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1 Abstract

Despite recent advances in the modelling of protein-protein complexes by docking, additional infor-

mation is often required to identify the best solutions. For this purpose, NMR data deliver valuable

restraints that can be used in the sampling and/or the scoring stage, like in the data-driven docking

approach HADDOCK that can make use of NMR chemical shift perturbation (CSP) data to define the

binding site on each protein and drive the docking. We show here that a quantitative use of chemical

shifts (CS) in the scoring stage can help to resolve ambiguities. A quantitative CS-RMSD score based

on 1Hα ,13Cα and 15N chemical shifts ranks the best solutions always at the top, as demonstrated on

a small benchmark of four complexes. It is implemented in a new docking protocol, CS-HADDOCK,

which combines CSP data as ambiguous interaction restraints in the sampling stage with the CS-RMSD

score in the final scoring stage. This combination of qualitative and quantitative use of chemical shifts

increases the reliability of data-driven docking for the structure determination of complexes from lim-

ited NMR data.

2 Introduction

Over the last years, it has been shown that the combination of protein structure prediction programs

with experimental NMR chemical shifts can already be sufficient to obtain high-resolution structures

of small to medium-sized proteins.[1–3] The approaches developed for this purpose require reasonably

accurate predictions of chemical shifts. Thanks to the growing number of protein structures solved by

NMR for which chemical shifts have been deposited into the BioMagResBank (BMRB)[4], chemical

shifts can be predicted from such databases. Chemical shift predictors are already quite accurate in

grasping short-range conformational effects on chemical shifts from such databases and long-range

effects, like electrostatics or ring-current effects, from classical equations.[5–10]

Chemical shifts are also used in the context of biomolecular complexes. Measurements of chemical

shifts on both the free and complexed forms of a protein yield chemical shift perturbation (CSP) data.

Chemical shifts of residues in the interface of the complex are likely to differ between the bound and
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the free forms. The perturbation of the chemical shift upon complex formation can be used to map the

interaction interface and model protein complexes from the known free form structures.[11–13] For

example, the data-driven docking program HADDOCK converts CSP data into ambiguous distance

restraints (AIRs) between the two proteins.[14–16]

CSP data are more widely used in a qualitative rather than quantitative manner. They have been

used quantitatively mainly for the binding of small molecules to proteins,[17–23] and for the ranking

of heme-containing protein-protein complexes obtained with HADDOCK[24], as aromatic rings of

small ligands and heme groups generate significant CSP on the protein’s protons, and in combination

with residual dipolar couplings on the EIN-HPR complex.[25] With the introduction of the CamDock

protocol, chemical shift data for various nuclei were used for the first time quantitatively and without

any other data to model the E9-Im9 complex.[26]

For the quantitative use of chemical shifts for the modelling of protein complexes, we developed

the CS-HADDOCK protocol as an extension of the widely used docking program HADDOCK. We

tested the method using the few complete chemical shift data sets of protein complexes currently

available from the BMRB resulting in a small benchmark of four protein-protein complexes. Our

results on those complexes show that not all chemical shift types are equally useful in defining the

complex: 1Hα ,13Cα and 15N chemical shifts are the most useful, while including 1HN and 13Cβ shifts,

in combination or separately, gives worse results (see supplementary information). Furthermore, we

show that the quantitative use of chemical shifts is only robust if the interaction site is approximately

known in advance to restrict the search space, for example from a qualitative analysis of CSP data.

3 Materials and Methods

3.1 Input structures and chemical shift data

CS-HADDOCK was tested on four complexes (see Table I): E9 - IM9 (PDB-ID 1EMV), EIN - HPR

(PDB-ID 3EZA), ZTaq - anti-ZTaq (PDB-ID 2B87) and ILK ARD - PINCH-1 LIM1 (PDB-ID 3F6Q).

The unbound starting structures used for the docking and their distances in terms of Cα -RMSD to the
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Table I: Reference PDB structures and CS-data of the complexes

name PDB-ID Experimental method CS-data (BMRB-ID[4])

E9-IM9 1EMV X-ray (1.7Å) 4352 (E9), 4115 (IM9)

EIN-HPR 3EZA NMR 4264

ZTaq - anti-ZTaq 2B87 NMR 6806

ILK ARD - PINCH-1 LIM1 3F6Q X-ray (1.6Å) 16063

Table II: Number of CS of the complexes

name 1Hα 1HN 15N 13Cα 13Cβ

E9 119 122 122 131 95

IM9 85 81 81 86 79

EIN 238 248 248 253 238

HPR 84 81 81 85 79

ZTaq 58 53 53 58 56

anti-ZTaq 58 54 54 58 57

ILK ARD 171 164 165 171 157

PINCH-1 LIM1 70 67 67 70 65

reference bound structures are listed in Table III. In general, the higher the Cα -RMSD values the more

difficult is the docking. The first two complexes, E9-IM9 and EIN-HPR, are in a moderate range of

0.5-2Å. The ZTaq - anti-ZTaq complex is already in a difficult range of 1.5-3.5Å, and the PINCH-1

LIM1 input structures are in a even more difficult range of 4.3-5.4Å Cα -RMSD. For each model the

interface-RMSD (defined as the backbone RMSD over all residues within 10Å of the partner molecule)

to the reference complex structure was also calculated.

3.2 Docking and scoring protocol

Figure 1 shows a flowchart of the CS-HADDOCK protocol which is explained here in detail. The

standard HADDOCK 2.1 protocol[15, 16] was used to generate the models of the protein complexes,
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Table III: Unbound, free-form PDB structures used for the docking.

name PDB-ID Experimental
method

Cα -RMSD to
reference-complex

interface-RMSD to
reference-complex

residues

E9 1FSJ, chain B X-ray (1.8Å) 0.96Å (1EMV:B) 0.39Å 134

Im9 1IMP (all 21 struc-
tures)

NMR 1.4-2.0Å
(1EMV:A)

1.15-1.49Å 86

EIN 1ZYM, chain A X-ray (2.5Å) 1.48Å (3EZA:A) 0.98Å 249

HPR 1POH X-ray (2.0Å) 0.64Å (3EZA:B) 0.64Å 85

ZTaq 2B88 (all 40 struc-
tures)

NMR 1.63-3.43Å
(2B87:A)

1.18-2.93Å 58

anti-ZTaq 2B89 (all 40 struc-
tures)

NMR 2.35-2.67Å
(2B87:B)

0.84-0.99Å 58

ILK ARD 3IXE, chain A X-ray (1.9Å) 0.65Å (3F6Q:A) 0.32Å 171

PINCH-1 LIM1 1G47 (all 25 struc-
tures)

NMR 4.34Å-5.39Å
(3F6Q:B)

3.58-4.17Å 70

Figure 1: CS-HADDOCK protocol flowchart (see article for explanations)
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starting from the unbound input structures listed in Table III. 2000 models were generated in the

rigid-body docking step (it0-step), from which the top 400 according to the HADDOCK score were

further refined with a flexible interface (it1-step) and with a water-layer around the complex (water-

step). [1HN ,15 N] chemical shift perturbation (CSP) data were used to define the residues potentially

involved in binding (active + passive residues) and from these ambiguous distance restraints (AIRs)

(see Table S1). The final 400 water-refined complex structures were first ranked according to the

standard HADDOCK score[15], which includes the AIR, electrostatic and van der Waals energies and

an empirical desolvation[27] term:

EHADDOCK = 0.1∗EAIR +0.2∗Eelec +1.0∗EvdW +1.0∗Edesolv (1)

The top 200 structures were clustered according to their pairwise interface ligand RMSD-matrix

(RMSD of the backbone interface atoms of the ligand calculated after superimposition on the backbone

interface atoms of the receptor). Structures falling into a cluster were further rescored with a new CS-

RMSD score, defined as follows for one chemical shifts type (e.g. Hα -CS):

CS-RMSD k =

√
∑

nA
i=1(δ

exp
i −δ theo

i,k )2

nA
+

√
∑

nB
i=1(δ

exp
i −δ theo

i,k )2

nB

2
(2)

Theoretical chemical shifts δ theo
i,k (i = residue number, k = model number) are calculated from the

generated complex structures with ShiftX.[7] Experimental chemical shifts δ exp
i are those of the com-

plex (see Table I and II). We tested also other chemical shift predictor programs including SPARTA[8],

ShiftS[5] and 4DSPOT[10]. Since we did not find any difference in the performance of the CS-RMSD

score we chose ShiftX because of its speed of execution.

The CS-RMSDs are calculated for each binding partner separately and combined to an average

CS-RMSD value of the complex. Each binding partner has so the same weight for the CS-RMSD

score, regardless of its number of residues or amount of available chemical shifts. Chemical shifts of

different nuclei are combined as follows: the CS-RMSD values of all generated models are calculated
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for each nucleus separately and then normalized to a scale from 0.0 to 1.0:

n-CS-RMSDk =

(
CS-RMSDk−CS-RMSDmin

CS-RMSDmax−CS-RMSDmin

)
(3)

where CS-RMSDmin/max are the minimum, respectively maximum CS-RMSD values among all

generated models for a specific nucleus. Finally, the normalized n-CS-RMSD values of each nucleus

are summed up to the combined CS-RMSD score, which is also normalized to a scale from 0.0 to 1.0.

This approach ensures that each chemical shift type contributes equally to the combined CS-RMSD

score. We did not optimize the weights between the different nuclei as in CamDock[26], because this

would need a much larger benchmark of protein complexes with chemical shift data. Note that we

also investigated a weighting scheme accounting for both the prediction accuracy of ShiftX and the

variability of a given nuclei in the BMRB (see supplementary material, Figure S8 and S9). Despite

slightly different weights of the various nuclei, the overall scoring performance did not change.

The top 4 structures of each cluster were selected according to the score used (n-CS-RMSD or

HADDOCK), and the average score and interface-RMSD were calculated among these 4 structures.
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Table IV: Accuracy of the top 4 structures of the best scored cluster. The accuracy is measured in
terms of fraction of native contacts fnat

1and interface-RMSD (i-RMSD2) according to the CAPRI
standards[28, 29]. The average ± standard deviation, as well as the minimum and maximum, among
the values of the top 4 structures is given here.

complex CS-RMSD score HADDOCK score

fnat i-RMSD fnat i-RMSD

E9-IM9 0.57 ± 0.13 (1.90 ± 0.30)Å 0.06 ± 0.01 (11.47 ± 0.09)Å
[0.43...0.79] [1.57...2.39Å] [0.05...0.07] [11.35...11.59Å]

EIN-HPR 0.32 ± 0.11 (2.94 ± 0.89)Å 0.53 ± 0.06 (1.89 ± 0.17)Å
[0.14...0.41] [2.06...4.26Å] [0.44...0.60] [1.68...2.07Å]

ZTaq - anti-ZTaq 0.32 ± 0.06 (3.04 ± 0.62)Å 0.06 ± 0.01 (8.60 ± 0.39)Å
[0.25...0.38] [2.18...3.93Å] [0.05...0.08] [8.19...9.24Å]

ILK ARD - PINCH-1 LIM1 0.42 ± 0.07 (4.86 ± 0.88)Å 0.06 ± 0.01 (10.33 ± 0.14)Å
[0.34...0.51] [3.87...5.74Å] [0.03...0.07] [10.11...10.48Å]

1 fnat = number of native (correct) residue–residue contacts in the predicted complex divided by the
number of contacts in the reference complex. A pair of residues on different sides of the interface was
considered to be in contact if any of their atoms were within 5 Å.
2i-RMSD = RMSD after optimal superimposition of the backbone atoms of interface residues only in
the predicted versus reference complex. Here, a residue belongs to the interface, if it has at least one
atom within 10Å of any atom of the partner molecule.

4 Results and Discussion

Figures 2a, 3a, 4 and S1 show the results obtained on the E9-Im9 complex. The left panel of Figure 2a

shows the CS-RMSD score of the water-refined models against the interface-RMSD from the reference

complex. Although the best generated models (interface-RMSD = 1.3-1.5Å) do not have the best

CS-RMSD scores, the best ranked models in terms of CS-RMSD score are still quite close to the

reference structure (interface-RMSD = 1.6-2.3Å, see Table IV). Moreover, the models far from the

Figure 2 (following page): Comparison of the n-CS-RMSD (left column) and HADDOCK (right col-
umn) scores versus interface RMSD from the reference structure of the 200 clustered water-refined
models. Each structural cluster has a different color. The triangles indicate the top 4 structures of each
cluster. The red crosses indicate the average and the standard deviation of the scores and the interface-
RMSDs of the top 4 structures of each cluster. The clusters are ranked according to the average score
of the top 4 structures of each cluster. The n-CS-RMSD score is the normalized combined score of the
13Cα ,1 Hα and 15N nuclei (see Material and Methods). (a) E9-IM9, (b) EIN-HPR, (c) ZTaq - anti-ZTaq
and (d) ILK-PINCH
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(a) E9-IM9

(b) EIN-
      HPR

(c) ZTaq-
      anti-ZTaq

(d) ILK-
      PINCH
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(b)  EIN-HPR
       i-RMSD = 2.1Å, fnat = 0.41

(d)  ILK-PINCH
       i-RMSD = 3.9Å, fnat = 0.47

(c)  ZTaq - anti-ZTaq 

       i-RMSD = 3.1Å, fnat = 0.30

(a)  E9-IM9
       i-RMSD = 1.6Å, fnat = 0.79 

Figure 3: Comparison of the CS-RMSD best-scored model with the reference structure. The structures
were fitted on the interface backbone atoms and the interface-RMSD (i-RMSD) and fraction of native
contacts fnat values are given. (a) E9-IM9 model (IM9 in blue) versus reference structure 1EMV (IM9
in gold and E9 as gray surface). (b) EIN-HPR model (HPR in blue) versus reference structure 3EZA
(HPR in gold and EIN as gray surface). (c) ZTaq - anti-ZTaq model (in blue) versus reference structure
2B87 (in gold). (d) ILK-PINCH model (in blue) versus reference structure 3F6Q (in gold).
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Figure 4: E9-Im9 complex: (a-e) CS-RMSD scores for single nuclei. (f) Combined n-CS-RMSD score
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Figure 5: Robustness versus missing CS data: average i-RMSD of the best scored cluster as a function
of the fraction of CS data randomly removed. The CS data were randomly removed, separately for
each binding partner. This was repeated 50 times. The resulting distribution of i-RMSD values is
shown as a boxplot. The black horizontal bar indicate the median, the surrounding box the lower and
upper quartile. The dashed lines indicate the smallest and largest values, excluding the outliers which
are indicated by circles.
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reference structure (interface-RMSD > 8Å) have a significantly worse CS-RMSD score than the best

ranked models. Clustering the solutions yields an even better discrimination (see Figure 2a, left panel).

Without the quantitative use of chemical shifts, the standard HADDOCK score can, in this particular

case, not discriminate between correct and wrong solutions (see Figure 2a, right panel). A possible

explanation can be the presence of multiple charged patches on Im9. The ambiguous distance restraints

(AIRs) define only the binding site, but not the relative orientation of the binding partners.

The best CS-scored model obtained, using the combined CS-RMSD score of 1Hα , 13Cα and 15N

chemical shifts, is compared to the reference complex in Figure 3a. The predicted interaction site

superimposes rather well to the reference complex with an interface-RMSD of 1.6Å and a high fraction

of native contacts fnat = 78.6%. We can compare these results with CamDock[26] which has also been

applied to model the E9-Im9 complex. The authors obtained a very good interface-RMSD of 0.93Å

(Cα -RMSD = 1.18Å) using a combination of 1Hα , 13Cα , 13Cβ and 15N chemical shifts. However, the

performance of CamDock seems to depend highly on the completeness of the chemical shift data, as

the use of a reduced set of 1Hα , 13Cβ and 15N chemical shifts yielded a much higher Cα -RMSD of

6.25Å.[26]

CS-HADDOCK seems thus more robust against missing input data, as the use of only one of the

three nuclei 1Hα ,13Cα ,15 N already gives good results in most cases (Figure 4a-c). While 1Hα had

the best scoring properties for the E9-Im9 case, 13Cα and 15N also scored the best cluster at the first

position. In contrast, 13Cβ and especially 1HN were not as discriminative as the other nuclei (Figure

4d-e). This can be explained as 13Cβ chemical shifts depend mainly on the amino acid type and 1HN

chemical shifts are in general poorly predicted. The prediction error for the latter is twice as large as for

1Hα chemical shifts, mainly because of the difficulty to correctly predict hydrogen bonding networks.

A similar tendency can be observed for the other three complexes (see supplementary material, Figure

S2-S7). A scoring based on only one nucleus will not be perfect in all cases. Therefore, the combined

use of the three most appropriate nuclei 1Hα , 13Cα and 15N gives a robust scoring.

The robustness of CS-HADDOCK against missing experimental CS data is also demonstrated in

Figure 5. For all four complexes tested, random removal of up to 60-70% of the experimental CS

data did not changed the scoring results. Similar observations were made when restricting the random
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removal to only interface residues (results not shown). For proper scoring, refinement of the models

seems more important than the completeness of the CS data as scoring of rigid body docking solutions

only does not allow to identify the native-like solutions.

The second complex on which the CS-RMSD score was tested is the EIN-HPR complex, which

was used in the original HADDOCK publication.[14] The right panel of Figure 2b demonstrates that

the HADDOCK score is already sufficient to discriminate the best solution cluster from the others. In

this case, the interface on HPR contains a single well-defined charged patch that allows HADDOCK

to correctly rank the best models. The CS-RMSD score also ranks the best cluster at the top (Figure

2b, left panel and Figure 3b).

As a third test, CS-HADDOCK was applied to the ZTaq and anti-ZTaq affibodies complex. As for

E9-Im9, only the combination of the qualitative use of CSP data and the quantitative use of CS made it

possible to score the best cluster at the first position (Figure 2c and 3c). The HADDOCK score alone

could not rank the best solutions at the top (Figure 2c, right panel) due to the lack of a clear electrostatic

signature on the interface.

For the last complex of our small benchmark, the ILK ARD - PINCH-1 LIM1 complex, the CS-

RMSD score ranked again the best cluster at the first position (Figure 2d and 3d). The ILK-PINCH

complex is a particularly difficult target for a docking method, as the unbound, free-form structures

of the PINCH-1 LIM1 protein have high RMSD values compared to the reference complex structure

(see Table III, interface-RMSD = 3.6-4.2Å that would classify it as challenging for docking). It is

therefore not surprising that the best cluster of ILK-PINCH models, generated by HADDOCK, has

quite high interface-RMSD values (between 2.5-6.2Å). The fraction of native contacts recovered is

however quite high (between 0.34 and 0.51 for the top 4 structures, see Table IV), which would qualify

it as acceptable to medium quality prediction according to CAPRI criteria[28, 29]. Despite the rather

large conformational change between the free structures and the reference complex structure, CS-

HADDOCK performed very well in selecting the best cluster from the docking results.

Beside assessing the performance of various combinations of nuclei for the calculation of the n-

CS-RMSD score (see Figure S1-S7), we also investigated if a combined CS-RMSD HADDOCK score

would perform better. This combined score would measure for a model both its fit to CS data and

14

Page 14 of 27

John Wiley & Sons, Inc.

PROTEINS: Structure, Function, and Bioinformatics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

its interaction energy as given by the force-field. Analysis of our data reveals that the CS-RMSD

and HADDOCK score are almost uncorrelated (data not shown). This may not be surprising, as both

scores show a very large range of values inside a structural cluster (see Figure 2), i.e. a small structural

rearrangement can change each score quite dramatically, but not necessarily in the same direction.

Combining the two scores after normalization of each individual score does not lead to improvement

and more work will be needed to optimize the various weights of the scoring function. This would,

however, require a much larger benchmark set to be of any significance, something difficult to achieve

at this time considering the very limited number of complete entries for complexes in the BMRB.

The robustness of our new CS-HADDOCK protocol, as demonstrated here on four protein-protein

complexes, comes from the combined use of CSP and CS data. Without restricting the search space

to the binding site (obtained here through the qualitative use of CSP data as ambiguous interface

restraints), the quantitative use of chemical shifts does not give a robust scoring function, as remote

binding sites may result in smaller CS-RMSD values than for the true binding site. We tested on E9-

IM9, whether the CS-RMSD score would be able to pick the best solutions among an ensemble of

models that sample the whole 6D interaction space, i.e. the models that were generated by ab-initio

docking without any information about the binding site. We used for this the FFT docking program

ZDOCK[30]. As FFT "soft-docking" models, like the ones from ZDOCK, may contain steric clashes,

all models were subjected to the water-refinement step of HADDOCK. From the resulting 3600 models

of E9-IM9, neither the CS-RMSD nor the HADDOCK score were able to select the best solutions,

irrespective whether the ZDOCK or water-refined models were considered (see Figure S10). These

results indicate that the use of CSP data in CS-HADDOCK to concentrate the initial search around

putative interface regions, rather than performing a full search of the interaction space as in ab-initio

docking, is beneficial to obtain robust results.

Finally, a few cautionary remarks are in place. First, experimental chemical shifts should be prop-

erly referenced prior to running CS-HADDOCK, as badly referenced shifts might degrade the perfor-

mance of the CS-RMSD score. Several automated solutions exist for this purpose [31–34]. Further-

more, CS-HADDOCK is expected to work best on tightly bound complexes. Caution should to be

applied to less tightly bound complexes as the observed chemical shifts might represent an average of
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the free and the bound form. Among the four tested complexes one is very tightly bound, E9-IM9:

Kd = 10−16M [35], two tightly bound, ZTaq - anti-ZTaq: Kd = 100nM [36], ILK-PINCH: Kd = 68nM

[37] and one less tightly bound, EIN-HPR: Kd = 6.7µM [38]. Even though EIN-HPR is a less tightly

bound complex, CS-HADDOCK scores still the best cluster at the first position, showing that it can

already be applied in its current version to this class of complexes. In principle, if the dissociation

constant is known, the average chemical shifts might be calculated from the mixture of free and bound

forms.

5 Conclusion

We have shown on a small benchmark set that the combination of qualitative and quantitative use

of chemical shifts increases the reliability of data-driven docking for the structure determination of

complexes from limited NMR data. In particular, the combined use of 1Hα , 13Cα and 15N chemical

shifts gives the best discrimination. Furthermore, robust results are only obtained when restricting the

search space to the interaction site, as is done for example by the qualitative introduction of CSP data

into AIRs. As, hopefully, the number of entries of biomolecular complexes for which chemical shifts

are available in the BMRB database will increase in the future, further optimization of the protocol and

scoring function will become possible.

6 Availability

The python script for CS-RMSD calculations is available from the authors upon request. It will be

included in a future release of HADDOCK.
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CS-HADDOCK protocol flowchart (see main text for explanations)  
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Comparison of the n-CS-RMSD (left column) and HADDOCK (right col- umn) scores versus interface 
RMSD from the reference structure of the 200 clustered water-refined models. Each structural 
cluster has a different color. The triangles indicate the top 4 structures of each cluster. The red 

crosses indicate the average and the standard deviation of the scores and the interface- RMSDs of 
the top 4 structures of each cluster. The clusters are ranked according to the average score of the 
top 4 structures of each cluster. The n-CS-RMSD score is the normalized combined score of the 

13Cα ,1 Hα and 15N nuclei (see Material and Methods). (a) E9-IM9, (b) EIN-HPR, (c) Z - anti-Z and 
(d) ILK-PINCH  
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Comparison of the CS-RMSD best-scored model with the reference structure. The structures were 
fitted on the interface backbone atoms and the interface-RMSD (i-RMSD) and fraction of native 
contacts fnat values are given. (a) E9-IM9 model (IM9 in blue) versus reference structure 1EMV 

(IM9 in gold and E9 as gray surface). (b) EIN-HPR model (HPR in blue) versus reference structure 
3EZA (HPR in gold and EIN as gray surface). (c) ZTaq - anti-ZTaq model (in blue) versus reference 
structure 2B87 (in gold). (d) ILK-PINCH model (in blue) versus reference structure 3F6Q (in gold).  
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E9-Im9 complex: (a-e) CS-RMSD scores for single nuclei. (f) Combined n-CS-RMSD 
score  
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Robustness versus missing CS data: average i-RMSD of the best scored cluster as a function of the 
fraction of CS data randomly removed. The CS data were randomly removed, separately for each 

binding partner. This was repeated 50 times. The resulting distribution of i-RMSD values is shown as 
a boxplot. The black horizontal bar indicate the median, the surrounding box the lower and upper 
quartile. The dashed lines indicate the smallest and largest values, excluding the outliers which are 

indicated by circles.  
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