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Abstract We present a novel target function based on
atomic coordinates that permits quaternary structural
refinement of multi-domain protein–protein or protein–
RNA complexes. It requires that the high-resolution
structures of the individual domains are known and
that small angle scattering (SAS) data as well as NMR
orientational restraints from residual dipolar couplings
(RDCs) of the complex are available. We show that,
when used in combination, the translational and rota-
tional restraints contained in SAS intensities and RDCs,
respectively, define a target potential function that per-
mits to determine the overall topology of complexes
made up of domains with low internal symmetry. We
apply the target function on a modestly anisotropic
model system, the Barnase/Barstar complex, and discuss
factors that influence the structural refinement such
as data errors and the geometrical properties of the
individual domains.

Keywords Small angle scattering Æ NMR Æ
Residual dipolar couplings Æ Macromolecular
complex Æ Annealing

Abbreviations CNS: Crystallography and NMR
system Æ NMR: Nuclear magnetic resonance Æ
NOE: Nuclear Overhauser effect Æ PDB: Protein data
bank Æ RDCs: Residual dipolar couplings Æ
RNA: Ribonucleic acid Æ SANS: Small angle neutron
scattering Æ SAS: Small angle scattering

Introduction

One of the greatest challenges in modern structural
biology is the characterization of the topology of
multi-domain macromolecular complexes that govern a
major part of important cellular functions (Gavin and
Superti-Furga 2003; Sali and Chiu 2005). Due to steric
properties and inter-domain flexibility, crystallization of
such complexes is not always easily accomplishable.
Amongst the most promising approaches to this prob-
lem are multi-disciplinary methods, e.g., by combining
X-ray crystallography of single domains with electron
microscopy (Baumeister and Steven 2000) or small angle
scattering (SAS; Koch et al. 2003) from entire com-
plexes. Although some progress has been made in the
recent years, in many cases these combinations suffer
from the ambiguity of how to position high-resolution
domain structures with the proper orientations into the
low-resolution envelopes provided by the respective
complementary technique (Rossmann et al. 2005).
Nuclear magnetic resonance (NMR) residual dipolar
couplings (RDCs; Tjandra et al. 1997a; Lipsitz and
Tjandra 2004; Bax 2003; Prestegard et al. 2000) or het-
eronuclear relaxation data (Tjandra et al. 1997b; Dosset
et al. 2000; Brüschweiler 2003) can provide such rota-
tional restraints that define domain orientations but
suffer from the inability to provide translational re-
straints, such as inter-domain distances or radii of
gyration. A number of reports have described the utility
of RDCs for defining domain orientations in protein
complexes (Chou et al. 2001; Clore 2000; Clore and
Schwieters 2003; Dobrodumov and Gronenborn 2003;
Dominguez et al. 2003; Dosset et al. 2001; Jain et al.
2004; McCoy and Wyss 2002; Skrynnikov et al. 2000). In
a recent approach using a grid search, RDCs and SAS
data have been used in combination to refine the struc-
ture of the calmodulin/trifluoperazine complex (Matti-
nen et al. 2002). However, no target function has been
derived that takes RDC and SAS restraints simulta-
neously into account for structural refinement. RDCs
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and relaxation data are both well suited to provide
information on domain orientations (Lipsitz and Tjan-
dra 2004; Bax 2003; Prestegard et al. 2000; Dosset et al.
2000; Brüschweiler 2003).

In this paper, we present a target function based on
atomic coordinates that permits to refine the topology of
two domains in a complex using RDCs and minimal
SAS data, provided that the high-resolution structures
of both domains are known. Our approach exploits the
fact that the distance between the centers of mass of two
bodies is well defined if their individual radii of gyration
and the radius of gyration of the complex they are
forming are known (parallel-axes theorem; Goldstein
1977). With the orientation of both domains defined by
RDCs, the problem of refining their translational posi-
tions with respect to SAS data is reduced to shift their
centers of mass on a two-dimensional spherical surface
determined by the radius of gyration of the complex.

Expanding the SAS intensity into a MacLaurin series,
we develop a target function based on atomic coordi-
nates and a driving force that optimize the domain
positions on the sphere. Coordinate files of both do-
mains have to be provided with orientational informa-
tion from RDCs. Combined with these data, SAS
intensities of the complex from a limited angular range
(2–3 times the Guinier range) restrict the possible qua-
ternary structures of the complex tremendously. The
limitation to a small angular range constitutes an
advantage of our algorithm compared to other SAS
methods that need, in general, data covering a largest
possible angular range (reviewed by Koch et al. 2003).
We demonstrate the functionality of the target function
on the (modestly anisotropic) Barnase/Barstar complex
(Guillet et al. 1993; pdb ID ‘‘1BGS’’) as a model system.
The efficiency and accuracy of the target function are
discussed in terms of RDC and SAS errors and in terms
of the geometrical properties of the domains.

Our approach is tailored to systems where domain
orientations are known from RDCs. RDCs have become
very popular over the recent years and are being suc-
cessfully applied to an ever growing number of biological
systems (Lipsitz and Tjandra 2004; Bax 2003; Prestegard
et al. 2000). The target function derived can be incor-
porated as an energy term in structure calculation pro-
tocols using, e.g., CNS protocols (Brünger et al. 1998;
Linge et al. 2003) providing an additional driving force to
existing terms (NOE and H-bond restraints, etc.).

Although our approach aims at refining the relative
position of two domains, it can be applied to multi-do-
main complexes under the condition that SAS and RDC
data from two individual domains in a multi-domain
complex are available. These can be experimentally
obtained by deuterium labeling and contrast matching in
small angle neutron scattering (SANS) experiments
(Timmins and Zaccai 1988) and by appropriate isotope
labeling schemes in NMR experiments (Gardner and Kay
1998; Mackereth et al. 2005) of the domains of interest.

Theory

Expansion of the scattering intensity

The angularly averaged SAS intensity I(s) of an isolated
particle consisting of a discrete set of scattering centers
can be described by the Debye equation (Debye 1915):

IðsÞ ¼
X

i

X

j

f ðr0iÞf ðr0jÞ
sinðsr0ijÞ

sr0ij
; ð1Þ

s=(4p/k)sin h is the absolute value of the scattering
vector s, k is the wavelength of the scattered radiation

(X-rays or neutrons) in Ångström and 2h is the scat-
tering angle. r¢i and r¢j denote the coordinates of the
scattering centers (i.e., atoms) with respect to an arbi-
trary origin. r¢ij=|r¢i � r¢j| is the absolute value of the
distance vector between two scattering centers with
scattering amplitudes f(r¢i) and f(r¢j). The sums in (1) run
over all atoms of the particle. The sinc function can be
expanded into a MacLaurin series (Feigin and Svergun
1987):
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In the following, we make the assumption that
f(r¢i)=f(r¢j)=const, i.e., that the particle can be de-
scribed as a continuous body with a homogeneous
scattering amplitude in the SAS approximation (in
SANS, different f(r¢i) have to be used for proteins and
RNAs). This is reasonable for biological macromole-
cules such as proteins where all occurring types of atoms
(O, C, N, H, etc.) are, on a molecular scale, spatially
uniformly distributed. The normalized scattering inten-
sity, Inorm(s)=I(s)/I(s=0), can then be expanded in the
following form (N being the number of scattering atoms
in the particle):

InormðsÞ ¼ 1þ 1

N 2
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With the coefficients
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A is equal to twice the square of the radius of gyration,
2Rg

2, of the particle.
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Description of the two domain geometry

We describe the two domains as illustrated in Fig. 1: The
spatial coordinates r¢i of all atoms composing domain 1
are expressed by a sum of two vectors: the first pointing
from the center of mass of the complex (CM) to the
center of mass of domain 1 (CM1), and the second
pointing from CM1 to the atomic position:

r0i ¼ R1 þ ri: ð5Þ

An analogous convention is made for atoms composing
domain 2, R1 being replaced by R2. The angular pairs (h
1, / 1 ) and (h 2, / 2 ) define the vectors R1 and R2. Since
(h 1, / 1 ) and (h 2, / 2 ) are not independent, a single set
of angles (h, /) can be used to describe the positions of
both domains:

h :¼ h1 ¼ p� h2;
/ :¼ /1 ¼ /2 � p;

ð6Þ

h and / assume the values 0 £ h £ p and 0 £ / £
2p. Please note that the two domain-bound coordinate
frames (x, y, z) and the (h, / ) coordinate frame are pair-
wise axes-parallel.

Target functions for structural refinement

The coefficients A, B, C, ... relate the SAS intensity to the
atomic coordinates of a particle and vice versa. In
principle, the scattered intensity can be calculated for
any particle from its atomic coordinates. However, due
to the infinity of the expansion (3), this is not very

practical. We therefore approximate the normalized SAS
intensity at small scattering vectors s by a truncated
expansion:

InormðsÞ � 1þ 1

N2
� s2

6
Atargetþ

s4

120
Btarget�

s6

5040
Ctarget
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:

ð7Þ

The coefficients Atarget, Btarget and Ctarget define the
‘‘target’’ structure, i.e., the actual structure of the par-
ticle in solution and can be determined, e.g., from fits of
normalized experimental SAS intensities. Since Inorm(s)
is an alternating series converging to zero, (7) describes
Inorm(s) well as long as the D-term is small compared to
the C-term:

ðs8=362880ÞD
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Dmax‡ r¢ij is the maximum extension of the particle. On
the other hand, the terms Btarget and Ctarget must con-
tribute notably to Inorm (s) with respect to the term
Atarget. This requires that the fit range expands beyond
the so-called Guinier range (Guinier and Fournet 1955):

1\Rgs: ð9Þ

The Guinier range is normally used to extract the radius
of gyration, Rg, of a particle. Assuming D max £ 3Rg,
one obtains a combined condition (8) and (9) for the
upper limit of the fit range:

1\Rgs\3: ð10Þ

Fig. 1 Geometry and vector
conventions of the two domain
system
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To obtain the highest accuracy of the coefficients Atarget,
Btarget, and Ctarget, a progressively increased s-range
should be used to fit experimental data with a polyno-
mial expansion of growing power in s. Beginning with
IðsÞ � 1þ ð1=N 2Þ �ðs2=6ÞAtarget

� �
in a very small s-range

extracting Atarget, the obtained value should be used to
fit Btarget with

IðsÞ � 1þ 1

N 2
� s2

6
Atarget þ

s4

120
Btarget

� �

in a larger s-range and so on.
In the following, we express A, B, and C explicitly as

functions of the domain atomic coordinates. We assume
that the orientations of both domains are as determined
by RDCs (Lipsitz and Tjandra 2004; Bax 2003; Preste-
gard et al. 2000). Domain orientational uncertainties
associated with RDC restraints are treated in the ‘‘Dis-
cussion’’ section.

Target function A= Atarget and inter-domain distance

Knowing the radii of gyration of two bodies as well as
the radius of gyration of the complex they form, the
distance between their centers of mass is determined
(parallel-axes theorem; Goldstein 1977). Substituting (5)
into (4) for atoms from both domains and using the
center of mass relationship

P
i2K1

ri ¼
P

i2K2
ri ¼ 0; A

can be expressed as follows:

N1 and N2 are the number of atoms in domain 1 (K1)
and domain 2 (K2), respectively. R1=|R1| and R2=|R2|
are related by N1 R1=N2 R2. Mixed sums, containing
contributions of both domains, vanish due to the center
of mass relationship. R1 and R2 are completely defined
by A=Atarget, allowing a first structural refinement of
the domain positions to an inter-domain distance
R1+R2. CM1 and CM2 are thus confined to diametri-
cally opposed points on a sphere of diameter R1+R2.
Further structural refinement using Btarget and Ctarget

optimizes the domain centers of mass on that sphere
(i.e., refines h and /).

Target function B= Btarget

B can be calculated in analogy to A using (4) and (5) and
the center of mass relationship. It is composed of a con-
stant term Bconst, and a (h, / )-dependent term B (h, / ):

B ¼
X

i;j2K1;K2
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and
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R1 and R2 are determined by A=Atarget. B(h, / ) can
be calculated explicitly ((26) in the appendix). The
coefficients are moments of the domain Cartesian
atomic coordinates and given in (27). The condition

B=Btarget confines the positions of the domain centers
of mass to one-dimensional lines on the sphere
A=Atarget (compare Fig. 4). Starting from an arbitrary
pair (h, / ), the expression Btarget�B can be minimized.
To this end, we have calculated a gradient field � B(h,
/)=(¶B/¶h) eh+(¶B/¶/) e/ (see (28)). eh and e/ are
unity vectors pointing tangentially to the sphere’s
surface in the directions of increasing h and /,
respectively.

Target function C= Ctarget

Using (4) and (5), C can be calculated in analogy to A
and B. It is composed of a constant term Cconst and a (h,
/ )-dependent term C(h, / ):

C ¼
X

i;j2K1;K2

r06ij ¼ Cconst þ Cðh;/Þ ð15Þ
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with

and

C(h, / ) can be explicitly calculated in analogy to B(h, / )
((29) in the appendix). The coefficients are moments of
the atomic coordinates of both domains in analogy to the
B-potential but with higher powers involved (see (30)).

In analogy to the B-potential, Ctarget�C defines one-
dimensional lines on the sphere A=Atarget. The gradient
field � C(h, /)=(¶C/¶h) eh+(¶C/¶/) e/ is given in the
appendix (31).

The combined conditions A=Atarget, B=Btarget, and
C=Ctarget define sets of angular coordinates (h, / ) for
the domain positions (compare Fig. 4) that match the
scattering behavior of the target structure to the sixth
power of the scattering vector s.

Combined target function

We validate the potentials A, B, and C by refining the
structure of the Barnase/Barstar complex (Guillet et al.
1993) with a sequential optimization against Atarget,
Btarget and Ctarget (cf. ‘‘Material and methods’’ and
‘‘Results’’). More generally, the structural refinement
against A, B, and C can be performed simultaneously,
e.g., in the form of a linearly combined potential Y,
where ka,b,c are weighing factors for the three potentials:

Wðh;/;R1þR2Þ¼
ka

6
A�Atarget

�� ��2þ kb

120
B�Btarget

�� ��2

þ kc

5040
C�Ctarget

�� ��2: ð18Þ

Such a target function is better suited to be implemented
into NMR structure calculation protocols using simu-
lated annealing (Brünger et al. 1998; Tjandra et al.
1997a; Linge et al. 2003) than a sequential refinement.
The target function generates a driving force

rWðh;/;R1 þ R2Þ ¼
@

@h
W;

@

@/
W;

@

@ðR1 þ R2Þ
W

� �

in addition to existing terms, specifically for RDCs but
also NOE-derived distance restraints and other terms.
The advantage of the target function and the derived
driving force is that they are directly based on atomic
coordinates and can be easily used in parallel to domain-
internal refinement. Knowing the coefficients Atarget,
Btarget and Ctarget, the number and kind of possible do-
main positions can be easily calculated and depicted
graphically (compare Fig. 4).

Materials and methods

Refinement protocol

We have implemented the potentials A, B, and C in a
sequential structural refinement protocol using Python
and C-shell scripts (available upon request). An imple-
mentation into XPLOR/CNS (Brünger et al. 1998; Linge
et al. 2003) modules is under way for use in structural
NMR calculation. We assume that the domain orienta-
tions are determined by RDC restraints and fixed.

Step 1 Minimization of Atarget�A. R1 and R2 are
calculated from the domain coordinate files and from
Atarget using (11) and N1 R1=N2 R2. The domains are
then translated to positions R1 and R2 which may be
chosen arbitrarily but must point into anti-parallel
directions.

Step 2 Minimization of Btarget�B. Starting with the
geometry obtained in step 1, Bdiff=Btarget�B is deter-
mined. B(h, / ) is calculated from the current geometry
using (13) and (26). The domains 1 and 2 are shifted
parallely or anti-parallely to � B(h, /) by an incremental
vector k� B(h, /), according to the sign of Bdiff. k is
different for domains 1 and 2 and is proportional to R1

and R2, respectively. After this tangential motion, a
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motion radial to the new vectors R1
*=R1±k1 � B(h, /)

and R2
* =R2±k2 � B(h, /) is performed for both do-

mains in order to place their centers of mass at the
correct distance R1+R2. These two steps are iterated
until |Bdiff| is smaller than a predefined value Bmin.

Step 3 Minimization of Ctarget�C. In this third refine-
ment step, the parameter Ctarget�C is refined by moving
the domains by an incremental vector ±m T along the
equipotential line B=Btarget. The direction of motion,
±T, is determined by the difference Cdiff=Ctarget�C,
and is orthogonal to the gradient of B:

T ¼ @B
@h

eu; �
@B
@u

eh

� �
: ð19Þ

This step is iterated until |Cdiff| is smaller than a prede-
fined value Cmin. Correctional radial motions are inter-
posed as in step 2. If incremental shifts by ±mT lead to
a geometry with |Bdiff| > Bmin, step 2 is interposed and
repeated until |Bdiff| < Bmin. The refinement algorithm is
stopped once both conditions, |Bdiff| < Bmin and |Cdiff|
< Cmin are fulfilled simultaneously.

Step 4 Sorting of structural solutions. The combined
conditions A=Atarget, B=Btarget, and C=Ctarget define
one or more structural solutions for the domain posi-
tions, i.e., pairs (h, / ) for the domain centers of mass
(compare Fig. 4). These solutions can be sorted
according to the following criteria.

1. Steric and linker constraints: both domains are not
allowed to interpenetrate (a fact not incorporated in
steps 1–3). The maximum inter-domain distance may
be limited by a linker. Further structural information,
e.g., spin-labeling (Battiste and Wagner 2000) or
chemical shift perturbations (Zuiderweg 2002) may as
well be used at this stage.

2. The coefficient D may be calculated for the different
solutions fitting an extended (7), including the D-
term, to the experimental scattering intensity. As an
alternative, the complete scattering curves from the
different structural solutions can be calculated
(Svergun et al. 1995) and compared to the experi-
mental intensities. Both options will eliminate some
of the equivalent solutions and help to find the
structure that best matches the experimental infor-
mation and the scattering intensity.

The Barnase/Barstar model system

We have applied the refinement protocol on a model
system, the Barnase/Barstar complex (Guillet et al. 1993;
pdb ID ‘‘1BGS’’, units B and C, molecular weight
21 kDa). The coordinate files contained 1,335 non-water
atoms: 462 in domain 1 (Barstar) and 873 in domain 2
(Barnase). For each atom we assumed f(ri)=const=1.
The coordinate pair (h, / ) described the position of the
center of mass of the Barstar domain.

Shifting both domains translationally to arbitrary
initial positions, we tried to retrieve the Barnase/Barstar
structure as deposited in the protein data bank (i.e., the
target structure) using the refinement protocol presented
earlier. The target parameters Atarget, Btarget, and Ctarget

were calculated from the deposited structure according
to (4). We simulated RDC restraints by keeping the
domain orientations of the deposited structure fixed
during the refinement protocol and only allowing
translational degrees of freedom.

Results

A, B- and C-potentials of the Barnase/Barstar complex

R1=17.48 Å and R2=9.25 Å were determined with
A=Atarget=627.4, corresponding to Rg=17.7 Å. The
potentials B and C are represented graphically in Figs. 2
and 3. All numerical values given for the potentials are
scaled by 1/N2 with N=1,335. The units of the poten-
tials are: [A]=Å2, [B]=Å4, and [C]=Å6. B and C are
topologically similar due to the analogies in (26) and
(29). This point is discussed further in the ‘‘Discussion’’
section. B varied between a minimum value of 6.42·105
and a maximum value of 7.34·105 . The equipotential
lines B=Btarget=7.032·105 are depicted in Fig. 4. They
correspond to a small, closed circle on the ‘‘northern’’
hemisphere (h £ p /2) and an extended line on the
‘‘southern’’ hemisphere (h ‡ p /2), assuming all possible
values of /. C varied between 0.835·109 and 1.226·109 .
The equipotential lines C=Ctarget=1.062·109 are de-
picted in Fig. 4. They are topologically and spatially
close to the lines B=Btarget. Only two distinguished
points in the (h, / )-plane fulfill the combined conditions
B=Btarget and C=Ctarget: (h, / )=(0.25/1.19) (target
structure) and (h, / )=(0.97/2.11) (an alternative
structure). They are both situated in the northern
hemisphere. The extended lines in the southern hemi-
sphere do not intersect and there is no structural solu-
tion in this region. Both structural solutions have very
similar D-values: D=1.90283·1012 (target structure) and
D=1.90276·1012 (the alternative structure).

In addition to the equipotential lines B=Btarget and
C=Ctarget, Fig. 4 depicts the angular coordinates (h, / )
of R1 (Barstar) at different stages of the refinement
process. The Barstar domain was initialized to R1=(0, 0,
�R1) and R1=(0, R1, 0), corresponding to angular
coordinate sets (h, / )=(p/2,p) and (h, / )=(p/2,p/2),
respectively. After minimization of Btarget�B (refinement
step 2), R1 is positioned on the line B=Btarget in both
cases. In refinement step 3, R1 moves along the equi-
potential line B=Btarget until it matches the condition
C=Ctarget. We checked the stability and the sampling of
the refinement algorithm by randomizing the initial
coordinate pairs (h, / ) in the ranges 0 £ h < p and 0
£ / < 2p by the Python built-in routine whran-
dom.random(). The initial starting positions of the
Barstar domain are depicted in black in Fig. 9 in the
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appendix. The distribution is homogeneous and explores
the whole angular space uniformly. The minimized end
positions (h, / ) of the Barstar domain are also depicted
in Fig. 9: out of 1,925 calculated structures, 1,021 (53%)
were situated in the side-minimum (extended line in the
southern hemisphere) and are depicted in red. None had
converged after 1,000 refinement steps and their |Bdiff|
and |Cdiff| were larger than those of the converged
structures. The structures that converged at less than
1,000 refinement steps are depicted in green: 523 struc-
tures (27%) clustered around the target structure (h, /
)=(0.25/1.19) and 380 structures (20%) clustered
around the alternative solution (h, / )=(0.97/2.11). The
clustering around both solutions was excellent. Out of
the 523 structures clustering around the target position
(h, / )=(0.25/1.19), only 44 lay outside the interval
(h±0.1,/±0.1 ). For the alternative solution, the con-
vergence was even better. A single outlier converging at
(h, / )=(0.0/3.85) was observed, most probably trapped
at the h=0 singularity.

A spatial representation of the coordinate structures
at different stages of the refinement pathway starting
from R1=(0, R1, 0) is given in Fig. 5. For all structures,
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a bFig. 2 Three-dimensional
representation (left) and
contour plot (right) of the B-
potential (12) of the Barnase–
Barstar complex as a function
of (h, / ), scaled with 1/N2,
N=1,335. In the contour plot,
equipotential lines of B are
traced
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a bFig. 3 Three-dimensional
representation (left) and
contour plot (right) of the C-
potential (15) of the Barnase–
Barstar complex as a function
of (h, / ), scaled with 1/N2,
N=1,335. In the contour plot,
equipotential lines of C are
traced

Fig. 4 Graphical representation of the equipotential lines B=
Btarget (continuous lines) and C=Ctarget (dashed lines) for the
Barnase–Barstar complex as a function of (h, / ) for A=
Atarget=627.4. The (h, / )-values denoting the center of mass
coordinates of domain 1 (Barstar) during the structural refinement
beginning at the two different starting points, R1=(0, 0,�R1) and
R1=(0, R1, 0), are shown with filled circles
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the larger Barnase domains have been superimposed.
The two phases of the structural refinement are clearly
distinguished by a kink in the R1 coordinate trace: the
Barstar domain is first moved along the B-gradient until
it encounters the B=Btarget line. It then moves tangen-
tially to that line until it is situated close to its target
position defined by the combined conditions B=Btarget

and C=Ctarget. In both refinement pathways depicted in
Fig. 4, the target structure as well as the alternative
structure were retrieved with a precision of (h, / ) ±(5,5)
degrees.

Discussion

Solutions provided by the B- and C-potentials

The solutions of the structural refinement depend very
much on the geometry of both domains, contained in
(weighted) moments of their atomic coordinates (27) and
(30). Generally speaking, the more anisotropic the do-
mains are the more restricted and non-ambiguous the
allowed domain positions are. For two point-symmetric
domains the coefficients gB, hB and iB as well as the
coefficients gC to sC vanish since to each vector ri there
exists a vector �ri, i.e., the sums over all odd powers of
the Cartesian coordinates are zero. In the special, very
symmetric, case of two spherical but not necessarily
identical particles, a structural refinement is not possi-
ble at all since the potentials B and C do not depend on
(h, /) and a driving force is not defined: a structural
refinement beyond the inter-domain distance is not
possible in this case.

The solutions B=Btarget and C=Ctarget are topolog-
ically similar in the (h, / )-diagram (cf. Fig. 4). Since rij

2/

(R1+R2)
2 < 1, the coefficients a to i are almost identical

in (27) and (30), i.e., their corresponding terms in (26)
and (29) are almost proportional. This and the fact that
the coefficients jC to sC are differences of atomic coor-
dinates and therefore small, explains the similarity of the
graphical solutions B=Btarget and C=Ctarget. The larger
the quotients rij

2/(R1+R2)
2 and the larger the coefficients

jC to sC are, the more both potentials differ. In terms of
particle geometry, this means that the more the domains
are anisotropic and extended and the more proximate
their centers of mass are, the better their potentials B
and C are suited for a structural refinement with our
approach.

Effect of target coefficient errors

We have validated the refinement capacity of the target
functions using coefficients Atarget, Btarget, and Ctarget

calculated directly from the deposited pdb structure. In
practice, these target coefficients are obtained from
experimental SAS data by a polynomial regression (7),
using a least v2 criterion. Their errors are two-fold: (1)
errors from fitting an experimental SAS intensity with a
truncated polynomial expansion and (2) experimental
data errors.

Experimental data errors (with standard deviations
ri) are automatically contained in a weighted least v2

regression over all experimental data points si:

v2 ¼ 1

n� 1

X

i

InormðsiÞ � IfitðsiÞ
ri

� �2

: ð20Þ

Ifit(s) is the regression from (7) and n is the number of
experimental scattering vectors si.

Fig. 5 Superposition of
Barnase–Barstar structures at
different stages of the
refinement process starting at
R1=(0, R1, 0): the target
structure is in green, the
structure after the initialization
step 1 is in black and the refined
structure is in blue. The R1

coordinates are in red. The
Barnase domain is
superimposed for all structures
and depicted in green
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The error DI(s) from fitting experimental data by not
including terms greater than s6 in theMcLaurin series can
be estimated by the absolute value of the member in s8:

DIðsÞ ¼ 1

N 2

X

i;j

s8r08ij
362880

�����

����� �
s8D8

max

362880
ð21Þ

D max is the maximal spatial extension of the complex.
Assuming 3 Rg < D max, DI(s) is smaller than 2% of
Inorm(s). In this case (7) can be safely applied to experi-
mental data up to three times the Guinier range.

In order to investigate errors of Atarget, Btarget, and
Ctarget, we have plotted the equipotential lines for
B=Btarget±2% and C=Ctarget±2% in Fig. 6. Both
equipotential lines display a notable dependence on the
target values. Fortunately, the variations of the target
values are not independent when obtained from fits of
experimental scattering curves: since Btarget and Ctarget

have opposite signs (7), they will increase or decrease
simultaneously. This property increases the stability of
the structural solutions obtained with our method
against small variations of the target values. In addition,
the topology and spatial extension of the equipotential
lines on the northern hemisphere appear distorted due to
their proximity to the pole h=0 and are actually con-
fined to a small spatial region close to the pole.

A combined potential function Y (18) will, even for
errors of Atarget, Btarget, and Ctarget of up to �5% and for

not too anisotropic particles like the Barnase/Barstar
complex, allow a structural refinement: the combined
conditions A=Atarget, B=Btarget, and C=Ctarget restrict

the possible domain positions to the vicinity of the lines
B=Btarget and C=Ctarget and an inter-domain distance
close to R1+R2. The minimum of the target function Y
and the refined structure are thus confined to this re-
stricted conformational space, making a sampling of the
whole angular range unnecessary. Linker or steric con-
straints as well as complementary structural informa-
tion, e.g., from mutational analysis, NMR chemical shift
interface mapping (Zuiderweg 2002) or spin labeling
(Battiste and Wagner 2000), restrict the conformational
space for structural solutions further and allow to dis-
tinguish between equivalent solutions.

Influence of domain orientational uncertainties

The solutions provided by the refinement potentials A,
B, and C depend on the domain orientations. How do
domain orientational uncertainties influence the refined
structures? A change in the domain orientations can be
described by a rotation of one domain by an Euler
matrix A. The individual atomic coordinates undergo
the following transformation:

x0i
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z0i
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@
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A ¼
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A
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0

@

1

A: ð22Þ

With the Euler matrix A:

This matrix describes a clockwise rotation around axis z
by an angle a, followed by a clockwise rotation around
the new axis y by an angle b and finally a clockwise
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a bFig. 6 Variations of Barnase/
Barstar equipotential lines
B=Btarget (left) and C=Ctarget

(right) when the target functions
vary between ±2%
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rotation around the new axis z by an angle c. (Con-
ventions adopted from Arfken and Weber 1995; angles
are in radians.) We discuss two special cases: domain
flips and small rotations.

Domain flips

In general, four different domain orientations, corre-
sponding to 180� flips of a single domain, are possible
for RDCs in an alignment frame (Prestegard et al. 2000).
What conditions are required on the domain geometries
to discriminate them by SAS data? The four possible
orientations can be described by sets of angles a, b, and c
in the coordinate frame: (1) a=b=c=0, (2) a=p,
b=c=0, (3) a=c=0, b=p, and (4) a=0, b=c=p. In
each case, the atomic coordinates of the rotated domain
are transformed as follows:

(1) Identity; ð2Þ
x0i
y0i
z0i

0

@

1

A ¼
�xi

�yi

zi

0

@

1

A;

ð3Þ
x0i
y0i
z0i

0
@

1
A ¼

�xi

yi

�zi

0
@

1
A; ð4Þ

x0i
y0i
z0i

0
@

1
A ¼

xi

�yi

�zi

0
@

1
A:

Two domain orientations, generated by a flip, can
therefore be distinguished by their B- and C-potentials in
the absence of a rotational symmetry of p around the
rotation axis that transfers one structure into the other.
The potentials corresponding to the transformations (2),
(3) and (4) are depicted in Fig. 7 for the Barnase/Barstar
complex. While transformation (2) affects only the /-
dependence, transformations (3) and (4) affect, via the
coordinate z, also the h-dependence of the potential. In
the light of these results, it is preferable that the fourfold
orientational degeneracy of the RDCs is resolved prior
to SAS refinement. This can be achieved by measuring
RDCs in two or more alignment media (Bax 2003).

Small errors of domain orientations

Small uncertainties of the domain orientations can be
described by small Euler angles a, b, and c. Approxi-
mating sin x=x and cos x=1, the Euler matrix can be
written as

A �
1� ac aþ c �b
�ðaþ cÞ 1� ac bc

b ab 1

0

@

1

A

�
1 aþ c �b

�ðaþ cÞ 1 0
b 0 1

0
@

1
A: ð24Þ

In this approximation, x¢i, y¢i and z¢i are expressed as
linear combinations of the old coordinates:

x0i
y0i
z0i

0

@

1

A �
xi

yi

zi

0

@

1

Aþ
aþ cð Þyi � bzi

�ðaþ cÞxi

bxi

0

@

1

A: ð25Þ

We calculated the modifications of the B and C-poten-
tials explicitly for rotations of a=±0.1 and b=±0.1
radians of the Barnase domain. Two of the resulting
potentials are depicted in Fig. 8 (a=+0.1 and b=�0.1).
The solutions B=Btarget and C=Ctarget were within an
angular range of ±(0.1/0.1) radians (i.e., ±(5/5) de-
grees) of the original solutions (Fig. 4; a similar result
was obtained for a=�0.1 and b=+0.1). Therefore,
small rotations of the Barnase domain do not affect the
topology of the refined solutions drastically. Our results
demonstrate the stability of the target potentials in the
presence of minor (<5�) domain orientational uncer-
tainties that may result from experimental RDCs.

Comparison to existing algorithms and programs

The main advantages of our algorithm with respect to
other refinement programs (reviewed by Koch et al.
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Fig. 7 Equipotential lines B=Btarget and C=Ctarget (continuous and dashed lines, respectively) of the Barnase/Barstar complex of Barnase
domain flips as defined in the text. Left: a=p, b=c=0; middle: a=c=0, b=p; and right: a=0, b=c=p
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2003) are: (1) the experimental scattering data needed
are restricted to small angles, requiring only data from
about 2 to 3 times the Guinier range; (2) only a limited
conformational sampling of domain positions against
scattering data is required; (3) the scattering curves of
the individual domains do not have to be known or
calculated; (4) the use of driving forces based on atomic
coordinates facilitates the parallel use of our approach
with domain-internal refinement protocols (Chou et al.
2000; Sibille et al. 2001).

It is important to state that the approach presented
here is not limited to two domain systems: by using
specific deuteration in SANS (Timmins and Zaccai 1988)
and appropriate isotope labeling schemes for NMR,
multi-domain complexes comprising more than two su-
bunits are accessible to the method by pair-wise domain
structural refinement.

Our approach is tailored to protein–protein or pro-
tein–RNA complexes with orientational restraints pro-
vided by RDCs. For example, Mattinen et al. (2002),
used a combination of RDC restraints and a grid search
against SAS data to determine the quaternary structure
of a calmodulin/trifluoperazine complex. However, ef-
forts to combine translational restraints from SAS and
rotational restraints from RDCs in a general way have,
to our knowledge, not been successful up to date. Using
a target function built on RDC and SAS restraints, we
have presented for the first time an integrated solution to
this refinement problem that is applicable to a large
number of multi-domain macromolecular complexes.
The combined target function Y (18), based on atomic
coordinates, is very suited to be implemented as an
additional energy term in existing annealing protocols
(Brünger et al. 1998; Tjandra et al. 1997a).

Conclusions

We have presented a novel target function based on
atomic coordinates for multi-domain quaternary
refinement. It combines translational restraints from
SAS with rotational restraints from NMR RDCs. Our
refinement approach is tailored to problems where high-
resolution structures and orientations of individual do-
mains in multi-domain complexes are known. Provided
that NMR RDCs are available, the SAS data needed to
solve the complex topology are limited to small angles
(�2–3 times the Guinier range). We have demonstrated
the functionality of the target function on a model sys-
tem, the Barnase/Barstar complex. The influences of
experimental data errors as well as the domain geome-
tries on the stability and efficiency have been discussed.
The refinement protocol has been shown to be robust
against small experimental data errors.
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Appendix

Coefficients and partial derivatives of the B- and C-
potentials are

Distribution of initial and refined Barstar positions

See Fig. 9.
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a bFig. 8 Equipotential lines for
B=Btarget and C=Ctarget

(continuous and dashed lines,
respectively) after a small
Barnase domain rotation
according to (25): Left:
a=+0.1. Right: b=�0.1
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Bðh;/Þ ¼ 4 R1 þ R2ð Þ2 sin2 h aB cos
2 /þ bB sin

2 /þ cB sin/ cos/
� �

þ dB cos2 h

þ sin h cos h eB cos/þ fB sin/ð Þ

" #

þ 4 R1 þ R2ð Þ sin h gB cos/þ hB sin/ð Þ þ iB cos h½ �;
ð26Þ

aB ¼
P

i2K1;j2K2

x2i þ x2j
� 


; bB ¼
P

i2K1;j2K2

y2i þ y2j
� 


; cB ¼ 2
P

i2K1;j2K2

xiyi þ xjyj
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;

dB ¼
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i2K1;j2K2

z2i þ z2j
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x3i þ y2i xi þ z2i xi � x3j � y2j xj � z2j xj

� 
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x2i yi þ y3i þ z2i yi � x2j yj � y3j � z2j yj

� 

;
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i2K1;j2K2

x2i zi þ y2i zi þ z3i � x2j zj � y2j zj � z3j
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;

ð27Þ

Fig. 9 Distribution of the initial and of the refined end position
coordinates (h, / ) of the Barstar domain. The initial positions are
depicted in black, structures that converged at less than 1,000

refinement steps in green, and structures that had not converged
after 1,000 steps are depicted in red

324



@

@/
Bðh;/Þ ¼ 4 R1 þ R2ð Þ2 sin2 h �2aB cos/ sin/þ 2bB sin/ cos/þ cB cos2 /� sin2 /
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