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Abstract

Protein docking algorithms can be used to study the driving forces and reaction mechanisms of docking processes.
They are also able to speed up the lengthy process of experimental structure elucidation of protein complexes by
proposing potential structures. In this paper, we are discussing a variant of the protein-protein docking problem,
where the input consists of the tertiary structures of proteins A and B plus an unassigned one-dimensional 1H-
NMR spectrum of the complex AB. We present a new scoring function for evaluating and ranking potential
complex structures produced by a docking algorithm. The scoring function computes a ‘theoretical’ 1H-NMR
spectrum for each tentative complex structure and subtracts the calculated spectrum from the experimental one.
The absolute areas of the difference spectra are then used to rank the potential complex structures. In contrast to
formerly published approaches (e.g. [Morelli et al. (2000) Biochemistry, 39, 2530–2537]) we do not use distance
constraints (intermolecular NOE constraints). We have tested the approach with four protein complexes whose
three-dimensional structures are stored in the PDB data bank (Bernstein et al., 1977) and whose 1H-NMR shift
assignments are available from the BMRB database. The best result was obtained for an example, where all
standard scoring functions failed completely. Here, our new scoring function achieved an almost perfect separation
between good approximations of the true complex structure and false positives.

Introduction

The goal of protein docking research is the develop-
ment and implementation of algorithms for predicting
the structure and the stability of protein complexes.
In the last 15 years, different classes of algorithms
have been published for the different classes of protein
complexes (protein–ligand, protein–peptide, protein–
protein, and protein–DNA). Nowadays, docking algo-
rithms are used in the area of drug design to screen
large molecular databases for potential inhibitors of
a given enzyme. Docking algorithms that yield good
approximations of the protein complexes can also ac-
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celerate the lengthy process of experimental structure
determination (see below) and can help to build hy-
potheses about the driving forces of docking reactions.

We are studying the so-called Protein–Protein
Docking Problem (PPD problem) that can be for-
mulated as follows: Given the 3D structure of two
proteins A and B that form a protein complex AB,
compute the 3D structure of the complex AB. In this
paper, we are discussing a variant of the PPD problem
where the input consists of the tertiary structures of
A and B plus an unassigned experimental 1H-NMR
spectrum of the protein complex AB.

Early approaches for the PPD problem (e.g. Con-
nolly, 1986; Shoichet and Kuntz, 1991; Katchalski-
Katzir et al., 1992; Norel et al., 1994; Fisher et al.,
1995; Lenhof, 1997), the so-called Rigid-Body-
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Docking algorithms (RBD), were based on the as-
sumption that the proteins A and B do not change
their structure during the docking process (lock-and-
key principle). As a matter of fact, there are many
examples where significant structural changes do oc-
cur (e.g. induced fit). However, a study by Betts and
Sternberg (1999) implies that the lock-and-key prin-
ciple is a suitable model for most protein docking
predictions.

RBD algorithms usually compute the potential
complex conformations that show a good matching of
large chemically complementary surface regions of A

and B and no (or only small) overlap between the in-
terior of A and the interior of B. The first step of every
RBD algorithm is the generation of a huge number of
potential complex conformations that will be evalu-
ated with respect to their geometrical and/or chemical
properties in the second step. Each RBD algorithm
generates a list of potential complex conformations.
The candidates in this list are sorted with respect to
a geometric or energetic scoring function such that
the first element of the list is the conformation with
the best score. Summaries of published RBD tech-
niques can be found in the works by Lengauer and
Rarey (1996), Meyer et al. (1996), and Sternberg et al.
(1998).

The complexity of the protein docking problem in-
creases tremendously if domains or subdomains of the
proteins A and B significantly change their conforma-
tions during the docking process. Sandak et al. (1998)
have developed algorithms that are able to handle ro-
tations of rigid protein domains or subdomains (hinge
bending).

A key problem in protein docking (and in related
problems as well) is the accurate prediction of binding
free energies. Over the years, a multitude of differ-
ent theoretical models have been proposed to estimate
binding energies (e.g. Jackson and Sternberg, 1995;
Jackson et al., 1998; Totrov and Abagyan, 1994; Tros-
set and Scheraga, 1999; Wang et al., 1998; Rarey et al.,
1997; Hoffmann et al., 1999; Weng et al., 1996).

The integration of experimental data into docking
algorithms is a way to improve the quality and reliabil-
ity of docking results. For ligand docking, it has been
shown that the integration of NMR shift information
is very useful (Polshakov et al., 1999). Similar results
were described recently for protein–protein docking
by Morelli et al. (2000). Common to these approaches
is the use of distance constraints (intermolecular NOE
constraints). To obtain these constraints, it is neces-
sary to assign the majority of the shifts in the spec-

tra used (e.g. heteronuclear 1H-15N-HSQC spectra).
Since this assignment is a time-consuming process,
the use of unassigned spectra would be desirable.
One-dimensional 1H-NMR spectra are the kind of
spectra that are easiest and cheapest to obtain. Unfor-
tunately, they contain less structural information than
multi-dimensional spectra.

Methods

Preparation of structures

All complex structures were retrieved from the PDB
(PDB IDs 1DT7, 1CFF, and 1CKK). From each struc-
ture containing several models, we selected the first
model in the file. Missing hydrogens were added and
all hydrogen positions were optimized in the complex
using the AMBER 94 force field (Cornell et al., 1995).
The complex structures were then separated into two
files, each containing one of the complexed proteins or
peptides, which were used in our docking algorithm.

Rigid body docking

For each example, we carried out a rigid body docking
using the algorithm described by Lenhof (1995, 1997).
The algorithm generates a list of tentative complex
structures using geometric and energetic scoring func-
tions. These structures are then evaluated and ranked
with respect to our new scoring function.

This function is based on the prediction of the 1H
chemical shifts of the proteins. From these shifts, we
simulate the 1H-NMR spectrum of the complex and
compare it to the experimental spectrum. The devia-
tion of the simulated spectrum from the experimental
spectrum is used to rank the structures. The details
of these calculations are described in the following
sections.

NMR chemical shift calculation

Our shift model decomposes the total chemical shift δ

of a proton into four components

δ = δRC + δA + δJB + δEF (1)

where δRC is the so called random coil shift, δA is the
secondary shift caused by the magnetic anisotropy of
the peptide bond, δJB is the ring current effect as cal-
culated by the Johnson–Bovey theory, and δEF is the
effect of the electric field.
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Electric field effect
The electrostatic contribution is generally approxi-
mated to be linear in the projection of the electrostatic
field Ez on the hydrogen bond:

δEF = εEz (2)

For the constant ε, we used the parameters proposed by
Williamson and Asakura (1993) for both C-H and N-H
bonds. The electric field was calculated via Coulomb’s
law with atomic charges taken from the AMBER 94
force field (Cornell et al., 1995).

Magnetic anisotropy
The magnetic anisotropy of the peptide group is usu-
ally modeled by the approach of McConnell (1957).
It describes the contribution to the chemical shift
of a bond’s magnetic anisotropy via the magnetic
susceptibility tensor χ:

δA = 1

3NAR3

∑
i=x,y,z

χii (3 cos2 θi − 1) (3)

Here, R is the distance of the proton from the
anisotropic bond, NA is Avogadro’s constant, and θi

is the angle between the i-axis and the distance vec-
tor �R. Again, we used the parameters proposed by
Williamson and Asakura for the C=O and C-N bond
of the peptide group.

Ring current
The circular π-electron system of aromatic rings in-
duces a magnetic field which changes the effective
magnetic field at the nucleus and thus leads to a sec-
ondary chemical shift. There are two widely used
approaches to calculate the ring current shift: the ap-
proach by Haigh and Mallion (1972) and the one by
Johnson and Bovey (1958).

We used the Johnson-Bovey model, which is
slightly more complicated to implement, but gives bet-
ter accuracy. The secondary shift caused by the ring
current effect is calculated as

δJB = ne0

6πmc2a

a√
(a2 + ρ)2 + z2

·
(

K + a2 − ρ2 − z2

(a − ρ)2 + z2
E

)
(4)

where n is the number of aromatic π electrons in the
ring, e0 and m are the electron charge and mass, c is
the speed of light, a is the ring radius, ρ and z give
the position of the nucleus relative to the ring center

in cylindrical coordinates, and K and E are complete
elliptic integrals of the first and second kind. We used
radii of 1.182 Å for the five-membered rings (His, Trp)
and 1.39 Å for the six-membered rings (Phe, Tyr, Trp).

Random coil shift
The random coil shifts were obtained initially from the
BMRB (Seavey et al., 1991), which provides a set of
reference shifts for amino acid protons. To improve
the quality of our shift model, we reparameterized the
random coil shifts using a set of 21 proteins of known
structure (obtained from the PDB (Bernstein et al.,
1977)1) and shift assignment (from the BMRB). We
calculated the chemical shifts for a training set of 14
proteins using our model and corrected the initial ran-
dom coil shift for each proton by the average deviation
observed in the training set. To verify that this correc-
tion did not depend on the protein set, we calculated
the shifts of the seven remaining proteins using both
the initial and the improved model. For the test set, the
standard deviation of all 1H chemical shifts dropped
from an initial 0.52 ppm to 0.44 ppm.

All further calculations were carried out using this
improved shift model, which is implemented in our
Molecular Modeling framework BALL (Kohlbacher
and Lenhof, 2000). The software and the parameters
used for the calculations are available upon request.

Spectrum synthesis and comparison

Spectrum synthesis from experimental data
The assigned chemical shifts were read from the
BMRB files (BMRB IDs 4099, 4284, and 4270).
The spectrum was then simulated by assuming a
Lorentzian line shape of equal width for each proton.
Hence, the total spectrum S was written as a linear
combination of Lorentzians:

S(x) =
∑

i

1

1 + (x−pi)2

W

(5)

where pi are the peak positions and W determines
the (uniform) peak width. Since the line widths of the
peaks are not known, we chose an average value of
W = 0.0032 ppm2.

1PDB IDs: 1B4M, 1BHI, 1BHU, 1BLQ, 1BLR 1BMX, 1BQV,
1C05, 1C15 1CB9, 1CEJ, 1CI5, 1CKV, 1LFC, 1AFP, 2BTX, 2CPB,
2CPS, 2IF1, 5PTI, 8TFV.
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Spectrum synthesis from candidate structures
For each proton of the tentative complex structures,
the chemical shift was calculated according to Equa-
tion 1. Then, we removed the most exchangable pro-
tons (OH of serine, threonine, tyrosine, aspartic acid,
glutamic acid and NH of asparagine, glutamine, argi-
nine and lysine NH3), which are usually not present
in the spectrum in a H2O solution at neutral pH. We
thus obtained a list of observable amide, aromatic, and
aliphatic protons, which was used to create a spectrum
as described above.

Comparison
For comparison, we sampled the ‘experimental’ spec-
trum Sexp and the spectrum of each tentative complex
structure Scpx in the range between −2 and +12 ppm
with a total of 5000 regularly distributed positions xi .
The absolute difference area of the two spectra was
then obtained as the sum of all unsigned differences:

�(Sexp − Scpx) =
∑

i∈[−2,12]
|Sexp(xi) − Scpx(xi)|

(6)

The resulting difference areas � were normalized
by subtracting the smallest occurring area from all
other areas. These values were then used to rank the
structures.

Results

Our approach is based on unassigned one-dimensional
1H-NMR spectra of the unknown protein complex. In-
stead of deriving distance constraints from the NMR
spectra and integrating this geometric information into
the docking process, we predict the 1H-NMR spec-
tra of all tentative complex structures proposed by
our docking algorithm. The deviation of these pre-
dicted spectra from the experimental complex spec-
trum serves as a scoring function for the docking
algorithm.

By combining docking techniques with NMR data,
we intend to achieve two goals. First, we mean to
speed up the process of structure elucidation of pro-
tein complexes by proposing shift assignments based
on docking results. Second, the integration of exper-
imental data can be used to improved the reliability
of docking algorithms and to countercheck their re-
sults. Additionally, the NMR data can serve as a
scoring function for those ‘hard cases’ where usual

Figure 1. Results of the docking of the S100B(ββ) dimer.

energetic scoring functions fail (as is the case for many
protein–peptide complexes).

In order to find a suitable test set for our approach
we searched the contents of the BMRB (Seavey et al.,
1991) for suitable protein complexes of known three-
dimensional structure and available 1H-NMR spectra.
Unfortunately, the number of candidates is very small.
We identified four candidates where the BMRB con-
tained rather complete shift data of the complex and
a corresponding structure was deposited in the Pro-
tein Data Bank (Bernstein et al., 1977): the complex
of calmodulin with the Ca2+-calmodulin-dependent
protein kinase kinase (Osawa et al., 1999), the com-
plex of calmodulin with a binding peptide of the
Ca2+-pump (Elshorst et al., 1999), the complex of
S100B(ββ) with a peptide derived from p53 (Rustandi
et al., 1998), and the two identical subunits of the
homodimer S100B(ββ).

Since the spectra themselves are not stored in
the BMRB, we had to reconstruct approximate ex-
perimental spectra from the shift assignments in the
BMRB. For each of these complexes, we constructed
a set of tentative complex structures via a rigid body
docking algorithm (Lenhof, 1997) starting with the
two bound structures.

The rigid docking of the four test cases resulted
in four sets of tentative complex structures (each set
with 24 through 121 different structures). For each
of the potential complex structures, we calculated the
spectra and determined the difference areas between
these spectra and the experimental complex spectrum.
In the case of S100B(ββ), the BMRB did not contain
the complete shift data of the peptide and the complex,
but only the shifts of the two dimer chains A and B.
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Figure 2. Results of the docking of calmodulin with the binding
peptide of the Ca2+-pump.

Figure 3. Results of the docking of calmodulin with the
Ca2+-calmodulin-dependent protein kinase kinase.

Figure 4. Results of the docking of the S100B(ββ) dimer with a
peptide derived from p53.

Figure 5. Results of the conventional docking of the S100B(ββ)
dimer with a peptide derived from p53. No NMR data was used.
Instead, we employed the Atomic Contact Energy (ACE) by Zhang
et al. (1997) as a scoring function.

Initial experiments showed that the ranking of
structures was significantly improved, if the contri-
butions stemming from the magnetic anisotropy of
the peptide group were not included. This seems sur-
prising at first sight, but a detailed analysis of the
shifts leads to the conclusion that the effect is a re-
sult of overlapping structures. Slightly overlapping
structures are a typical result of rigid body docking
algorithms. Even small deviations of the true complex
structure can bring some groups into a closer spa-
tial vicinity than could be expected from the atoms’
van der Waals radii. Since the effect of the magnetic
anisotropy grows with the third power of the inverse
distance, these collisions lead to enormous changes
in the chemical shift. Furthermore, the effect of the
magnetic anisotropy is basically a local effect; it de-
pends strongly on the backbone torsion angles (i.e.
the secondary structure) and has a much more limited
range than ring current and electric field effects. So it
should not play a decisive role in the case of protein
docking. Hence, we excluded the effect of the mag-
netic anisotropy between the two docking partners, but
included it within each of the partners.

The results of the docking experiments are shown
in Figures 1, 2, 3 and 4. In these figures, every
point represents a single tentative complex structure.
It shows the root mean square deviation (RMSD, y-
axis) of the structure from the true complex structure
and the normalized difference area of the candidate’s
spectrum (x-axis). Good approximations of the true
complex structure should thus be expected in the lower
left corner of the graph.
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Except for the complex of calmodulin with the
binding peptide of the Ca2+-pump, scoring accord-
ing to the difference area always identified a good
approximation of the true complex structure. The sep-
aration between true and false positives was good for
the S100B(ββ) dimer and for the complex of calmod-
ulin and kinase, and excellent for the complex of
S100B(ββ) and the p53-peptide.

The latter fact is very surprising, since the docking
of the small p53-derived peptide (22 amino acids) was
impossible using conventional methods. We tested dif-
ferent energy-based scoring functions but we were not
able to obtain a reasonable ranking. Figure 5 shows the
result of the docking using the Atomic Contact Energy
(ACE) developed by Zhang et al. (1997). The first ap-
proximation of the true complex structure is ranked
as number 48. Other scoring functions, e.g. the use
of geometric methods (Katchalski-Katzir et al., 1992)
or the inclusion of electrostatics gave very similar re-
sults. The problem with this docking example stems
basically from the small binding site of the peptide.
Most docking algorithms favour structures where the
peptide has a larger contact area with the protein. In
this case, the use of NMR data was the only possibility
to correctly predict the complex structure.

For the complex of calmodulin with the binding
peptide of the Ca2+-pump, a false positive structure
was ranked number one, followed by the major part of
the true positive structures. The reasons for this failure
are not yet clear.

Discussion

We have presented a new scoring function for evalu-
ating tentative protein complexes that compares cal-
culated and experimental 1H-NMR spectra and does
not use distance constraints (intermolecular NOE con-
straints). The first docking experiments with bound
structures look very promising, but more experiments
are necessary to validate the method, i.e. more exper-
iments with bound structures as well as experiments
with unbound, native structures. These experiments
will also allow us to use true experimental data instead
of spectra constructed from shift assignments.

These first experiments indicate that the use of
NMR data can improve the reliability and accuracy of
docking predictions, but the new method still needs
a more extensive validation with experimental data.
Unfortunately, the number of protein complexes of

known 3D structure with available 1H-NMR spectra
or other one-/multi-dimensional spectra is very small.

Since there is more experimental data available for
single proteins than for protein complexes, we intend
to validate the new method by applying it to tentative
protein structures produced by protein structure pre-
diction methods (e.g. threading). We argue that this
problem will be even simpler, because the structural
differences between the tentative protein structures
will be larger than the differences experienced in
protein docking.

In close cooperation with NMR spectroscopists we
are applying our docking approach to protein com-
plexes with unknown 3D structure. We try to predict
the structures of the complexes. The results of our
docking algorithm are used to speed up the shift as-
signment of the complexes. On the other hand, the
results of the structure elucidation via NMR will be
used to validate our docking algorithms.

Our future research will address the use of 13C-
and 15N-NMR spectra as well as the extension of our
techniques to multi-dimensional heteronuclear spectra
(e.g. 1H-15N-HSQC), which contain more structural
information.
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