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Understanding the function of biomolecular complexes
requires their structural analysis at atomic resolution. To
solve high-resolution structures by ab initio calculations
typically data from NMR spectroscopy or X-ray crystallog-
raphy are employed. In the latter approach, intrinsic flexi-
bility and dynamics may prevent crystallization or introduce
artificial conformations linked to crystal packing. Solution
NMR spectroscopy does not suffer from such limitations, but
is demanding because the adverse relaxation properties of
large complexes may lead to extensive signal broadening and
severe spectral overlap. Consequently, only sparse restraints
can be obtained from such complexes by NMR experiments.
Provided that the structures of the individual components of
the complex (i.e. proteins, DNA/RNA) are available and that
no large-scale conformational changes occur upon complex
formation, experimental and computational approaches can
be used to obtain the quaternary arrangement of complexes.

The assembly of protein complexes by (semi-)rigid-body/
torsion-angle dynamics protocols is widely used and can yield
accurate and precise structural models.[1] However, for high-
molecular-weight complexes, conventional approaches
become highly ambiguous and often cannot distinguish
between several possible arrangements of subunits in the
complex. Different types of NMR data can provide powerful
complementary information for restraining the interface and
orientation of the complex[2] and thereby resolve these
ambiguities. One technique that has gained popularity in
recent years is the site-specific incorporation of paramagnetic
spin labels or lanthanide binding tags.[3] These labels are

covalently attached to single cysteine residues and provide a
rich source of distance (paramagnetic relaxation enhance-
ments) and orientation information (pseudocontact shifts,
PCS; residual dipolar couplings, RDCs).[3a,b,d] A potential
drawback of this approach is the requirement of a single
accessible cysteine residue for cross-linking with the para-
magnetic tag. This requires removal of native cysteines by
site-directed mutagenesis which can be difficult for large
proteins (that may contain many cysteines).

Here, we present an efficient, generally applicable, and
robust strategy for improving the precision and accuracy of
(semi-)rigid-body/torsion-angle dynamics protocols based on
paramagnetic relaxation enhancements (PREs) derived from
the soluble paramagnetic agent Gd(DTPA-BMA) (DTPA:
diethylenetriamine pentaacetic acid, BMA: bismethyl-
amide).[4] This chemically inert compound can simply be
titrated to the sample, does not require any covalent
modifications, and can be easily removed by dialysis.[4a,b,5]

Dipolar interactions with the unpaired electron(s) of the
chelated lanthanide ion (Gd3+) lead to a concentration-
dependent increase of nuclear relaxation rates (PRE), which
result, for example, in line broadening for NMR signals of
nuclear spins.[4b,5a, 6] The PRE can be translated into direct
distance information that reflects the solvent accessibility or,
in more quantitative terms, the (minimal) distance to the
closest point of the molecular surface (Figure 1).[4b]

Our protocol uses solvent PREs in two critical steps
during a semirigid-body/torsion-angle dynamics calculation,
namely for 1) scoring of initial structures and 2) direct
refinement against solvent PRE restraints (Figure 2). The
overall approach for the structure determination is outlined in
Figure 2. First, an ensemble of structures is generated by using
either standard structure calculation approaches, semirigid-

Figure 1. The general principle of solvent PREs. Paramagnetic centers
of Gd(DTPA-BMA) are shown as red spheres. The red arrow indicates
increasing PREs from the interior to solvent-accessible areas of the
biomolecule (i.e. the surface, flexible loops/linkers).
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body assembly of structural domains,[1a,c,n] or a docking
program (step 1).[1f,m,q] If structural restraints are available,
they can be readily included at the initial stage by using the
corresponding protocols.[1a–d,g–j,k,l,n–p] In step 2 we use solvent
PRE data to score the ensemble against experimentally
determined solvent PREs and total energy. This is motivated
by the principal difficulty of conventional protocols to
discriminate between different solutions and to identify
correct structures by appropriate quality criteria (i.e. energy
scores).

By using the solvent PRE score, the most accurate cluster
is identified and the ambiguities are resolved. Although the
correct cluster can be identified with confidence, the corre-
sponding ensemble of structures might still deviate signifi-
cantly from the “correct” solution. To further improve the
accuracy and convergence of the calculation, the best scoring
ensemble is selected for a direct refinement against all
experimental restraints, including solvent PREs in step 3
(Figure 2), using an extended version of a protocol described
previously.[4b] Succinctly, a cloud of dummy atoms is placed
around the ensemble of structures (red spheres in Figures 1
and 2), and refinement is carried out using simulated
annealing/molecular dynamics in ARIA/CNS.[7] PREs are
converted into distances between the nuclear spins for which
a PRE was measured, and the cloud of dummy atoms
represents the paramagnetic cosolvent (see the Supporting
Information). A high PRE reflects a high exposure of the spin

to the soluble spin label (equivalent to solvent exposure) and
thus a short minimal distance to the cloud of dummy atoms.
Conversely, spins with a low PRE are less surface-exposed
and therefore also located far from the cloud of dummy
atoms. Typically, distance restraints between 3.5–15 � are
obtained. As long as significant structural changes to the
preceding iteration step are observed (i.e. backbone root
mean square deviation (rmsd)> 1.0 �), the lowest-energy
subensemble of structures is selected, the dummy atoms are
placed around this ensemble, and the energy minimization is
repeated. The final ensemble of structures is validated by
comparing experimental and back-calculated solvent PREs.

We applied this protocol to analyze a 150 kDa ternary
nuclear export complex, which comprises the 123 kDa nuclear
export receptor CRM1 (also known as Exportin 1 or Xpo1p),
the 20 kDa guanine nucleotide-binding protein Ran (in its
GTP-bound state), and a peptide with the prototypic nuclear
export signal (NES) of the protein kinase A inhibitor (PKI;
see Ref.[8] for a review on CRM1). NESs are the simplest
CRM1-dependent nuclear export determinants. They com-
prise five characteristically spaced hydrophobic residues
(denoted F0, F1-F4) that follow the consensus F0(x)2-F

1-
(x)3-F

2-(x)2-3-F
3-x-F4 for PKI-type NESs (“x” is an amino

acid that is preferentially charged, polar, or small[9] with the
sequence around F0 showing a preference for acidic resi-
dues[10]). The recent crystal structure of the
RanGTP·CRM1·PKI NES complex shows that the NES
peptide docks its F residues into five rigid pockets of
RanGTP-bound CRM1.[10] With conventional NMR
approaches we obtained only sparse experimental data for
the export complex. Therefore, the Ran·CRM1·PKI NES
complex was an excellent target to test the protocol outlined
above. Indeed, the model obtained by our approach validates
the crystal structure of a related complex and vice versa.[10]

The unbound PKI NES peptide is largely unfolded in
solution but shows a propensity to form an a-helical
secondary structure.[10] The structural analysis of the complex
required optimized isotope labeling schemes (see the Sup-
porting Information). For the PKI NES peptide, we used
methyl-protonated, linearized 13C side-chain labeling com-
bined with 2H and 15N labeling. Furthermore, complete
deuteration of CRM1 was needed, which we achieved by an
optimized deuterium labeling protocol. As a consequence of
the high molecular weight of the complex, the TROSY-HSQC
spectra (TROSY= transverse relaxation-optimized NMR
spectroscopy, HSQC = heteronuclear single quantum coher-
ence) did not yield all expected cross-peaks (see Figure S1 in
the Supporting Information). We therefore applied 1H,15N
CRINEPT-HMQC experiments (CRINEPT= cross-corre-
lated relaxation-enhanced polarization). Upon binding to
CRM1, the chemical shifts in the central (hydrophobic) F

region of the PKI NES peptide were significantly perturbed
(Figure 3B,C). The standard NMR triple-resonance
approaches[11] for sequential assignment failed because of
the large size of the complex. We therefore used a combina-
tion of 1H- and 13C-detected through-bond and NOE-corre-
lated NMR experiments for chemical shift assignment and
derivation of structural restraints of the NES peptide (see the
Supporting Information).

Figure 2. General overview of the solvent PRE assisted structure
calculation protocol, illustrated for a schematic binary protein complex.
The target structure is shown in gray; positions of the different clusters
of ligand conformations are colored green, magenta, or blue.
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The conventional approach for determining the structure
of the complex would rely on chemical shift assignments of all
subunits and the measurement of intermolecular restraints
such as NOEs. However, while NMR data can be readily
obtained for the PKI NES peptide, detailed NMR analysis of
isotope-labeled CRM1 is challenging because of its size
(123 kDa), which would result in severe overlap of NMR
signals. An alternative method to derive structural restraints
involves spin labeling of otherwise unlabeled CRM1 and
detection of intermolecular paramagnetic effects (i.e. PRE)
on the isotope-labeled PKI NES peptide. For CRM1 this is
difficult as the protein contains a large number of solvent-
accessible cysteines.[1p,n, 3b–d, 12] We therefore performed struc-
tural analysis of the 150 kDa complex with few restraints
defining the interaction between the PKI NES peptide and
CRM1: 1) ambiguous NOE-based distance restraints between
the F residues of the PKI NES and amide protons of CRM1
and 2) unambiguous NOEs between PKI NES residues and
Cys528 Hg (see the Supporting Information). These NOEs
could be unambiguously assigned to Cys528.[10]

Several initial calculations were carried out for step 1
(Figure 2) using 1) a modified version of ARIA/CNS[7] (see
the Supporting Information), 2) HADDOCK[1g,i,l,o] , and
3) the docking program ClusPro.[13] The modified version of
ARIA/CNS allows semi-rigid-body assembly of the
CRM1·NES complex by simulated annealing using experi-
mental restraints. ClusPro was chosen as a the best-perform-
ing[1q] representative docking program. HADDOCK allows
the incorporation of experimental restraints whereas in
ClusPro only residues located in the binding interface can
be specified. The results for the calculations are shown in
Figure 4 and Table 1. Notably, both the accuracy and the

precision of the best-scoring ensemble of structures are poor
when compared to the crystal structure of the PKI export
complex, which we used as a reference structure.[10]

In docking calculations, the scoring of the resulting
structures is critical, and it is assumed that the lowest-
energy structures are the most accurate ones. However, when
the restraint density is sparse, there often is no significant
correlation between the accuracy and the scoring function.
Furthermore, different weighting of individual terms of the
scoring function can yield ambiguous results (see the Sup-
porting Information). In the present example, both ClusPro
and HADDOCK would yield an incorrect structural model of
the NES complex.

We then scored the structure obtained by ClusPro and
HADDOCK against the experimental solvent PRE data.
Scoring was carried out by calculating the sum of the
violations of hr�6i averaged distance restraints between
observed NMR nuclei and a grid representing the para-
magnetic cosolvent. The average PRE score for all structures
is scaled to the size of the average scoring energy used in

Figure 3. NMR spectra of the PKI NES peptide in the 150 kDa ternary
complex with CRM1 and RanGTP. A) Ribbon representation of the
crystal structure of the related nuclear export complex (PDB-ID:
3NBY), where the snurportin fusion domain (yellow) was used to
facilitate crystallization of the complex.[10] B) 1H,15N CRINEPT-HMQC
spectrum of the NES peptide when free (black) or bound to the
CRM1·RanGTP complex (orange). Chemical shift changes of selected
residues upon binding are indicated by dashed arrows. C) 1H,13C
methyl TROSY spectrum. The F residues and the non-F Leu6 are
shown in green and orange, respectively.

Figure 4. Impact of PRE scoring on the accuracy of the docking
approaches. The 10 lowest-energy structures (left) and clusters (right)
as derived from HADDOCK (A,B) and ClusPro (C,D), respectively, are
shown, either before (A,C) or after (B,D) solvent PRE scoring. Residues
involved in the interaction between the PKI NES peptide and CRM1
were used as restraints for calculations (see the Supporting Informa-
tion). Clusters with increasing size are colored in blue, red, green,
magenta, yellow, orange, black, and gray. The HADDOCK and ClusPro
scores before the PRE scoring procedure (A,C) are marked by red
dotted lines. Hydrophobic F residues and Leu6 are color-coded as in
Figure 3.
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step 1 and combined to yield a modified score. The results of
step 2 show a clear correlation between accuracy and scoring
energy (Figure 4; Table 1). The lowest-energy structures are
closest to the “correct” reference structure. Thus, the scoring
against PREs resolves the ambiguities of the conventional
docking programs.

However, the resulting ensemble of structures still shows
poor convergence and accuracy as indicated by a high-
coordinate rmsd to the reference structure. In step 3
(Figure 2) we therefore selected the 10 best structures
obtained with the combined score in step 2 and carried out
a direct refinement against the PRE data in ARIA/CNS. Both
the accuracy and the precision of the resulting structures
improve significantly throughout the iterative refinement
(Table 1, Figure 5). The final ensemble of structures was
validated by comparing experimental and back-calculated
solvent PREs (step 4) which show excellent agreement
(Figure 5).

A closer look at the initial docking models provides an
explanation as to why the solvent PRE data significantly
improve the structural quality. PRE data were available only
for methyl groups of (iso)leucine residues in the hydrophobic
positions of the NES (F0-4, and the non-FLeu6). In the initial
docking models, many of these residues show considerable
solvent exposure, whereas in the final complex structure they
are in close contact with CRM1 and thus shielded from the
paramagnetic cosolvent. The quantitative information
derived from PREs defines the distance of the methyl
groups from the molecular surface and thus restrains those
residues that do not face the solvent into the binding pocket.
On the other hand, solvent-exposed residues are moved
towards the solvent. Thus, solvent PREs provide precise
information about the solvent exposure of a spin and are well
suited for quantitatively defining the interaction interfaces
within a complex—provided that the lifetime of the complex
is sufficiently long. In the NES complex studied here, KD is
7 nm,[14, 10] corresponding to an off-rate in the order of 10�2 s�1

assuming a diffusion-controlled on-rate (107
m
�1 s�1). Even in

the case of weakly associating complexes (with KD values in
the high mm range) solvent PREs can provide at least
qualitative information about the binding interface.[5a]

The structural analysis of the 150 kDa NES complex
demonstrates that solvent PREs are an excellent indicator of
the quality of structural models and can define a valuable
score for structure assembly of macromolecular complexes.
Moreover, a direct refinement against solvent PRE data
improves the accuracy and precision of the structural models.
This approach can be readily combined with various types of
experimental data and represents a powerful strategy for
NMR-based structural analysis of large complexes in solution.
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Precision
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HADDOCK[c] 2.25�0.98 3.07�0.71

ClusPro 1.49�0.45 25.15�0.40
Step 2

ARIA/CNS 7.77�2.98 6.90�1.76
HADDOCK[b] 4.34�1.85 6.58�2.58
HADDOCK[c] 2.14�0.98 3.49�1.09

ClusPro 1.06�0.41 3.35�0.32
Step 3[d]

0.28�0.08 1.22�0.04

[a] Pairwise backbone rmsd values are calculated for residues 1–13 for
the 10 lowest-energy structures from the ensemble. [b] Restraints: F

residues and Cys528 were defined as active residues. [c] Restraints:
ambiguous NOEs between F residues and CRM1 amide protons;
unambiguous NOEs between hydrophobic F residues (F3, F4), Asp12
HN and Cys528 Hg. [d] Structures were calculated with a modified
version of ARIA/CNS[7] as detailed in the Supporting Information.

Figure 5. Impact of PRE refinement on a representative ensemble of
low accuracy and precision (ARIA/CNS of Table 1, step 2). Left:
Structures A) before and B) after the PRE refinement (step 3) are
shown in ribbon representation. Right: Experimental solvent PREs and
values back-calculated from the ensemble are shown in blue and
orange, respectively. The PKI NES peptide is depicted in orange, CRM1
in gray. Hydrophobic F residues and Leu6 are shown in green and
orange depending on their location in the sequence of the NES
peptide. The amino acid sequence of the PKI NES is shown at the
bottom.
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