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Protein function is often regulated by conformational changes that occur
in response to ligand binding or covalent modi®cation such as phos-
phorylation. In many multidomain proteins these conformational changes
involve reorientation of domains within the protein. Although X-ray crys-
tallography can be used to determine the relative orientation of domains,
the crystal-state conformation can re¯ect the effect of crystal packing
forces and therefore may differ from the physiologically relevant form
existing in solution. Here we demonstrate that the solution-state confor-
mation of a multidomain protein can be obtained from its X-ray structure
using an extensive set of dipolar couplings measured by triple-resonance
multidimensional NMR spectroscopy in weakly aligning solvent. The sol-
ution-state conformation of the 370-residue maltodextrin-binding protein
(MBP) loaded with b-cyclodextrin has been determined on the basis of
one-bond 15N-HN, 15N-13C0, 13Ca-13C0, two-bond 13C0-HN, and three-bond
13Ca-HN dipolar couplings measured for 280, 262, 276, 262, and 276 resi-
dues, respectively. This conformation was generated by applying hinge
rotations to various X-ray structures of MBP seeking to minimize the
difference between the experimentally measured and calculated dipolar
couplings. Consistent structures have been derived in this manner start-
ing from four different crystal forms of MBP. The analysis has revealed
substantial differences between the resulting solution-state conformation
and its crystal-state counterpart (Protein Data Bank accession code
1DMB) with the solution structure characterized by an 11(�1) � domain
closure. We have demonstrated that the precision achieved in these
analyses is most likely limited by small uncertainties in the intradomain
structure of the protein (ca 5 � uncertainty in orientation of internuclear
vectors within domains). In addition, potential effects of interdomain
motion have been considered using a number of different models and it
was found that the structures derived on the basis of dipolar couplings
accurately represent the effective average conformation of the protein.
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Introduction

In many multidomain proteins, the relative
orientation of domains can change in response to
ligand binding or covalent modi®cation such as
phosphorylation. These conformational changes
often control biological processes such as enzy-
matic catalysis or signal transduction (Pawson,
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1995). One goal of structural studies is, therefore,
to describe the average orientations of domains
and how they change in response to various factors
(Gerstein et al., 1994). X-ray crystallography can
provide an accurate description of molecular struc-
ture as it exists in the crystal lattice, but the orien-
tation of domains in this case can be in¯uenced by
crystal packing forces. As a result, the position of
domains as established by X-ray crystallography
may differ from the average position that is
observed in solution (Shilton et al., 1996).

Until recently, NMR studies of proteins in sol-
ution have been limited to relatively small single-
domain molecules comprised of approximately 250
residues or less. However, the development of
multidimensional 15N, 13C, 2H triple-resonance
experiments (Bax, 1994; Gardner & Kay, 1998), and
the establishment of methods for the measurement
of residual dipolar couplings (Tolman et al., 1995;
Tjandra et al., 1996a; Wang et al., 1998; Yang et al.,
1999) have facilitated the study of multidomain
proteins, in particular, making it possible to deter-
mine average domain orientations in solution
(Losonczi et al., 1999; Fischer et al., 1999; Markus
et al., 1999).

The 370-residue maltodextrin binding protein
(MBP) from Escherichia coli which has been investi-
gated in this work consists of two domains which
are comparable in size and connected by two
b-strands and a relatively long stretch of a-helix.
X-ray studies have demonstrated that the relative
orientation of the two domains depends on the
type of ligand bound (Spurlino et al., 1991; Sharff
et al., 1992, 1993; Quiocho et al., 1997). The exist-
ence of open and closed conformations is crucial
for MBP's role in the signal transduction cascade
that regulates both maltodextrin uptake and che-
motaxis (Mowbray & Sandgren, 1998).

X-ray data show that conformational changes in
MBP and other members of the periplasmic bind-
ing protein family can be described as hinge
rotations, i.e. rigid-body rotations of one domain
with respect to the other that do not alter intrado-
main structure (Sharff et al., 1992; Van Aalten et al.,
1997). Extensive NMR studies have established
that the intradomain structure of maltose-binding
protein (MBP) in solution is essentially the same as
that found in the crystal form (Zwahlen et al., 1998;
Gardner et al., 1998; Yang & Kay, 1999). Hence,
hinge rotations can also be used to describe confor-
mational differences between solution and crystal
forms of MBP.

Despite the fact that several weak interdomain
NOEs can be detected in the proximity of the
hinge region of MBP, the relative position of the
two domains cannot be accurately determined
from these data. This problem is addressed here by
using the orientational information contained in an
extensive set of one-bond 15N-HN, 15N-13C0,
13Ca-13C0, two-bond 13C0-HN and three-bond 13Ca-
HN dipolar couplings which were measured in a
sample of MBP with b-cyclodextrin dissolved in
dilute liquid-crystalline solvent (Yang et al., 1999).
Dipolar coupling data were used to adjust the rela-
tive orientation of domains in X-ray crystal struc-
tures of MBP, thus obtaining the solution-state
conformation of the protein. Notably, it was found
that the conformation of b-cyclodextrin-bound
MBP in solution differs from the crystal form, with
the solution structure related to the X-ray structure
via an 11 � domain closure.

Dipolar couplings

The dipolar coupling (DC) between two spin-
1/2 nuclei, I and M, arising from the partial align-
ment of a protein molecule in anisotropic solvent,
can be expressed as (Bastiaan et al., 1987; Tjandra
& Bax, 1997; Clore et al., 1998):

DIM � DIM
0 AaSf�3 cos2 yÿ 1� � �3=2�R sin2 y cos 2fg

�1�
where DIM

0 � ÿ�1=2p��m0=4p� �hgIgMhrÿ3
IMi is the dipo-

lar interaction constant, S is the order parameter
that re¯ects isotropic averaging due to fast local
dynamics, Aa is the axial component of the molecu-
lar alignment tensor, R is its rhombicity parameter,
and y and f are polar angles that specify the orien-
tation of the IM internuclear vector with respect to
the molecular alignment frame. The orientation of
the alignment frame is de®ned relative to a ®xed
molecular frame, such as the X-ray coordinate
frame, and is expressed by the Euler angles {a, b,
g}.

Equation (1) shows that DCs characterize vector
orientation in a position-independent manner and
hence can be considered as global structural par-
ameters. For example, two parallel N-HN vectors
give rise to equal DNH values regardless of their
location in the polypeptide chain. This property
distinguishes DCs from local parameters such as
NOEs and J-couplings, which involve spins that
are close together in space, making DCs especially
useful for the determination of global protein folds
in solution. Here we discuss the use of DCs to
re®ne the conformation of the multidomain protein
MBP.

Orienting domains in MBP

In this approach, we generated solution-state
conformations of MBP by applying hinge rotations
to X-ray crystal structures of the protein. A mini-
mization algorithm was designed to search for the
hinge rotation that provides the best agreement
between the measured and calculated DC values
(see Materials and Methods for details). Four
different sets of X-ray coordinates were used in
these analyses representing two open structures
(the Protein Data Bank accession numbers 1OMP
(Sharff et al., 1992) and 1DMB (Sharff et al., 1993))
and two closed structures (1ANF (Quiocho et al.,
1997) and 4MBP (Quiocho et al., 1997)). Prior to the
analysis, all structures were transferred into the
same coordinate frame by superimposing their
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C-domains and hinge rotations were subsequently
applied to N-domains.

The results obtained from the conformational
search using the dipolar couplings measured for
MBP in solution with b-cyclodextrin are summar-
ized in Table 1A and shown schematically in
Figure 1(a). The hinge rotations are represented in
the Figure as sequences of three orthogonal
rotations, so that the relative position of two
spheres in Figure 1(a) gives the amplitude of clo-
sure, twist, and bending that transforms one struc-
ture into another (see Materials and Methods for
de®nitions). The cluster of spheres in the center of
the plot represents the liquid-state conformation of
MBP as derived from the four different X-ray struc-
tures. The results in Figure 1(a) show good conver-
gence, permitting calculation of an average
solution structure. The average solution structure
of b-cyclodextrin-loaded MBP is related to its crys-
tal counterpart 1DMB via 11(�1) � closure, 1(�3) �
twist, and 1(�2) � bending. The error estimates in
the above results are obtained from the comparison
of four solution-state conformations derived from
the different X-ray crystal structures listed above.

It should be noted that the conformation
obtained on the basis of DCs is not unique, since
Table 1. Transformation parameters describing the relation
the basis of DC data and X-ray crystal forms of MBP

a Prior to the analysis, all X-ray structures were transferred into
Methods. The orientations of the hinge axes, (�, �), are therefore rep
nal coordinates from the protein database. This allows for direct com
tures.

b A positive amplitude of hinge rotation o corresponds to a clock-
c The orientations of closure, twist, and bending axes in the coor

polar angles: (109 �, 124 �), (159 �, 279 �), and (82 �, 212 �). See Materia
d w2 is a measure of agreement between the experimental DC valu

conformation, see the text. Shown in square brackets are the minimu
tures.
DC values remain invariant when a domain is
rotated by 180 � about the x, y, or z axis of the
alignment frame (this re¯ects four equivalent
choices for a right-handed alignment frame: {a, b,
g}, {a, b, 180 � � g}, {180 � � a, 180 � ÿ b, 180 � ÿ g},
and {180 � � a, 180 � ÿ b, 360 � ÿ g}) (BruÈ schweiler
et al., 1995). However, only one of the four result-
ing structures is represented by a hinge rotation
with a moderate amplitude o, whereas the three
others correspond to large-amplitude rotations (o
ca 180 �). For proteins such as MBP it is improbable
that the solution conformation differs so signi®-
cantly from the crystal form; in general, the latter
three solutions can usually be discarded.

The residual deviations between the measured
and calculated DC values, w2, are encoded by color
in Figure 1(a) and listed in Table 1A. As expected,
solution structures obtained from the minimization
procedure match the experimental data better than
the original X-ray structures, with the lowest w2

values found for the solution structures derived
from 1OMP and 1ANF. These two structures are
shown in Figure 2, together with the parent X-ray
structures. Although the search algorithm started
with two visibly different X-ray conformations
(Figure 2(a) and (b)), very similar solution confor-
ship between solution-state conformations generated on

the coordinate frame of 1OMP as described in Materials and
orted in this common coordinate frame, rather than in the origi-
parison of (�, �) angles obtained with different starting struc-

wise rotation.
dinate system of 1OMP are described by the following pairs of
ls and Methods for derivation of the axes.
es and DC values calculated using the optimized solution-state
m w2 values obtained using the original (unaltered) X-ray struc-



Figure 1. Schematic representation of the results from application of the conformational search algorithm to MBP.
Spheres represent four published X-ray crystal structures and four solution structures which were derived (a) without
considering interdomain dynamics or (b) assuming that the N-domain undergoes axial ¯uctuations about the hinge
axis, as described in the text. All conformations are de®ned relative to the reference structure 1OMP (origin) via the
sequence of three orthogonal rotations: closure, twist, and bending (in that particular order). This allows for a good
visualization of the results owing to the near-commutativity of small rotations. For de®nitions of the closure, twist,
and bending axes see Materials and Methods. The coloring scheme is based on w2 values (see Table 1) and thus rep-
resents the quality of the ®t of experimental DC values to the indicated structure (red color corresponds to low w2).
The experimental data are from a-helices and b-sheets within the N and C-domains; similar results are obtained
when data for turn and loop regions are included.
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mations were obtained (Figure 2(c) and (d)). The
axis of hinge rotation that relates a solution struc-
ture to its parent crystal structure is indicated by
an arrow for each crystalline form. Somewhat
unexpectedly, the least successful solution struc-
ture is obtained from the b-cyclodextrin-bound
crystal form of MBP (1DMB). As discussed below,
this can be attributed to subtle, yet not inconse-
quential, local structural variations.

It should be noted that although the orientation
of the hinge axis and the amplitude of opening
and closure are determined directly from the
experimental data, the position of the pivot (``effec-
tive hinge'') cannot be determined from dipolar
couplings and must be obtained from other
sources. The solution structures shown in
Figures 2(c) and (d) were built using pivot coordi-
nates obtained from analyses of open and closed
X-ray crystal structures 1OMP and 1ANF as
described in Materials and Methods. The rmsd
between structures 2(c) and 2(d) is 1.8 AÊ for heavy
backbone atoms in the repositioned N-domains.
Effect of local structural differences

The accuracy of the resulting solution structure
was estimated in a series of test computations
employing simulated DC data sets. For example, in
one such simulation the DC values were calculated
for a closed crystal structure, 1ANF. These values
were subsequently used to reorient the domains of
the open crystal structure, 1OMP, and thus repro-
duce the closed conformation. Applying our algor-
ithm to pairs of open and closed crystal structures
in this manner, the original crystal conformations
were recovered with an average accuracy of �1 �,
�4 � and �2 � for closure, twist, and bending,
respectively. This translates into a 1.7 AÊ average
rmsd between the N-domains of original and
reconstructed structures if the pivot coordinates
are taken to be the same as above.

The discrepancy between the original and recon-
structed conformations is due to the differences in
local intradomain structure between the crystal
forms of MBP. Such differences are subtle, as



Figure 2. Backbone represen-
tation of MBP structures before and
after application of the confor-
mational search algorithm. Two
crystal structures of maltodextrin-
binding protein, (a) 1OMP and (b)
1ANF, and two representations of
the solution structure of MBP with
b-cyclodextrin, (c) and (d), gener-
ated from 1OMP and 1ANF,
respectively, are illustrated. The N-
domain (purple) is comprised of
residues 6-109 and 264-309; the C-
domain (blue) is comprised of resi-
dues 114-258 and 316-370. Also
shown are the axes of hinge
rotations that relate X-ray struc-
tures to the solution structures (yel-
low arrows), the axes of closure,
twist, and bending, the principal
axes of the tensor of inertia, and
the principal axes of the alignment
tensor for the solution structure (c).
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characterized by an average rmsd of 0.4 AÊ (calcu-
lated for heavy backbone atoms from superim-
posed N-domains of open and closed structures)
and the angle rmsd of 5 � (calculated for N-HN,
N-C0, Ca-C0, C0-HN, and Ca-HN vectors from super-
imposed N-domains of open and closed struc-
tures), yet they introduce non-negligible errors in
the outcome of the conformational search. Errors
of similar magnitude are obtained when starting X-
ray coordinates contain ``structural noise'' (e.g. ran-
dom 5 � tilt is applied to internuclear vectors).

The level of accuracy obtained in these test com-
putations is quite similar to the precision achieved
in the analysis of experimental data (Figure 1(a)).
This suggests that the accuracy of our approach is
limited by slight differences in the intradomain
structure between various crystal forms of MBP
and similar differences between the crystal struc-
tures and the average solution structure. By com-
parison, modest errors in experimental DC data
appear to be less important. This has been veri®ed
in an additional series of computations where nor-
mally distributed random noise was added to the
simulated DC data. Using the experimental errors
reported by Yang et al. (1999) to specify the stan-
dard deviations of the simulated noise, we esti-
mated the resulting uncertainty in closure, twist,
and bending to be approximately 0.2 �, 0.8 �, and
0.2 �, respectively. It has also been found that the
adverse effect of small structural distortions can
become severe if the number of utilized DC values
drops below approximately 50 data points per
domain (whereupon multiple minima tend to
emerge in parameter space). Finally, the superior
sensitivity to closure relative to twist observed in
these studies is not surprising, since the long axis
of the alignment tensor is nearly parallel with the
twist axis (Figure 2), and therefore detection of
twist relies on the small rhombic component,
R � 0.17 (cf. equation (1)).

Potential effect of interdomain motion

It has recently been suggested that some peri-
plasmic binding proteins show considerable ¯exi-
bility in the open form such that many
conformational species co-exist in solution in a
state of dynamic equilibrium (Mowbray &
Sandgren, 1998). In order to estimate the signi®-
cance of these effects, a number of models describ-
ing interdomain dynamics have been considered.

In the ®rst model, the protein is represented by
two species: an open form a and a closed form b
with fractional populations pa and pb � 1 ÿ pa,
respectively. Assuming that there is rapid intercon-
version between the two forms, DCs can then be
calculated as DIM � paD

a
IM � (1 ÿ pa)D

b
IM. This

model has been applied to b-cyclodextrin-loaded
MBP, where the crystal structures 1OMP and
1ANF were used to represent the states a and b,
respectively (although there is no evidence that
such two-state equilibrium occurs in MBP, this sys-
tem is useful for model calculations). Upon ®tting
the experimental DC data using distinct sets of
alignment parameters for species a and b, we
obtained paA

a
a/(1 ÿ pa)A

b
a � 1.67. This result indi-
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cates that the average solution-state conformation
is closer to the open state a than to the closed state
b, assuming that Aa

a and Ab
a are approximately

equal. It is consistent with the results of Figure 1(a)
where the above parameter can be estimated in a
simple manner to be 1.65 (this value is obtained as
a ratio of the closure angles between the average
solution conformation and conformers 1ANF and
1OMP, respectively, 23 �/14 � � 1.65). The results
suggest that (i) measured DCs are adequately ®tted
using a single structure and no meaningful
improvement is achieved by using a two-state
model, and (ii) for proteins that are known to
adopt two (or more) moderately different confor-
mations in solution, the single structure obtained
with our approach accurately represents the aver-
age, effective conformation. Note also that using
this two-state model it is impossible to separate the
fractional populations pa, pb � 1 ÿ pa from the
alignment parameters Aa

a, Ab
a.

In addition, we considered a model involving a
multitude of conformational species. In this model,
MBP undergoes interdomain motion (such as
dynamic opening and closure). It is assumed that
all conformers can be described using a single set
of alignment parameters, and that the amplitude of
motion relative to the alignment frame is the same
for N and C-domains, which are approximately
equal in size. While the ®rst assumption may be an
oversimpli®cation (Emsley & Luckhurst, 1980), any
attempt to express the alignment tensor as a func-
tion of variable protein conformation is not cur-
rently feasible, since relatively little is known about
the mechanism of alignment. Under these assump-
tions, it is possible to demonstrate (see Materials
and Methods) that the presence of interdomain
dynamics leads to a modi®cation of the alignment
parameters, while the structural parameters deter-
mined in our approach (Table 1A and Figure 1(a)),
remain unchanged.

We also have considered an alternative scenario
where only the N-domain is mobile in the align-
ment frame. Although this model is not likely to be
relevant for MBP in solution with Pf1 phage, it is
included as a point of interest, since it represents a
situation where interdomain motion may poten-
tially affect the outcome of the conformational
analysis. The amplitude of the axial ¯uctuations
for the N-domain was set to �20 �, which likely
overestimates the amount of interdomain motion
which could be present in MBP. The results of the
conformational search are illustrated in Figure 1(b)
where each of the four spheres in the center of the
graph represents the mean conformation of the
protein undergoing dynamic opening and closure
(see Materials and Methods). The average confor-
mation determined in this manner is characterized
by 12(�2) � closure, ÿ3(�6) � twist, and ÿ2(�3) �
bending relative to 1DMB (see Table 1B). Thus,
interdomain motion manifests itself as ``dynamic
noise'', which mainly affects the poorly known
twist component but does not lead to any statisti-
cally signi®cant change in the conformation deter-
mined in Figure 1(a). In summary, DC-based
conformational analyses appear rather insensitive
to intramolecular motion, and the quality of the
mean solution-state conformation obtained is more
likely to suffer from ``structural noise'' and limited
number of measured DC constants than from
dynamic noise.

Solution-state conformation of MBP

According to X-ray crystallographic studies,
MBP bound to b-cyclodextrin exists in an open
state (in this form the protein is unable to stimulate
sugar uptake (Sharff et al., 1993)). In the crystal
structure (1DMB), one side of b-cyclodextrin makes
numerous binding contacts to MBP via the
C-domain, while the other side of b-cyclodextrin is
heavily hydrated and has few interactions with the
N-domain. The solution structure produced here
shows much closer association between the ligand
and the N-domain, with a concomitant decrease in
the solvent-accessible surface area in the binding
cleft. The reconstructed complex of MBP with
b-cyclodextrin does not show any steric violations
for protein backbone atoms, although a small num-
ber of con¯icts do arise between N-domain side-
chains and b-cyclodextrin. These violations can be
eliminated by reorienting a few side-chains (e.g.
rotations about w2 in Lys42 and w1 in Asp14 are the
only changes required to accommodate b-cyclodex-
trin in the solution structure shown in Figure 2(c)
and (d)).

Although the solution-state conformation
obtained here is certainly reasonable in terms of
accommodating the ligand, it is possible that the
closure observed in b-cyclodextrin-bound MBP in
solution could, in fact, be induced by transient site-
speci®c binding of the protein to Pf1 phage. How-
ever, this is unlikely, since the alignment of MBP
in phage appears to be the result of non-speci®c
collision-type processes involving protein and
phage (Tjandra & Bax, 1997; de Alba et al., 1999).
Indeed, the principal axes of the alignment tensor
for MBP are nearly parallel with the principal axes
of the ellipsoid of inertia (Figure 2) with the two
long axes making an angle of only 8 �. This
suggests that site-speci®c binding to phage does
not occur and that the conformation of b-cyclodex-
trin-bound MBP observed in anisotropic phage sol-
vent also represents the conformation existing in
isotropic physiological solutions. The high quality
of spectra recorded for MBP in Pf1 phage solvent
(Yang et al., 1999) and the small magnitude of
dipolar couplings observed at low phage concen-
trations (under 5 mg/ml) are consistent with a
transient, non-speci®c character of protein-phage
interaction (Ojennus et al., 1999). More information
about protein-phage interactions can potentially be
obtained from spin relaxation measurements (Bax
& Tjandra, 1997; North et al., 1994).

The difference between X-ray and solution struc-
tures of the MBP-b-cyclodextrin complex can be
attributed to crystal packing interactions, which
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are thought to be extensive in this form of MBP
(Spurlino et al., 1991; Sharff et al., 1993). Discrepan-
cies between X-ray and solution structures have
also been described for the galactose- and ribose-
binding proteins (Shilton et al., 1996; BjoÈ rkman &
Mowbray, 1998), which are two other members of
the periplasmic binding protein family. The data
obtained in spin-labeling studies (Hall et al., 1997)
indicate that MBP shows noticeable closure upon
binding b-cyclodextrin in solution, which is con-
sistent with our ®ndings. Our analysis of anisotro-
pic rotational tumbling based on 15N relaxation
parameters (BruÈ schweiler et al., 1995; Lee et al.,
1997; Tjandra et al., 1996b) also con®rms that the
solution-state conformation of b-cyclodextrin-
loaded MBP is more closed than the crystal form,
albeit within a wide range of uncertainty (5-20 �
closure). The present results demonstrate that
NMR dipolar coupling measurements can be com-
bined with X-ray crystallographic data to accu-
rately determine the relative orientation of
domains in solution, necessary to understand the
many types of protein function that involve
domain rearrangement.

Materials and Methods

Preparation of the sample of 15N, 13C, 2H-labeled MBP
with b-cyclodextrin in Pf1 phage liquid-crystalline sol-
vent (Hansen et al., 1998) (concentration of Pf1 phage
19 mg/ml) and the TROSY-based HNCO experiments
used for measurement of the dipolar couplings were as
described previously (Yang et al., 1999). The data were
obtained for one-bond 15N-HN (280), 15N-13C0 (262),
13Ca-13C0 (276), two-bond 13C0-HN (262), and three-bond
13Ca-HN (276) DC constants. Tables containing the
measured DC values will be available on our website at
http://abragam.med.utoronto.ca.

Prior to the analysis, the X-ray structures of MBP were
placed into the same coordinate frame by ®tting their C-
domains using the structure analysis program MOLMOL
(Koradi et al., 1996). In this study, all structures have
been transferred into the coordinate frame of 1OMP,
although any other coordinate system could have been
used as well. Protons were added to the atomic coordi-
nate set with MOLMOL. A separate ®tting program was
written to determine the parameters of hinge rotation
relating two crystal structures. Using this program, we
established the coordinates of the pivot for the hinge
rotation that relates 1OMP and 1ANF. It is worth noting
that, in general, only two pivot coordinates out of three
must be determined (e.g. an intersection of the hinge
axis with the xy plane). The hinge axis obtained in our
analysis of the 1OMP/1ANF pair goes through the inter-
domain region of the protein in close proximity to two
linker b-strands (within 2 AÊ of the center of mass of pep-
tide planes of residues 111 and 261 (Sharff et al., 1992)).
In the coordinate frame of 1OMP, the orientation of the
hinge axis is given by the polar angles (102 �, 123 �), and
the pivot can be localized, for example, at the point with
x, y, z coordinates [1.53, 1.04, ÿ2.79].

The closure, twist, and bending axes have been intro-
duced in the following fashion. The twist axis is de®ned
as a line connecting the centers of mass of the N and C-
domains in the reference structure 1OMP (deGroot et al.,
1998). The closure axis is derived from the axis of
rotation that transforms 1ANF into 1OMP (see above),
subject to orthogonalization with respect to the twist
axis. The bending axis is formed as a cross-product of
the twist and closure axes. The decomposition of the
hinge rotations into closure, twist, and bending is useful
for small-amplitude rotations; it offers less insight for
large-amplitude rotations because closure, twist, and
bending do not commute.

The relative orientation of the domains of MBP in sol-
ution was determined using a conformational search
algorithm that functions as follows. First, all X-ray struc-
tures are placed in the same coordinate frame by super-
imposing their C-domains as described above. The
internuclear vectors ~nIM for which experimental DC
values are available are subsequently extracted from the
coordinate ®les. A new molecular conformation is then
generated by applying a hinge rotation to all vectors
from the N-domain, ~nN

IM, while leaving the vectors from
the C-domain, ~nC

IM, unchanged. A hinge rotation with
amplitude o about the axis ~n is described by the follow-
ing equation (Varshalovich et al., 1988):

~n0NIM � ~nN
IM coso� ~n�~n � ~nN

IM��1ÿ coso� � �~n� ~nN
IM� sino

�2�
where ~n0NIMdenotes the rotated vector and the orientation
of ~n is speci®ed in the ®xed coordinate frame described
above, ~n � (sin�cos�, sin�sin�, cos�). The set of inter-
nuclear vectors f~n0NIM; ~nC

IMg is then transformed into a new
coordinate frame, which represents a potential alignment
frame, using a standard transformation matrix parame-
trized by Euler angles a, b, g (see equation (54), p.30 of
Varshalovich et al., 1988). The resulting vector orien-
tations are expressed in terms of polar angles y, f and
used to calculate dipolar couplings according to equation
(1). The deviation between the calculated and experimen-
tal DC values is subsequently computed as a sum over
all measured spin pairs, w2 �Pi�Di calc

IM ÿD
i exptl
IM �2, where

the individual terms also can be weighted according to
the error in measured DC values.

These computations are iterated within a simplex
minimization algorithm for w2, thereby ®tting three struc-
tural parameters, �, �, o, together with ®ve alignment
parameters, Aa, R, a, b, g (see equation (1)). The input
data for MBP include 1356 measured DC values and the
corresponding number of polar angles that de®ne the
orientation of internuclear dipole vectors in the X-ray
coordinate frame. The minimization is repeated several
times starting from randomized initial conditions in
order to ensure that the global minimum is found (this
can be also veri®ed by viewing cross-sections of the w2

hypersurface). The program, named Conformist1.0, was
written using MATLAB software (MathWorks Inc.) and
is supplied with a graphical user interface.

An alternative approach, also implemented in Confor-
mist1.0, independently ®ts two sets of alignment par-
ameters for N and C-domains: AN

a , RN, aN, bN, gN and
AC

a , RC, aC, bC, gC (Fischer et al., 1999). Differences
between the alignment tensor orientations given by {aN,
bN, gN} and {aC, bC, gC} can be used to determine the con-
formational changes between the X-ray and solution
forms (also formulated in terms of hinge rotations).
Throughout this study, the results from the two
approaches were found to be virtually identical. The par-
ameters of alignment tensors for the two domains were
very close (e.g. AN

a � 1.524 � 10ÿ3, RN � 0.161, and
AC

a � 1.526 � 10ÿ3, RC � 0.182 for the solution structure
derived from 1OMP) thus con®rming that local
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dynamics in the two domains is similar and molecular
alignment is appropriately described by single values of
Aa and R. This conclusion is supported by heteronuclear
1H-15N steady-state NOE data which show the same
average values (0.77) for the N and C-domains. The fact
that alignment parameters are similar for the two
domains of MBP is not enough to rule out the possibility
of interdomain dynamics because the domains, which
are approximately equal in size, may display the same
amount of motion (see the section discussing interdo-
main motion). However, this result does rule out the
worst-case scenario where one of the domains binds to
phage, while the other domain remains highly mobile
(Fischer et al., 1999).

The effects of interdomain dynamics were investigated
by incorporating dynamic effects into equation (1). In
these analyses, the conformation generated according to
equation (2) is subject to interdomain motion in the form
of axial ¯uctuations about an arbitrary axis ~d which are
fast on the time-scale of Dÿ1

IM. We assumed that this
dynamic system can be described using a single set of
alignment parameters, valid only if interdomain motion
does not interfere with alignment processes. Since the
alignment and inertia frames are near coincident (re¯ect-
ing the absence of site-speci®c binding to the phage) and
the two domains of MBP are approximately equal in
size, it is reasonable to suggest that the motion for the N
and C-domains relative to the alignment frame is similar.
Consequently, the motion of the two domains can be
described by a single equilibrium probability distribution
P(d), where d(t) is the amplitude of axial ¯uctuations
with zero average value, hdi � 0. For this model, the
expected DC values can be readily calculated if equation
(1) is reformulated in terms of spherical harmonics
Y2l(y, f) subject to averaging with distribution P(d) in
accordance with the following equations:

DIM � DIM
0 AaS

��������
16p

5

r
�
hY20�y;f�i �

���
3

8

r
R�hY22�y;f�i � hY2ÿ2�y;f�i�

�
�3�

hY2l�y;f�i �
X2

m;m0;n;n0�ÿ2

D�2�ml �a; b; g�D�2�m0m�0;ÿ	;ÿ
�

Fm0 �P�D�2�m0m0 �
;	; 0�D�2�nn0 �ÿg;ÿb;ÿa�Y2n�y;f� �4�
where D�2� denotes the ij element of a second-rank
Wigner matrix de®ned in terms of a passive rotation
(Varshalovich et al., 1988), Fk(P) is given byR p
ÿp P�d�eikddd=

R p
ÿp P�d�dd, and polar angles 	, 
 specify

the orientation of the hinge axis ~d in the X-ray coordinate
frame. Substitution of equation (4) into equation (3)
shows that DIM is given by a linear combination of the
spherical harmonics Y2n(y, f) with the coef®cients inde-
pendent of y and f. Therefore, it is always possible to
®nd the coordinate frame where the above result is
reduced to the form of equation (1). This frame can be
viewed as an alignment frame which has been modi®ed
by intramolecular motion, with Aa and R changed
accordingly. Consequently, equations (3) and (4) are
equivalent to equation (1) in the context of the confor-
mational search algorithm, leading to identical values of
�, f, and o. However, if equations (3) and (4) are
applied selectively (e.g. only to the N-domain) then the
equivalence breaks down and the results for �, f, o
can be affected by interdomain motion. This situation is
illustrated in Figure 1(b) where solution-state confor-
mations were derived employing equations (3) and (4) to
calculate the dipolar couplings in the N-domain. The cal-
culations were carried out for ~d � ~n assuming that
P(d) � 1/(2�) in the interval ÿ� < d < � and zero else-
where, Fk(P) � sin(k�)/(k�), and using the value
� � 20 �.
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