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Research in structural genomics is expected to lead to a wealth
of new three-dimensional protein structures.1 Post-genomic structure
determination will likely focus on soluble single proteins and
domains. Proteins achieve their biological function by interacting
with other molecules; thus, knowledge about the biological function
of proteins will be enhanced with structures of protein complexes.
Structures of complexes are, however, typically difficult to solve
by either X-ray crystallography or NMR. Moreover, details about
the interaction between proteins and ligands are difficult to predict.
A significant barrier to NMR structure determination of complexes
is the reliance on the intermolecular NOE to restrain protein-protein
interactions. Even in complexes where intermolecular NOEs are
numerous, peaks arising in the filtered dimension are often
ambiguous, and artifacts are common. Clearly, it is desirable to
use additional non-NOE-based restraints to determine structures of
protein complexes.

Using restraints from residual dipolar coupling (RDC) can reduce
the reliance on intermolecular NOEs for calculations of protein-
protein complexes.2-4 The measurement of RDC from partially
oriented protein complexes allows for the determination of long-
range order over the entire complex, but places no restraint on
intermolecular translation. Providing that high-resolution structures
of the proteins in the unbound state are available and no significant
backbone conformational changes occur upon complex formation,
structures of the complex can be calculated with RDC and NOE
restraints. Since the orientation information contained in the RDC
restraints can replace the orientation information in intermolecular
NOEs, structures of complexes can be determined with many fewer
NOEs which dramatically reduces the time and effort required for
structure determination.4

Intermolecular restraints derived from chemical shift perturba-
tions offer another alternative to intermolecular NOEs. Structures
of protein-ligand complexes have been determined by minimizing
the difference between experimental and simulated chemical shift
perturbations (DCS:∆CSexp - ∆CSsim) that are produced by the
ligand when it binds weakly to a protein surface.5 We initially
attempted to use only DCS restraints to calculate structures of
protein-protein complexes without using any NOE information.
This approach failed when it was found that DCS restraints alone
are effective toward restraining intermolecular translation, but less
effective at restricting intermolecular orientations. We report here
on the use of DCS and RDC to restrain protein-protein complexes.
In anticipation of many high-quality X-ray structures of proteins,
we apply our method to dock two X-ray structures, but the method
will work equally well to dock high-quality NMR structures.

We used the EIN-HPr complex (3EZA)6 as a model system for
our structure calculations. Crystal structures are available for both
EIN(1ZYM)7 and HPr (1POH);8 but the complex has not been

crystallized. There are NMR structures and assignments for EIN,9

HPr10 and the EIN-HPr complex.6 The rmsd fit of the backbone
CA atoms for residues 3-230 of EIN(1ZYM) to EIN(3EZA) is
1.15 Å while the fit of the backbone CA atoms for residues 1-85
of HPr(1POH) to HPr(3EZA) is 0.64 Å. The X-ray structures 1ZYM
and 1POH were aligned using the programDIPOCOUP.11 The RDC
values for the EIN-HPr complex were obtained from the experi-
mental restraint file 3EZAMR. Alignment using RDC data for the
complex establishes the relative orientations of EIN and HPr, but
does not restrain intermolecular translation. The fit of the RDC
data allows for two EIN-HPr orientations,4 only one of which
places the experimental chemical shift perturbations for EIN and
HPr in close proximity. The experimental chemical shift perturba-
tions, prior to RDC alignment are shown in Figure 1A.

To restrain the EIN-HPr complex using chemical shifts, we
minimize the difference between experimental and simulated
chemical shift perturbations. Simulations of chemical shift differ-
ences are made by taking the difference between a reference (EIN
and HPr separated by 300 Å) and bound complex (EIN and HPr in
close proximity). Protonation of the X-ray PDB files and simulation
of proton shifts were performed usingSHIFTS 3.0(David Case,
Scripps). For these calculations, 1ZYM was fixed, and 1POH was
moved in 1 Å increments on a Cartesian grid. The initial position
of 1POH was∼12 Å from 1ZYM. Calculations of∆CSsim were
made for 945 HPr positions and compared with experimental
∆CSexpt measurements. The experimental∆CSexpt data ranges from
-0.38 to +0.37 ppm. The calculated∆CSsim data has a similar
range for the best structures. These are well within the accuracy of
SHIFTS calculations that use the Haigh-Mallion method to
calculate chemical shift perturbations.5

The DCS calculation is a summation of∆CSexpt - ∆CSsim for
all HN protons of EIN. It is a single number describing the total fit
of all of the ∆CSdata. DCS values for 945 EIN-HPr structures
ranged from 1.71 (best fit) to 6.17 (worst fit). The mean DCS value
for all 945 structures is 3.37; 1 standard deviation from the mean
DCS value is 0.59; 97% of the DCS values are from 2 to 5. The
DCS values for the 12 best structures range from 1.71 to 1.94; the
mean structure of the 12 best structures has a DCS of 1.76. A
simulated complex where HPr is completely off the EIN surface
(∆CSsim) 0) has a DCS of 3.3. Simulated EIN-HPr complexes
that have clear van der Waals violations have typical DCS values
of 4-6.

Figure 1, B and C, demonstrates the potential of our approach
to rapidly dock protein crystal structures. Figure 1B shows the
relative position of the HPr crystal structure in the 12 docked
complexes that best fit the experimental perturbation data (DCS is
smallest). These 12 “best fit” structures have a 2.1 Å rmsd relative
to the mean structure of the ensemble. The mean structure of the
ensemble is 2.5 Å from the position determined from the superposi-* Address correspondence to this author: E-mail: mark.mccoy@spcorp.com.

Published on Web 02/12/2002

2104 VOL. 124, NO. 10, 2002 9 J. AM. CHEM. SOC. 10.1021/ja017242z CCC: $22.00 © 2002 American Chemical Society



tion of CA atoms of the EIN and HPr crystal structures on the
solution NMR structure of the EIN-HPr complex. In previous
models and structures of the EIN-HPr complex, the proximity of
His189 (EIN) to His15 (HPR) was restrained on the basis of activity
data.7,11 Significantly, no restraints other than RDC and DCS were
used in our calculations.

There are a number of important assumptions that are made in
performing our calculations: (1) We assume that there is no
substantial change in the backbone structure of EIN or HPr upon
complex formation. This can easily be assessed by fitting the RDC
data from the EIN-HPr complex to the individual X-ray structures.
(2) A simplification in these simulations is that we do not account
for any conformational changes in aromatic side chains that may
occur upon binding. As a consequence, we minimize|∆CS|expt -
|∆CS|sim to reduce the influence of side chain conformational
changes on the sign of the DCS simulations. (3) The mean structure
in Figure 1C is calculated on the basis of HN-DCS. DCS values
for HR protons produced similar results. (4) Only∆CSexpt data for
EIN residues were used to calculate the structures in Figure 1, B
and C. The assignments for the free HPr were obtained by a
different laboratory under different conditions and were therefore
excluded from our calculations. (5) In all simulations, the major
cause of∆CS is assumed to be the aromatic ring current. Thus,
∆CS(EIN) is caused by aromatic residues on HPr that are in close
proximity to EIN. While this is only going to be true for a fraction
of the EIN protons, we can reduce the severity of this assumption
by restricting DCS restraints to specific atom types. For example
HN protons may be problematic since they are strongly perturbed
in hydrogen-bond formation. In contrast, selecting aliphatic protons
whose dispersion is dictated primarily by aromatic ring current may
produce better results.

Here, we have presented evidence that RDC and DCS data alone
can be used to dock crystal structures. Better structures will be
obtained by including DCS restraints from heteronuclei and when
DCS and RDC restraints can be minimized with an accurate force
field.12 At first it may seem to be simple to construct a model of

the EIN-HPr complex. One would start by docking the two existing
crystal structures (1POH with 1ZYM) using the available biochemi-
cal data that requires the His189 of EIN to be in close proximity
to the His15 of HPr. In fact, a model was created in just this way,
and it was incorrect.7 The use of chemical shift perturbation and
RDC data to restrain protein-protein complexes has significant
advantages over traditional approaches; the data is easy to collect
and more easily assigned than a large number of NOEs. RDC and
DCS data can be obtained even for large protein complexes, and
with the exception of intermediate chemical exchange, chemical
shift changes are almost always present in complex formation.
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Figure 1. X-ray crystal structures of EIN and HPr are docked using NMR restraints. (A) Experimental proton chemical shift perturbations (∆CSexpt )
CScomplex- CSfree) are mapped onto the structures of EIN (left) and HPr (right). Red and green atoms indicate negative and positive shifts, respectively. Blue
atoms are very large shifts; they were not used in these calculations. van der Waals spheres for protons are shown (GRASP13). EIN and HPr are neither
docked nor aligned with RDC data in Figure A. (B) The 12 HPr structures that best fit the DCS and RDC data are shown in blue usingmolmol.14 The RDC
restraints are satisfied by keeping the relative orientation of EIN (green tube) to HPr fixed. The DCS values are evaluated by taking the normalized difference
between experimental and simulated HN chemical shift perturbations of EIN. DCS values were calculated for 945 structures over a (5 Å× 9 Å × 21 Å)
grid. The rmsd of the “best fit” ensemble to the mean is 2.1 Å. (C) The rmsd of the mean HPr structure (orange) to the average minimized HPr location from
the EIN-HPr complex (magenta) is 2.5 Å. These results demonstrate that RDC and DCS are complementary and, together, can provide restraints in structures
of complexes in which intermolecular NOEs may be difficult to obtain.
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