 12 and by 9 and 62 in *F2 and
°F2, respectively (Table 1 and Figure 5). Hence, the principal
axes D; and D) of the diffusion tensors for the isolated
modules and those of the diffusion tensors in the pair do
not align. If one were to assume a single diffusion tensor
for the'F22F2 pair, implying a well-defined modulemodule
orientation, the axial ratio of this diffusion tensor would, in
general, be different from the axial ratios of the individual
diffusion tensors. However, the relaxation data show that
the axial ratios of the principal axes of the diffusion tensors
remain the same (Table 5). Accordingly, we interpret the
observation that the axial ratios of the diffusion tensors of
the F2 modules remain unchanged in the presence of their
FIGURE 5: Representation of the unique ax&g) of the diffusion .respectlv_e partniers as an indication that motional averaging
tensors in a common molecular frame superimposed on the ribbon'S OCCUITNg between the two modules.
diagrams for residues-37 of the respective modules. Unique axes The comparisons of NMR-derived parameters from iso-
(D)) of the diffusion tensors of (A) théF2 module in isolation lated F2 modules with those from tAE22F2 module pair

and in the pair and (B) th&#2 module in isolation and in the pair . L
are shown as red and green arrows, respectively. The approximatéwve thus established that the pair is uncoupled. Lack of

shapes of the molecules are depicted as dotted ellipgbiisands specific module-module association in thi&22F2 pair has
are shown as cyan arrows, and the helical turn is colored red. Thebeen shown by lack of chemical shift changes, the absence

N- and C-termini are labeled N and C, respectively, and the axes of linker—module and modulemodule NOEs, and diffusion
of the inertia framex, y, and z, respectively. The figure was anisotropy analysis 0N relaxation measurements.

produced using MolMol %9).
The extent of modulemodule interactions in fibronectin

The relaxation time constants of tAE2’F2 pair were has been shown to have significant biological implications.
analyzed for each module individually. The diffusion proper- For example, while some flexibility is present at the interface
ties of 'F2 and?F2 in the pair were obtained by fitting  of the °F3'%3 module pair, interactions restrict the relative
diffusion tensors to the relaxation time constants of the orientations of the modules and thereby enhance the cell
respective modules (Table 1). The isotropic correlation times attachment activity of the module paidg& 49, 57). In
of IF2 and?F2 in the pair are 7.1 and 7.2 ns, respectively. contrast, a biological implication of the uncoupled nature of
Together with the absence of significant differences in the the F2 modules is that a well-structured interaction surface
heteronuclear NOEs (see above), the data suggest that botfor collagen does not exist in this isolated fibronectin
their high- and low-frequency behavior are very similar. fragment. This may allow fibronectin to adapt the collagen-
Furthermore, the correlation times are essentially the sumsbinding surfaces of the F2 modules to the collagen recogni-
of the correlation times of the isolated modules, as expectedtion sites. Alternatively, the presence of additional fibronectin
for a molecule with twice the mass of the isolated modules. modules in the intact protein may stabilize a preferred
In contrast, studies on the two-domain molecules calcium- orientation of the F2 modules, generating a well-defined
bound calmodulin§0), the amino-terminal fragment of the recognition site for collagen. To address this question, larger
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fibronectin fragments are currently being studied in our

laboratory.
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