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Abstract

The structure of a pair of modules (6F11F2), that forms part of the collagen-binding region of fibronectin, is refined
using heteronuclear relaxation data. A structure of the pair was previously derived from1H-1H NOE and3JHαHN
data [Bocquier et al. (1999)Structure, 7, 1451–1460] and a weak module–module interface, comprising Leu19
and Leu28, in6F1, and Tyr68 in2F1, was identified. In this study, the definition of the average relative orientation
of the two modules is improved using the dependence of15N relaxation on rotational diffusion anisotropy. This
structure refinement is based on the selection of a subset of structures from sets calculated with NOE and3JHαHN
data alone, using the quality of the fits to the relaxation data as the selection criterion. This simple approach is
compared to a refinement strategy where15N relaxation data are included in the force field as additional restraints
[Tjandra et al. (1997)Nat. Struct. Biol., 4, 443–449].

Introduction

Fibronectin is an extracellular glycoprotein, that exists
both as a soluble dimer in plasma and as an insol-
uble component of the extracellular matrix (Hynes,
1990). It is involved in a number of important physio-
logical events such as embryogenesis, wound healing,
haemostasis and thrombosis. It is almost exclusively
composed of three types of modules: F1, F2 and F3
(for a review, see Potts and Campbell, 1996). Com-
binations of the different modules allow fibronectin to
present a variety of specific binding sites and functions
that are distributed over the entire molecule. Differ-
ent biological activities have been ascribed to different
regions using a fragmentation approach.

Collagen plays an important role in the interaction
between cells and extracellular matrix. Fibronectin
binding to collagen has been localised to a 42 kDa
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region of fibronectin that is composed of the follow-
ing six modules:6F11F22F27F18F19F1 (Hahn et al.,
1979; Forastieri et al., 1985; Guidry et al., 1990).
Attempts to further localise the binding region have
given conflicting results. Gelatin (denatured collagen)
binding affinity has been reported for the follow-
ing fragments:2F27F1 (Owens et al., 1986; Litvi-
novich et al., 1991),1F2 and1F22F2 (Bányai et al.,
1990),6F11F2 and8F19F1 (Ingham et al., 1989) and
6F11F22F27F1 (Skorstengaard et al., 1994) with the
1F2 module a key region of interaction (Bányai et al.,
1991). A calorimetric study suggested that, within the
collagen-binding region,6F1 and7F1 interact with
each other (Litvinovich et al., 1991). Taken together,
these observations suggest that the spatial arrangement
of individual modules in the collagen-binding domain
is crucial for the presentation of a collagen binding
site. Since the structure determination of individual
modules has elucidated potential interaction surfaces
(Pickford et al., 1997), the study of larger fragments is
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required to obtain information regarding their spatial
arrangement.

The6F11F2 is the first module pair in the collagen-
binding domain. The tertiary structure shown in
Figure 1 has recently been determined by multi-
dimensional NMR spectroscopy in our laboratory
(Bocquier et al., 1999). While the structures of the
individual modules6F1 and1F2 were well defined,
only a small number of inter-module NOE restraints
were obtained between Leu19 and Tyr68, and Leu28
and Tyr68, resulting in a large number of possible
orientations of one module relative to the other.

Structure determination of macromolecules usu-
ally relies on the collection of close inter-proton dis-
tances (Wüthrich, 1986). However, in cases such as
the6F11F2 module pair, where the macromolecule of
interest consists of multiple domains with a limited
number of observed inter-domain NOEs, the structure
can be significantly underdetermined. This problem
can be alleviated by using NMR parameters that de-
pend on a global co-ordinate system and therefore pro-
vide relatively long-range structural information. Such
approaches include the use of the dependence of15N
relaxation on rotational diffusion anisotropy (Tjandra
et al., 1997a), partial alignment of the molecules,
caused either by an anisotropic magnetic susceptibil-
ity tensor (Tolman et al., 1995; Tjandra et al., 1997b)
or by a magnetically oriented dilute liquid crystalline
medium (Tjandra et al., 1997c).

Here we present the use of15N T1 andT2 relax-
ation to improve the definition of the relative orienta-
tion of the6F11F2 module pair. Two approaches were
taken: one was a simple selection method where, from
the family of structures calculated using only NOE
and coupling constant restraints, a subset was selected
on the basis of their fit to the relaxation data. In the
other approach15N T1/T2 ratios were incorporated
as harmonic restraints into the final structure refine-
ment protocol (Tjandra et al., 1997a). In addition, the
module–module interface was characterised by com-
parison of the backbone amide chemical shifts of1F2
in the presence and absence of the6F1 module.

Materials and methods

NMR data collection
The uniformly15N labelled6F11F2 module pair and
1F2 single module were produced as described previ-
ously (Pickford et al., 1997; Bocquier et al., 1999).
NMR measurements were carried out on 1.2 mM

samples in H2O/D2O (95/5%) at pH 6.0. All spectra
were collected at 298 K on a home-built spectrometer
operating at 599.8 MHz (1H frequency) using a tri-
axial gradient, triple-resonance probe. All experiments
were recorded in a phase-sensitive manner using the
States/TPPI method for quadrature detection in the
indirectly detected dimensions (Marion et al., 1989).

Comparison of the1H and15N chemical shifts of
the1F2 module in isolation and in the6F11F2 module
pair was carried out with gradient enhanced1H-15N
HSQC spectra (Bodenhausen and Ruben, 1980; Kay
et al., 1992a).

Two-dimensional {1H}- 15N heteronuclear NOE
experiments and a series of1H-15N correlation spectra
for the determination of15N T1 andT2 relaxation time
constants were acquired using previously described
methods incorporating pulsed field gradients for co-
herence pathway selection and water suppression (Kay
et al., 1989, 1992a; Farrow et al., 1994). The acquisi-
tion times were 128.0 ms and 318.3 ms int2 (1H) and
t1 (15N), respectively. During the acquisition time the
15N nuclei were decoupled with a 833 Hz GARP1 se-
quence (Shaka et al., 1985).1H saturation in the NOE
experiment was effected by means of a train of 120◦
flip-angle pulses at 10-ms intervals for 3.5 s. Trans-
verse relaxation time constants (T2) were measured
using a spin-echo sequence with a CPMG delay of
570µs. Dipolar and chemical shift anisotropy (CSA)
cross-correlation was removed by application of pro-
ton 180◦ pulses every 5 ms (T1) and in the middle of
the basic CPMG block (T2) (Boyd et al., 1990; Kay
et al., 1992b). Inaccuracies inT2 measurements asso-
ciated with sample heating were reduced by including
a train of15N refocusing pulses and delays trailing the
pulse sequence such that the total number of15N re-
focusing pulses was the same in eachT2 experiment
(Wang and Bax, 1993). Heating was assessed by com-
parison of the NH chemical shift changes ofT2 spectra
with the minimum and maximum number of15N re-
focusing pulses. The relaxation delays forT1 andT2
experiments were:T1: 20 (twice), 80, 140, 220, 340,
500, 700, 1000 ms andT2: 5.36 (twice), 16.08, 26.80,
42.88, 64.32, 96.48, 134.00, 187.60 ms.

The data were processed in FELIX 2.3 (Biosym,
Inc., San Diego, CA, U.S.A.) with mild resolution en-
hancement in both dimensions. The longitudinal,T1,
and transverse,T2, relaxation times were obtained by
least-square fits of the resonance intensities to two-
parameter exponential decays and the experimental er-
rors were estimated from the standard deviations of the
average intensity differences between repeated spec-



205

Figure 1. The structure of the6F11F2 module pair (Boquier et al., 1999). (A) Ribbon diagram of the average structure over the family of
55 calculated structures. The structure is characterised mainly by fiveβ-strands in the6F1 and four in the1F2 module which assemble into
anti-parallelβ-sheets. (B) Overlay of the family of 55 structures when superimposed on the backbone heavy atom of the1F2 module. Although
the structure of each module is well defined, there are relatively few inter-module NOEs so the relative module–module orientation is poorly
defined. Figures were generated in MOLMOL 2.6 (Koradi et al., 1996).

tra (Palmer et al., 1991). The errors of the {1H}- 15N
heteronuclear NOE were approximated from Monte
Carlo simulations using one standard deviation of
baseline noise (J. Jones, personal communication).

Interpretation of relaxation data

The values of the15N-relaxation times were derived
assuming dipolar and CSA relaxation using the usual
fundamental constants and 1.02 Å as the NH bond
length. The chemical shift anisotropy (CSA) was as-
sumed to be−170 ppm and to be co-linear with the
dipolar tensor (Tjandra et al., 1996). The principal
axesDx , Dy , Dz of the diffusion tensorD and its orien-
tation (θ, φ, ψ) in the inertia frame were obtained by
a global least-square fit of the spectral density func-
tions of theT1/T2 ratios to the experimental values
(Palmer et al., 1991; Mandel et al., 1995; Boyd and
Redfield, 1998). Three models were tested: a sphere
(Dx = Dy = Dz, D = (Dx + Dy + Dz)/3), a sym-
metric top (D‖ = Dz andD⊥ = (Dx + Dy)/2), and
a fully asymmetric tensorDx 6= Dy 6= Dz (Woess-
ner, 1962). In the absence of chemical exchange, the
spectral density of a symmetric topJ(ω) is given by:

J (ω) = 6k=1,2,3Ak[τk/(1+ ω2τ2
k)] (1)

with

A1 = (1.5 cos2 θ− 0.5)2 A2 = 3 sin2 θ cos2 θ

A3 = 0.75 sin4 θ

τ1 = (6D⊥)−1 τ2 = (D‖ + 5D⊥)−1

τ3 = (4D‖ + 2D⊥)−1

whereω is the resonance frequency, andθ is the angle
between the NH bond vector and the long axis, D‖, of
the diffusion tensor.

Estimation of the diffusion tensor and ranking of
structures
The isotropic correlation timeτm was estimated from
an averageT1/T2 value of the residues involved in the
secondary structure within the range of one standard
deviation. The residues used for the fitting were cho-
sen carefully to exclude residues that are affected by
either rapid or slow motion, or ones with ill-defined
local structure, as indicated by low angular order para-
meters of the backbone dihedral angles. Eventually all
the residues in secondary structure elements were used
for fitting, except His3, Met16, Trp18, Asn63, Gly64
and Leu80. Subsequently, each of the 55 previously
determined structures (Bocquier et al., 1999) was fit to
theT1/T2 ratios using an axially symmetric and a fully
asymmetric diffusion tensor with Modelfree4 (kindly
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provided by A.G. Palmer III, Columbia University),
and programs written in-house.

Once the appropriate diffusion model was estab-
lished, the structures were ranked according to their
χ2 value as defined by

χ2 = 6i [{(T1i/T2i )calc− (T1i/T2i)obs}2/σ2
i ] (2)

whereσi is the experimental uncertainty of theT1i /T2i
ratio of each residue that was included. The 55 struc-
tures of the family were ranked according to theirχ2,
and the best 15 structures (1st–15th with lowχ2),
the medium structures (21st–35th with mediumχ2),
and the poorest 15 structures (41st–55th with highχ2)
were selected and subjected to further analyses. Model
comparisons were performed by using theF-test and
calculation of the probabilityQ to obtain thisF by
chance (Press et al., 1990).

Structure refinement withT1/T2 restraints
Structure calculations were performed in X-PLOR
v3.8 (Brünger, 1992) including theT1/T2 refinement
routines (Tjandra et al., 1997a) kindly provided by
Prof. M. Clore (NIH, Bethesda, MD), and statistical
analysis of the structures was carried out using MOL-
MOL 2.6 (Koradi et al., 1996). Structure refinement
with T1/T2 restraints was achieved by minimising the
quadratic harmonic potential termEanis:

Eanis= kanis[(T1/T2)calc− (T1/T2)obs]2 (3)

wherekanis is a ‘force constant’, and (T1/T2)calc and
(T1/T2)obs are the calculated and observed values of
T1/T2, respectively (Tjandra et al., 1997a).

TheseT1/T2 restraints were incorporated into a re-
finement protocol, where 25 structures were refined
with energy minimisation ofEanis in addition to the
NOEs and dihedral angle restraints. The NOE force
constant was 50 kcal/mol/Å2 and the dihedral angle
force constant 200 kcal/mol/rad2. The temperature
was decreased during the calculation (30 ps) from
1500 K to 100 K. A total of 15 refined structures
was chosen on the basis of their low overall andEanis
energy.

Results and discussion

Chemical shift changes of the1F2 module in the
presence of the6F1 module
Since the chemical shift is sensitive to local envi-
ronment, changes in chemical shift are well suited
to study even weak association phenomena. Figure 2

Figure 2. Amide 1H and 15N chemical shift changes of the1F2
module caused by the presence of the6F1 module. (A) A region
of the 1H-15N HSQC spectra of the6F11F2 module pair (solid
lines) as compared to the1F2 module in isolation (dotted lines).
(B) The difference in chemical shift of the1F2 module in isolation
and in the6F11F2 pair. Residue numbers correspond to those of
the 6F11F2 module pair. A single measure for the shift difference
for each residue was obtained using the formula:1δ = [(11H)2

+ (γN/γH)(115N)2]1/2, where11H and115N are the observed
proton and nitrogen chemical shift difference andγH andγN their
respective gyromagnetic ratios.

shows the1H-15N HSQC spectra of the6F11F2 mod-
ule pair and the1F2 single module and the difference
of the amide15N and 1H chemical shift of the1F2
module measured in isolation and in the6F11F2 mod-
ule pair. Only a few residues show significant shift
changes due to the presence of the6F1 module, con-
firming that the structure of the1F2 module is not
significantly altered by the presence of6F1.

The backbone amide15N and 1H shifts of Ser69
are the only shifts that are significantly affected by the
presence of the preceding6F1 module. In addition, the
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Figure 3. 15N relaxation time constants of the6F11F2 module pair
at 60.78 MHz and 298 K along the amino acid sequence. The po-
sitions of theβ-strands are indicated by horizontal bars. (A)15N
longitudinal (T1) relaxation time constants. (B)15N transverse (T2)
relaxation time constants. (C) {1H}- 15N NOE.

H2O exchange rate of the amide protons in the vicin-
ity of Ser69 were reduced in the presence of the6F1
module (data not shown). Since Ser69 is located on
the edge of aβ-sheet in the isolated1F2 module, a
local structural change is the probable explanation for
the observed shift differences in the presence of the
6F1 module. This is consistent with the observation
of weak inter-module NOEs between Leu19, Leu28 in
6F1 and Try68 in1F2 contributing to the inter-module
interface (Bocquier et al., 1999).

15N heteronuclear relaxation
The heteronuclear relaxation data are shown in Fig-
ure 3. The15N T1, T2 relaxation time constants in
secondary structure regions have averages of 628.7 ms
and 94.8 ms with average errors of 12.2 and 2.6 ms,
respectively. The data show only small fluctuation for

Figure 4. 15N (T1/T2)−1 ratios of individual residues as a function
of the angleθ between the NH bond vector and the long axis of the
diffusion tensor (D‖). 6F1 (filled circle) and1F2 (open circle). (A)

Sin2 θ for the average structure. (B) Average and standard deviation
of sin2 θ for the family of 55 structures. The line represents a linear
best fit to the data. The diffusion anisotropyD‖/D⊥can be obtained
from its slope (Copíe et al., 1998).

all residues, except Asp99–Thr101 in the C-terminus,
which suggests that the modules are structured. This is
confirmed by high average values (0.67) of the {1H}–
15N NOE for residues in secondary structure elements.
Smaller NOEs are observed for residues in the N- and
C-termini and in the loop regions. Significantly re-
duced NOEs are seen for residues Thr41 to Glu45 in
the linker between the6F1 and1F2 module, indicat-
ing the presence of sub-ns time scale motion for these
residues. The lack of large chemical shift changes in
the interface and the fast motion of the linker residues
suggest some degree of flexibility between the mod-
ules. Comparison of the linker flexibility of module
pairs from fibronectin shows that the6F11F2 pair falls
into an intermediate range between the very flexible
fibronectin1F12F1 pair without discernible preferen-
tial module–module orientation (Potts et al., 1999)



208

and the tight module–module association seen in the
4F15F1 pair (Williams et al., 1994; Phan et al., 1996).
Hence, the flexibility of the linker region appears to
be correlated with the strength of the module–module
association.

Estimation of the rotational diffusion tensor
To provide a quantitative analysis of the rotational dif-
fusion properties of6F11F2, the relaxation data were
fit to the family of 55 structures (Bocquier et al., 1999)
assuming three different models: isotropic, axially
symmetric and fully asymmetric tumbling (Table 1).
A set of residues with well-defined NH bond vec-
tors andT1 andT2 relaxation times dominated by the
overall tumbling was chosen as described in Materials
and methods. Fitting of the diffusion tensors was car-
ried out using the data from the6F1 module, the1F2
module or the6F11F2 module pair (Table 1).

The isotropic correlation times of the individual
modules and the pair are almost the same, suggest-
ing that they can be analysed in a single diffusion
frame. The analyses of the data from the individual
modules indicate that the6F11F2 module has an oblate
diffusion tensor. This is best shown by the lowQ val-
ues of the oblate diffusion tensor for the1F2 module.
HigherQ values are observed for the6F1 module with
less significant improvements for any of the tested
anisotropic models. The higherQ values are due to
insufficient sampling of the NH bond vectors.

Using the data from both modules in the6F11F2
module pair, the axially symmetric and fully asym-
metric models show significant improvement of the
fitting compared to the isotropic model. Interestingly,
two minima were found in the symmetric top model.
One has an anisotropy of 1.14, corresponding to a
prolate, the other 0.85, indicative of an oblate diffu-
sion tensor. This underlines the importance to consider
both models (Blackledge et al., 1998). No signifi-
cant improvement was observed by further assuming
an asymmetric model. This is in agreement with the
observations thatDxx andDyy exhibit similar val-
ues (1: 0.96± 0.03), and the anisotropy,D‖/D⊥
(= 2Dzz/(Dxx +Dyy )), for both models was identical
(0.85± 0.02). Sinceχ2 was significantly lower in the
oblate model than in the prolate (prolate: 2.51± 0.20,
oblate: 1.78± 0.35), we concluded that the diffusion
tensor of the molecule is an oblate.

Using the previously determined orientations of
the diffusion tensors, the slope of (T1/T2)−1 against
sin2θ of the 55 structures (Copié et al., 1998), where
θ is the angle between the NH bond vector and the

main axis of diffusion tensorD‖, yielded a diffusion
anisotropy,D‖/D⊥, of 0.85, confirming that the mole-
cule can be subjected to theT1/T2 analysis (Figure 4).
Whereas almost all (T1/T2)−1 of the averaged structure
fall onto the theoretical line (Figure 4a), large devia-
tions are observed for each residue for a significant
number of structures from the family of 55 struc-
tures calculated on the basis of NOEs and coupling
constants (Figure 4b). This indicates that, while the
average structure agrees well with the15N relaxation
time constants, the NOE-based family does not neces-
sarily represent the most precise family of structures.
Consequently, structure determination is expected to
improve with inclusion of the15N relaxation restraints.

T1/T2 restraints in the structure determination

Selection method
Each member of the family of 55 structures (Boc-
quier et al., 1999) was fit to the experimentalT1/T2
ratios assuming an axially symmetric diffusion tensor
(oblate) and ranked according to theχ2 of the relax-
ation data (see Materials and methods). Three classes
were formed with 15 structures in each: the ‘best’
structures with lowestχ2 (i.e. the structures whose cal-
culated theoreticalT1/T2 agreed best with experimen-
tal T1/T2), the ‘medium’ structures with intermediate
χ2, and the ‘poorest’ structures, with highestχ2. Fig-
ure 5 shows the structures in each of the three classes
superimposed on the1F2 module. The statistics of the
structures, includingχ2 values and backbone RMSDs
of the individual modules when overlaid on either of
the three modules, are presented in Table 2. A sig-
nificant improvement in the definition of the relative
module–module orientation is observed, with an im-
proved fit to the relaxation data, i.e. a decreasingχ2

value. The subset of structures that agreed best with
T1/T2 data (lowχ2) showed better precision of the
average module–module orientation, as indicated by
lower backbone RMSDs of 6.47± 2.89 (for the1F2
when superimposed on the6F1) and 6.19± 2.80 Å
(for the6F1 when superimposed on the1F2), than the
subset of the medium fit structures (intermediateχ2)
with values of 10.04± 5.04 and 9.64± 4.74 Å, and
the poorest fit structures (highχ2) with 11.03± 5.13
and 9.82± 4.56 Å. It is important to note that the
structures in the three classes have comparable total
energy, NOE violations and have similar percentages
of residues in the allowed regions of the Ramachan-
dran plot. This shows that the selection on the basis of
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Figure 5. Selection of structures according to their agreement with the experimentalT1/T2 ratios. Each subset contains 156F11F2 structures
that are superimposed on the backbone heavy atoms of the1F2 module. (A) Structures that agreed best with the experimentalT1/T2 ratios (low
χ2). (B) Structures with an intermediateχ2. (C) Structures that agreed least with the experimentalT1/T2 (highχ2).

Table 2. Statistic of structures selected by fittingT1/T2
∗

A (best) B (medium) C (poorest)

χ2/N$ 1.41± 0.10 1.71± 0.05 2.17± 0.28

RMSD (Å)†

(a) 6.47± 2.89 10.04± 5.04 11.03± 5.13

(b) 1.35± 0.30 1.33± 0.35 1.33± 0.35

(c) 6.19± 2.80 9.64± 4.74 9.82± 4.56

(d) 1.19± 0.27 1.27± 0.34 1.17± 0.26

X-PLOR potential energies‡ 58.95± 8.03 57.73± 6.68 58.39± 11.72

NOE violations¶

> 0.3 Å 0 0 0

> 0.1 Å 2.9± 2.8 2.8± 1.5 2.7± 3.2

Structure quality #

% residues in generously allowed region

of Ramachandran plot 90.6 91.5 92.4

∗Averages and standard deviations of 15 structures are given.
$χ2 values per residue (N = 40).
†Four RMSD values are calculated for each group: Backbone RMSD of (a) the1F2 module and
(b) the6F1 module when overlaid with the6F1 moiety. RMSD of (c) the6F1 module and (d) the
1F2 module when superimposed with the1F2 moiety.
‡Total potential energy in kcal/mol.
¶Average numbers of violations per structure and standard deviations.
#The program PROCHECK (Laskowski et al., 1993) was used to check the quality of the
structures.



211

Table 3. Statistics of refined structures with or withoutT1/T2
∗

A B

(with T1/T2) (without T1/T2)

χ2/N$ 1.42± 0.15 1.80± 0.27

RMSD (Å)†

(a) 6.84± 3.79 9.82± 4.78

(b) 1.24± 0.30 1.13± 0.33

(c) 6.64± 3.81 9.27± 4.51

(d) 1.20± 0.30 1.18± 0.30

X-PLOR potential energies‡ 64.36± 8.24 53.06± 5.34

NOE violations¶

> 0.3 Å 0 0

> 0.1 Å 2.0± 1.7 1.3± 1.3

Structure quality #

% residues in generously allowed region

of Ramachandran plot 91.2 90.8

∗ $ † ‡ ¶ #The indications are identical with Table 2.

T1/T2 ratios provides genuinely new information about
the module–module interface.

T1/T2 refinement
In the second approach, theT1/T2 ratios were incor-
porated as additional restraints during the refinement
stage of the structure calculation. All the calculations
started from structures that were calculated using only
NOEs and coupling constants (Bocquier et al., 1999).
The quality of the refined structures was assessed by
their total energy, the number of NOE violations, and
the definition of local structure. The agreement with
theT1/T2 ratios was measured by theχ2 of the data.
The definition of the module–module orientation was
evaluated by comparing the RMSDs of the individual
modules when superimposed on the respective partner.

Establishing the parameters for the refinement
Since the appropriate force constants for the restraint
potentials of theT1/T2 ratios are not known a priori,
they have to be determined for each molecule. In some
molecules, insufficient sampling of the angles in the
diffusion frame means that the diffusion tensor is rela-
tively ill-defined. Hence, the relevant parameters have
to be sampled and optimised for each molecule by a
systematic search of the parameter space.

In the refinement of the6F11F2 module pair,
D‖/D⊥ was optimised first using a force constant of
0.5–1.0 kcal/mol. The initial value of 0.85 was ob-
tained by theT1/T2 fitting to the family of 55 structures
(Table 1). However, as was noted earlier, the probabil-
ity of finding an NH vector that is aligned with theD‖

is small, and the minimum experimentalT1/T2 value
(in the case for an oblate) may therefore not be realised
(Tjandra et al., 1997a). In a search for an optimum
valueD‖/D⊥ was thus varied (0.90, 0.85, 0.8 and 0.7).
Better definition of relative module orientation was
achieved for every value ofD‖/D⊥ (backbone RMSD:
approximately 6–7 Å for one module when superim-
posed on the other module) compared to the family of
structures calculated withoutT1/T2 restraints, which
exhibits a large range of orientation with backbone
RMSDs of 9.82± 4.78 (for the1F2 when superim-
posed on the6F1) and 9.27± 4.51 Å (for the6F1
when superimposed on the1F2). Decreasing the value
for D‖/D⊥ to below 0.8 resulted in structures with
high total andEanis energy, and a larger number of
NOE violations. Thus the values of 0.85 and 0.90 were
deemed to be optimal.

In the second step, the force constant was opti-
mised by varying its value from 0.5 to 10 kcal/mol
in a series of structure refinements. The results were
monitored usingχ2 of the T1/T2 ratios, total energy,
and the number of NOE violations in the structures.
As expected, larger force constants resulted in the
lower χ2 values. For instance, a force constant of
10 kcal/mol decreased theχ2 per residue to as low
as 1.0. However, the total energy of the structures
increased significantly to over 100 kcal/mol. In this
study, a force constant that was linearly raised from
2.0 to 3.0 kcal/mol during the refinement was chosen
because it yielded the best overall results (Table 3).
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Figure 6. Effects of theT1/T2 restraints on structure refinement. Each subset contains 15 structures that are overlaid on the backbone heavy
atoms of the1F2 module. (A) Structures were refined usingT1/T2 restraints together with inter-module and intra-module NOEs and coupling
constants. (B) Structures were refined using the same parameters and restraints as in A except for the omission of theT1/T2 restraints.

Evaluation of the calculated structures
Figure 6 shows the comparison of two families of 15
structures: one was calculated withT1/T2 restraints
using the optimised parameters (D‖/D⊥ = 0.9 and a
force constant with a linear ramp between 2.0 and
3.0 kcal/mol) whereas the other was calculated with-
out T1/T2 restraints. The structural statistics of the
two families are presented in Table 3. As in the se-
lection method, the inclusion of theT1/T2 restraints
leads to a reduction of the RMSDs from 9.82± 4.78 Å
(for the 1F2 when superimposed with the6F1) and
9.27± 4.51 Å (for the6F1 when superimposed with
the 1F2) to 6.84± 3.79 Å and 6.64± 3.81 Å and a
concurrent reduction of theχ2 per residue of theT1/T2
ratios from 1.80± 0.27 to 1.42± 0.15. Thus, in both
approaches the structural information contained in the
T1/T2 ratios has been shown to improve the definition
of the relative orientations of the two modules with
respect to one another. It is important to note that the
inclusion of theT1/T2 restraints did not introduce ad-
ditional NOE violations of more than 0.3 Å and that
the number of violations of more than 0.1 Å remained
low. The energy difference between both families of
structures is entirely due to additionalEanis energies
in the T1/T2 refined structures. Hence, the total en-
ergies remain comparable to the structures calculated
without T1/T2 restraints. In addition, the quality of
the local structure was well preserved. The backbone
RMSDs of the individual modules when superimposed

on themselves in the presence or absence ofT1/T2 re-
straints remains at about 1.1–1.3 Å and the percentage
of backbone dihedral angles in the allowed regions
of the Ramachandran plot also remains the same.
Hence, the inclusion of theT1/T2 ratios improves the
precision of the average module–module orientation
in the 6F11F2 module pair without deteriorating the
structures of the individual modules.

Efficiency and limitation of the T1/T2 restraints
So far it has been shown thatT1/T2 restraints are capa-
ble of improving the definition of the average relative
orientation of the two modules when used in conjunc-
tion with inter-module NOE restraints. Is it possible to
define the relative orientation of the two modules using
T1/T2 restraints only? We tested theT1/T2 refinement
without the aid of inter-module NOE restraints. The
resultant structures no longer exhibited any preferen-
tial module–module orientation, as indicated by the
large RMSDs of 18.81± 9.52 Å (for the1F2 when
superimposed on the6F1) and 13.92± 5.53 Å (for the
6F1 when superimposed on the1F2). Increasing the
force constant of theT1/T2 restraints by a factor of 5
also did not yield any preferential structure; rather, it
introduced NOE violations and high energies. Simi-
larly, applying the selection method to this family of
structures did not produce a subset of structures with a
preferred orientation.
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Thus,T1/T2 restraints by themselves are not suffi-
cient to define uniquely the relative orientation of the
two modules in the6F11F2 pair. This limitation is a
result of the partial degeneracy of the main axis of the
diffusion tensor and the poor sampling of the angles
with respect to the unique axis. For an axially symmet-
ric diffusion tensor the only angular information of the
T1/T2 ratio is given relative toDzz but not relative to
Dxx or Dyy . In addition, poor sampling of NH bond
vectors that are aligned withDzz may underestimate
the axial ratio of the diffusion tensor. As seen in the
current example, these limitations cannot be compen-
sated by increasing the force constants of theT1/T2
restraints. Hence, in our case, the structural informa-
tion of T1/T2 ratios is best considered as a supplement
to NOE and coupling constant information, rather than
a source of structural information on its own.

Comparison of the selection and refinement methods
Two methods to improve the definition of the rela-
tive orientation of two modules with respect to each
other have been proposed and successfully tested. A
comparison of the averaged structures from the family
of structures that were determined by either method
showed agreement within one standard deviation. The
advantage of the selection procedure is that it is sim-
ple and fast, because it only requires a non-linear fit
and a subsequent ranking of the structures. However,
it depends on the sampling properties of the family
of initial structures. It is suitable for testing whether
inclusion ofT1/T2 ratios in a structure calculation can
be expected to improve the definition of a structure.
While the refinement method reduces the risk of intro-
ducing artificial bias, the optimisation of parameters
and refinement protocols requires more computational
time and time to analyse the results.

Conclusions

The definition of the average module–module ori-
entation of the fibronectin6F11F2 module pair was
significantly improved using the dependence of15N
heteronuclear relaxation time constants on the rota-
tional diffusion anisotropy. The relaxation data pro-
vide valuable additional long-range order information
unavailable when using NOEs and coupling constants
alone. Inclusion of the relaxation data yielded a sig-
nificantly better defined intermodule interface without
changing the structures of the individual modules. Pro-
vided a set of initial structures is available, a simple

and fast method is proposed to determine whether the
relaxation data contain the desired structural infor-
mation. Hence,T1/T2 ratios are valuable and readily
available sources of structural information that can
be instrumental in the determination of structures of
multi-domain proteins.
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