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Abstract

We present a novel and efficient approach for assessing protein–protein complex formation, which com-
bines ab initio docking calculations performed with the protein docking algorithm BiGGER and chemical
shift perturbation data collected with heteronuclear single quantum coherence (HSQC) or TROSY nuclear
magnetic resonance (NMR) spectroscopy. This method, termed “restrained soft-docking,” is validated for
several known protein complexes. These data demonstrate that restrained soft-docking extends the size
limitations of NMR spectroscopy and provides an alternative method for investigating macromolecular
protein complexes that requires less experimental time, effort, and resources. The potential utility of this
novel NMR and simulated docking approach in current structural genomic initiatives is discussed.
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There are currently two methods for high-resolution three-
dimensional structure determination of proteins and protein
complexes: nuclear magnetic resonance (NMR) spectros-
copy and X-ray crystallography. An analysis of the Protein
Data Bank (http://www.rcsb.org) identified that during
1999, approximately 290 such structures were determined
by NMR spectroscopy whereas 1528 structures were solved
by X-ray crystallography. Of these, less than 5% are pro-
tein–protein complexes. It is well recognized that macro-
molecular structure elucidation by NMR is limited by the
size of the protein or protein complex, and although com-
plex formation often stabilizes flexible loops or domains,
structure determination of these complexes by X-ray crys-

tallography is frequently impeded by difficulties in the
cocrystallization process. These experimental impediments
have hindered structural investigations of large physiologi-
cal complexes (>100 kD) that suffer from these aforemen-
tioned properties and thus necessitate an alternative strategy
to accurately identify the recognition interface within these
macromolecular complexes.
NMR is an established method for three-dimensional

structure determination of small proteins (<20 kD). The
molecular mass range amenable to structure determination
by NMR has increased significantly in recent years with the
development of triple resonance pulse sequence technology
and increased magnetic field strengths (Pervushin et al.
1997). Combining triple resonance experiments with re-
combinant expression methods, which provide hetero-
nuclear (15N and13C) and deuterium (2H)-labeled proteins
has significantly reduced these size limitations (Clore and
Gronenborn 1998; Gardner and Kay 1998). In addition,
TROSY (transverse relaxation optimized spectroscopy) ex-
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periments with their constructive transverse relaxation in-
terference have permitted high-resolution data collection
and resonance assignment for several large proteins, includ-
ing the 110 kD homo-octameric protein 7,8-dihydroneop-
terin aldolase (DHNA), and facilitated the identification of
the protein–protein interaction interface in the FimC-adhe-
sin FimH complex (Pellecchia et al. 1999; Guntert et al.
2000). Merging these labeling strategies and experimental
techniques with the dynamic range of NMR spectroscopy
provides structural biologists with a powerful tool ideally
suited to investigate larger protein structures and probe pro-
tein–ligand (Bolon et al. 1999) and protein–protein interac-
tion interfaces (Morelli et al. 2000a).

The noncovalent assembly of proteins into macromolecu-
lar complexes is a critical paradigm in many biological sys-
tems. Many groups have investigated protein–protein inter-
actions using NMR spectroscopy or molecular docking ap-
proaches to better understand the interplay of these
interactions in biochemical processes (Kuntz et al. 1982;
Janin and Wodak 1985; Jiang and Kim 1991; Abagyan and
Totrov 1994; Norel et al. 1994; Jackson and Sternberg 1995;
Vakser 1995; Pellecchia et al. 1999; Takahashi et al. 2000).
NMR investigations of these interactions have typically
used intermolecular nuclear Overhauser enhancement data
(NOEs) with or without residual dipolar couplings, TROSY
spectroscopy, and TROSY spectroscopy combined with hy-
drogen–deuterium (H-D) exchange of backbone amide
groups following radio frequency cross-saturation transfer
(Garrett et al. 1997; Clore 2000; Takahashi et al. 2000).
Alternatively, molecular docking approaches employ an in-
teraction function to evaluate the probability of each puta-
tive binding mode. Scoring functions have been described
which use geometric complementarity between the two
molecules (Katchalski-Katzir et al. 1992), electrostatic in-
teraction potentials (Bacon and Moult 1992), free energy of
complex formation (Jackson and Sternberg 1995), and sta-
tistically observed information about amino acid interac-
tions or combinations of the above terms (Cherfils et al.
1991; Duncan and Olson 1993). The real challenge facing
structural biologists using a molecular docking algorithm is
the ability to unequivocally identify the correct structure or
family of structures among those calculated, due to the in-
herent limitations of the individual scoring functions used.
The idea of using NMR data for assessing protein–ligand
interactions by molecular docking was originally proposed
by Maurer and colleagues to investigate the binding of a
fibrinogen A-�-like peptide to thrombin (S195A). They
used NOE distance constraints and the flexible docking pro-
gramECEPP/3 (Maurer et al. 1999). However, all attempts
to extend this approach to automate the study of protein–
protein recognition and macromolecular complex assembly
have been unsuccessful until recently (Morelli et al. 2000b).
The near completion of several genome sequencing pro-

jects including the human genome and those of various

microbial pathogens emphasizes the need for new tools and
strategies for predicting and characterizing how proteins
recognize and bind endogenous ligands and/or protein part-
ners. The analysis of chemical shift (resonance frequency)
perturbations upon complex formation is a significant
source of structural information that has been extensively
employed to map protein–drug, protein–peptide, and pro-
tein–protein interaction interfaces and has helped clarify
biological function and mutagenesis studies (Foster et al.
1998; McKay et al. 1998; Zhou et al. 1999; Li et al. 2000).
The coupling of this analysis with TROSY spectroscopy or
cross-saturation transfer methods has extended the size limi-
tation and sensitivity of the complexes available to these
investigations (Pervushin et al. 1997; Salzmann et al. 1998;
Takahashi et al. 2000). In the present study, we validated a
novel approach for the characterization of protein–protein
complexes which couples NMR chemical shift perturbation
analysis with computational ab initio calculations, using the
protein docking algorithm BiGGER (Biomolecular complex
Generation with Global Evaluation and Ranking) (Palma et
al. 2000). This method assumes that the structure of each
protein in its unbound conformation is known and that upon
complex formation the individual proteins undergo minor
conformational perturbations that are restricted to the side
chains of surface exposed amino acids. This approximation
holds true for the majority of physiological macromolecular
complexes (Lo Conte et al. 1999). In addition, the docking
algorithm BiGGER takes into account the flexibility of in-
dividual amino acid side chains at the protein surface; hence
the designation “soft-docking.”
We validated this “restrained soft-docking” approach us-

ing several known macromolecular complexes, including
the N-terminal domain of enzyme 1 (EIN) in complex with
histidine phosphocarrier protein (HPr) (Garrett et al. 1999),
the complex between barnase and barstar (Buckle et al.
1994), a protein–peptide complex involving Tom20 and a
presequence peptide (Abe et al. 2000), and yeast cyto-
chrome c complexed to the cytochrome c peroxidase (Pel-
letier and Kraut 1992). In addition, we compared our theo-
retically calculated structure of the EIN/HPr complex with
the structure that was recently calculated using an alterna-
tive approach that required the inclusion of intermolecular
NOEs and residual dipolar coupling (RDC) information
(Clore 2000). We demonstrate here that our method is ide-
ally suited to investigate large protein–protein complexes,
while requiring significantly less experimental time and
data analysis. We also propose a broader application for this
method for the investigation of binary and ternary com-
plexes, a prerequisite for extending the utility of NMR for
use in structural genomics.

Results and Discussion

Obtaining the structure of a protein–protein complex by
NMR spectroscopy or X-ray crystallography is both diffi-
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cult and time-consuming. To validate our “restrained soft-
docking” method (Morelli et al. 2000b) (as outlined in Fig.
1), we identified known protein complexes that satisfied our
stringent selection criteria, including availability of the
atomic coordinates of the free proteins involved in the com-
plex, coordinates of the protein–protein complex, the obser-
vation that the backbone conformation of neither protein is
significantly perturbed upon complex formation, and NMR
data assessing this complex formation. The NMR data, or
experimental filters, are chemical shift perturbations of one
(provides a single filter) or both proteins (a double filter)
and/or amide proton-deuterium (NH-ND) exchange experi-
ments (Jones et al. 1993; Jeng et al. 1994; Garrett et al.
1997; Abe et al. 2000). Following ab initio molecular dock-
ing calculations and the use of our NMR experimental fil-
ters, the theoretically selected complexes are compared with
the known structures, determined previously using NMR or
X-ray crystallography (Table 1).

The conformational changes observed upon complex for-
mation are not correlated with the size of the complex but
rather depend on the size of the interface. The largest in-
teraction interfaces, which bury 2000–4660 Å2, often ex-
pose a small surface before complex formation and thus

require extensive conformational perturbation (Lo Conte et
al. 1999). Our approach tolerates relatively minor confor-
mational changes upon complex formation and therefore
should be limited to those complexes presenting small

Fig. 1. Validation of the “restrained soft-docking” approach. The atomic coordinates of the free proteins are entered into the protein
docking algorithm BiGGER* (Palma et al. 2000), with the larger and smaller proteins of the complex representing the “target” and
“probe,” respectively. Initial ab initio calculations by BiGGER produce 107–109 binding configurations, which are filtered and scored
on the basis of geometric surface complementarity, pairwise amino acid interaction propensities, interaction electrostatic potential, and
solvation energy upon complex formation. These alternatively docked geometric configurations are then filtered and scored using NMR
chemical shift perturbation analysis data, NOE information, or H-D exchange data to identify the 1000 best theoretical solutions. These
solutions are scored and ranked according to their fit to these NMR data. The family of structures which is ranked highest is
superimposed with the known complex structure, and the RMS deviation (RMSD) was measured.

Table 1. Comparison of experimental and theoretical
complexes investigated

Dissociation
constant
(KD)

Experimental
interface

SASA (Å2)

Theoretical
interface

SASA (Å2)
rmsd
(Å)

EIN/HPr 6�Ma 1948 2203 1.6
Barnase/Barstar 0.2 pMb 1556 1368 0.79
Tom20/Presequence 20�Mc 1000 1000 0.54
Cyt c/Ccp ≈�Md 1140 1670 2.2

The experimental protein–protein interaction interface observed in the X-
ray or NMR structure of each complex is compared with those obtained
using our restrained soft-docking approach. The theoretical interface cal-
culations for each complex were determined using the protein–protein
interaction server developed by Prof. Janet Thornton and Dr. S. Jones
(http://www.biochem.ucl.ac.uk). The rmsd of the backbone trace between
the experimental structure and our best solution for each complex is in-
cluded.
aGarrett et al. 1999;bBuckle et al. 1994;cAbe et al. 2000;dPelletier and
Kraut 1992.
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(<1200 Å2) or standard (1600 ± 400 Å2) interaction inter-
faces, which are common in physiological complexes
(Jones and Thornton 1997a; Lo Conte et al. 1999). The
results of the docking calculations are presented in Figure 2.
Panels a, b, and c of Figure 2 identify the 1000 alternatively
docked geometric configurations for each complex, illus-
trating the backbone trace of EIN (Fig. 2a), Barnase (Fig.
2b), or Tom20 (Fig. 2c) superimposed with the putative
positions of their partner molecules, which are represented
by a solid sphere denoting their center of mass. Each docked
solution is color-coded according to the level of compliance
with the observed chemical shift perturbation restraints
(higher scoring solutions represented in red). Figure 2d, e,
and f illustrate the highest ranked structures according to the
above NMR-restrained docking calculations, and Figure 2g,
h, and i identify the 10 solutions that are closest to the
known structure of each complex.

An ideal complex for demonstrating the feasibility and
accuracy of this approach was the EIN of the phosphoenol-
pyruvate:sugar phosphotransferase system in complex with
HPr. The structure of this complex was solved using NMR
spectroscopy and possesses an interaction interface of ap-
proximately 1913 Å2, which is within the standard interface
range (Garrett et al. 1999). The structures of EIN and HPr in
their unbound conformation and in complex were previ-
ously determined (Jia et al. 1993; Liao et al. 1996). In
addition,15N chemical shift perturbation analysis has been
performed with15N-labeled EIN in the presence of unla-
beled HPr and15N-labeled HPr in the presence of unlabeled
EIN, thus providing us the mapping of the interaction site
for each protein (Garrett et al. 1997). The 1000 best solu-
tions of the EIN (backbone trace) / HPr complex following
BiGGER ab initio calculations are illustrated in Figure 2a.
Each sphere represents the center of mass for each docking

Fig. 2. Docking of the complexes assessed following ab initio calculations and NMR chemical shift perturbation analysis and/or H-D
exchange filtering. Panelsa, b, andc illustrate the backbone trace (N, C�, C�) of EIN, Barnase, and Tom20, respectively, superimposed
with the 1000 putative docking configurations of their complex partners, which are represented by small solid spheres that denote the
center of mass for each docking position, color-coded according to the NMR filtering interaction score (higher scoring solutions, which
are scored positive, are represented in red). Panelsd, e, andf: the highest ranked cluster of structures obtained from these calculations
is shown for each complex (illustrated as red spheres). Panelsg, h, andi identify the best solutions for each complex, which are scored
from red to white (1–4Å) according to the RMS deviation (calculated by BiGGER) of the calculated backbone trace with the previously
determined structure.
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position. After the application of the NMR filter, the 1000
best solutions from the ab initio calculation can be further
ranked according to their compliance with the NMR re-
straints. The spheres representing the best score with the
NMR data are shown in red, and those with the worst fit are
white. Figure 2d identifies a subset of 24 structures ex-
tracted from Figure 2a that optimally satisfy the experimen-
tally determined NMR restraints. These data demonstrate
that the inclusion of the chemical shift perturbation analysis
with the initial ab initio scoring procedure dramatically im-
proves the capacity to identify a single family of structures.
The 10 top-ranked docking solutions of HPr (several of the
HPr docking positions are degenerate as a result of identical
translational and orientational information) are illustrated in
Figure 2g. Each of these solutions has a root mean square
(RMS) deviation of less than 2 Å for the backbone trace (N,
C�, C�) (Fig. 2g) when compared with the average structure
of the EIN/ HPr complex solved by NMR spectroscopy. The
spectroscopically determined EIN/HPr structure itself has
an inherent RMS deviation of approximately 1.3 Å (Garrett
et al. 1999). Moreover, the best calculated complex struc-
ture has an RMS deviation of 1.6 Å, when compared with
the experimentally determined average structure (Fig. 3).
Taken together these data suggest that the structure obtained
using our “restrained soft-docking” approach is equivalent
to the structure determined by NMR or X-ray crystallogra-
phy.

We then performed an analogous study using the same
approach to investigate the complex between the extracel-
lular ribonuclease fromBacillus amyloliquifaciens, barnase,
and its inhibitor barstar, which was originally solved by
X-ray crystallography (Buckle et al. 1994). The interaction

interface has been investigated using both chemical shift
perturbation analysis of15N-labeled barnase in complex
with unlabeled barstar and hydrogen-deuterium (H-D) ex-
change of the backbone amide groups of barnase upon com-
plex formation with barstar (Jones et al. 1993). However,
complementary data demonstrating the effect of barnase on
barstar are not available. Ab initio calculations employing
BiGGER identified two significantly different interaction
sites (Fig. 2b). The inclusion of barnase chemical shift per-
turbation analysis and H-D exchange data in the ab initio
calculations again permitted ranking of the original set of
structures. After we filtered out solutions that violated the
observed NMR restraints, only 30 complexes were identi-
fied; these represent a single family of structures (colored
red in Fig. 2e). Each of the 10 highest-ranked structures
(Fig. 2h) within this family possessed an RMS deviation of
less than 4 Å and the best solution has an RMS deviation of
0.79 Å when compared with the structure solved by x-ray
crystallography.
Many mitochondrial proteins are synthesized in the cy-

tosol as precursor proteins and imported into the mitochon-
dria via a presequence signal peptide. NMR spectroscopy
was recently used to determine the complex between the
translocase outer mitochondrial membrane receptor protein
(Tom20) and a presequence peptide derived from the rat
aldehyde dehydrogenase (Abe et al. 2000). To demonstrate
the flexibility of our approach (Fig. 1), we calculated the
complex of Tom20 with the presequence peptide using the
structure of the complex and chemical shift perturbation
analysis information. However, the absence of molecular
coordinates for the free molecules prevented us from per-
forming true ab initio calculations, because we separated
both molecules by editing the atomic coordinate file (pdb).
The 1000 highest-scored solutions are illustrated in Figure
2c, color-coded according to the NMR filtering score from
the best (red) to the worst (white). The 94 best solutions are
represented by a single cluster of orientations (Fig. 2f), and
the 10 best structures within this family all possess RMS
deviations of less than 1.5 Å when compared with the NMR
structure of the complex (Fig. 2i).
The last complex investigated was that of cytochrome c

(cc) with cytochrome c peroxidase (ccp), an electron-trans-
fer complex, which further supported our approach (Pel-
letier and Kraut 1992). This complex was amenable to
analysis by our algorithm because both of these proteins
have been thoroughly characterized in both the free and
bound states, and their three-dimensional structures are
known (Louie and Brayer 1990; Wang et al. 1990). How-
ever, without chemical shift perturbation data available to
filter our theoretical complexes, we used an H-D exchange
experiment in which a protection factor for cc had been
determined following complex formation with ccp (Jeng et
al. 1994). This information provided us with a single filter
for cc upon complex formation. The initial solutions were

Fig. 3. Superimpostion of the EIN/ HPr complex determined using “re-
strained soft-docking” (illustrated in blue) with the previously determined
average NMR structure (presented in red) (Garrett et al. 1999). These
structures were superimposed and the RMSD determined using the BiG-
GER software package. The EIN and HPr proteins of this complex are
labeled.
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filtered with the H-D exchange data, and these results iden-
tified 310 solutions that possessed a Haem–Haem distance
of less than 30 Å (the known distance between the iron
centers is 26 Å) (Pelletier and Kraut 1992). The second
highest-ranking structure within these solutions has an RMS
deviation of 2.87 Å when compared with the structure pre-
viously determined by X-ray crystallography. The highest-
ranked complex was oriented in an alternative-binding site
which did not converge (RMS deviation of 21.85 Å) with
the known structure (data not shown). However, other
groups have proposed that an alternative binding site for cc
upon complex formation with ccp exists in solution, which
might explain our results; this remains a topic of discussion.
These data suggest that the use of additional NMR data for
ccp (chemical shift perturbation analysis, H-D exchange or
other NMR constraints), which would provide us with a
double filter, would enhance the accuracy of the theoretical
solutions, resulting in the identification of a single family of
structures.

In a recent publication by Clore (2000), an alternative
approach to investigate the EIN/HPr complex was presented
that required intermolecular NOE restraints, RDC measure-
ments, and rigid body minimization. This approach is both
expensive, necessitating a double labeling strategy for the
proteins involved, and considerably more time-consuming,
requiring significantly more data collection and analysis.
The RDC measurements provided additional orientational
parameters (one protein with respect to its partner) to
supplement the translational and orientational information
provided by intermolecular NOEs (Garrett et al. 1999).
However, this method predicted the correct EIN/ HPr com-
plex (NMR structure) only when both experimental filters
(NOEs and RDC) were included. While this is an excellent
alternative strategy, our restrained soft-docking approach
does not require additional sample preparation and/or data
collection (RDC measurements), laborious and time-con-
suming assignment of intermolecular NOEs, or additional
energy minimization. In addition, the enhanced sensitivity
of the HSQC and TROSY methods permit chemical shift
perturbation analysis of protein–protein complexes at very
low protein concentrations (micromolar), which could fa-
cilitate automated screening of potential protein–protein in-
teractions and structural studies of less soluble complexes.

Conclusion

Lo Conte and others have extensively analyzed recognition
sites of complexes with known structures and determined
that these “patches” differ in charge distribution, solvation
potential, planarity, and accessible surface area (Jones and
Thornton 1997a,b; Lo Conte et al. 1999). The heterogeneity
in the nature of these sites makes identification of protein–
protein interfaces by theoretical criteria difficult. Our cur-
rent analyses investigate protein–protein recognition sites

using a novel approach for probing these interfaces com-
bining the power of ab initio molecular docking with chemi-
cal shift perturbation analysis. We believe that the ability to
screen complex formation rapidly using HSQC experiments
(requiring 1 to 2 hours) with ab initio calculations per-
formed by BiGGER (performed in a few hours on a per-
sonal computer) provides a powerful tool for studying pro-
tein–protein complexes that will facilitate the identification
of lead compounds for rational drug design and ultimately
become integrated within current structural genomic appli-
cations.

Materials and methods

The structural coordinates of the bound and free forms of the
proteins involved in complex formation were taken from the Re-
search Collaboratory for Structural Bioinformatics (RCSB) Protein
Data Bank (PDB). The accession codes for the Hpr/EIN complex
solved by NMR (Garrett et al. 1999) and the X-ray crystallography
structures of free EIN (Liao et al. 1996) and Hpr (Jia et al. 1993)
are 3EZA, 1ZYM, and 1POH, respectively. The barnase/barstar
complex accession code is 1brs (Buckle et al. 1994); the accession
codes for the unbound barnase and barstar are 1a2p (Mauguen et
al. 1982) and 1a19 (Ratnaparkhi et al. 1998), respectively. The
Tom20 presequence complex accession code is 1om2. No struc-
tures are available for the unbound forms (Abe et al. 2000). The
PDB accession code for the cytochrome c/cytochrome c peroxi-
dase complex is 2pcc (Pelletier and Kraut 1992). The accession
codes for the free cytochrome c and cytochrome c peroxidase are
1ccp (Wang et al. 1990) and 1ycc (Louie and Brayer 1990), re-
spectively.

Protein docking

Molecular interaction simulations between each of the protein
pairs were performed using the protein docking algorithm BiG-
GER (Palma et al. 2000). This algorithm performs a comprehen-
sive and systematic search of the complete 6th-dimension binding
space of both molecules without the use of supplemental binding
site information. Approximately 107–109 binding configurations
are initially assessed and subsequently edited with a sequence of
filters and scoring functions based on the evaluation of geometric
surface complementarity, the pairwise amino acid propensities to
contact across the interface, the interaction electrostatic potential,
and the solvation energy change upon complex formation (Wang
et al. 1995).

In the present work, a set of 1000 alternative binding solutions
were generated by BiGGER and subsequently filtered using data
experimentally derived from NMR chemical shift perturbation
analysis and/or other NMR restraints.
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