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Abstract
NMR structure calculation using NOE-derived distance restraints requires a considerable number of assignments of both 
backbone and sidechains resonances, often difficult or impossible to get for large or complex proteins. Pseudocontact shifts 
(PCSs) also play a well-established role in NMR protein structure calculation, usually to augment existing structural, mostly 
NOE-derived, information. Existing refinement protocols using PCSs usually either require a sizeable number of sidechain 
assignments or are complemented by other experimental restraints. Here, we present an automated iterative procedure to 
perform backbone protein structure refinements requiring only a limited amount of backbone amide PCSs. Already known 
structural features from a starting homology model, in this case modules of repeat proteins, are framed into a scaffold that is 
subsequently refined by experimental PCSs. The method produces reliable indicators that can be monitored to judge about 
the performance. We applied it to a system in which sidechain assignments are hardly possible, designed Armadillo repeat 
proteins (dArmRPs), and we calculated the solution NMR structure of  YM4A, a dArmRP containing four sequence-identical 
internal modules, obtaining high convergence to a single structure. We suggest that this approach is particularly useful when 
approximate folds are known from other techniques, such as X-ray crystallography, while avoiding inherent artefacts due 
to, for instance, crystal packing.
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Introduction

A currently very active area in biomedical research is the 
design of proteins with antibody-like properties that cir-
cumvent disadvantages of real antibodies (Banta et  al. 
2013; Binz et al. 2005; Jost and Plückthun 2014). Natural 

antibodies achieve high affinity by randomizing epitopes and 
efficiently selecting for best binders. The rational design of 
proteins mimicking such interactions unfortunately proved to 
be very difficult. Part of the problem is that, despite intense 
research, it is still almost impossible to predict the structure 
of good binders solely based on the target sequence. We are 
trying to bypass this problem by creating binding modules 
optimized by directed evolution to bind specific dipeptide 
sequences in the context of a longer peptide, which can then 
be assembled in the required order in silico into designed 
Armadillo repeat proteins (dArmRPs) to create a binder 
(Reichen et al. 2014a). The approach has the advantage of 
potentially reducing the problem of finding a high affinity 
binder for each new sequence to the problem of finding a 
binding module for a dipeptide. We anticipate that such a 
rational approach to designing binders would bring massive 
advantages in the fields of research, diagnostics and thera-
peutics (Jost and Plückthun 2014; Simeon and Chen 2018).

These dArmRPs are synthetic homologs derived from a 
family of naturally occurring α-solenoid repeat proteins, nat-
ural Armadillo repeat proteins (nArmRPs), which are able 
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to bind small stretches of unstructured peptides or proteins 
(Conti et al. 1998; Conti and Kuriyan 2000; Huber and Weis 
2001). They form elongated, rod-like molecules that consist 
of multiple, tightly packed internal modules M, and are ter-
minated at the N- and C-terminal ends by capping modules 
Y and A, respectively (Fig. 1a). Each internal module M 
contains three tightly packed α-helices  H1,  H2, and  H3. They 
propagate a right-handed triangular spiral, which exposes a 
supercoiled binding surface consisting of helix  H3 of each 
repeat (Michel et al. 2018). In view of their potential role 
as antibody substitutes, they display the favorable feature 
of binding unstructured peptides, as demonstrated for neu-
rotensin (Ewald et al. 2015; Varadamsetty et al. 2012) or 
peptides comprising lysine-arginine (KR) dipeptide repeats 
(Hansen et al. 2017; Reichen et al. 2016b). In the latter case, 

X-ray structures confirmed that the bound peptide was in an 
extended conformation, and the interactions corresponded 
to those of the natural ArmRPs, in an extended and ideal-
ized way.

The above-described modular approach of creating bind-
ers using repeat proteins requires high affinity and selectiv-
ity of the individual modules. It poses the significant chal-
lenge of selecting a scaffold that allows to combine different 
modules such that overall geometric features required for 
modular binding are retained. Here, structural biology plays 
a pivotal role in order to determine the overall molecular 
features with high precision. In particular, changes in the 
supercoil of the scaffold will influence distances between 
atoms of the ligand and atoms of the binder. High-resolution 
crystal structures of several dArmRPs have been determined 

Fig. 1  Assignment of  YM4A. a YMA sequence (top), in proteins with 
more internal repeats, the M sequence would be repeated; cartoon 
representation of  YM4A (center); details of the two caps Y and A and 
an internal M module (bottom). b Superposition of  [15N,1H]-HSQC 
spectra of (A)S21C  YMnA tagged with Tm-4R4S-DOTA-M8, where 
n = 1, 3, 4 in black, red and blue, respectively. Signals corresponding 
to residues in the C-terminal A cap are annotated in the spectra and 
underlined in the sequence. c Overlay of  [15N,1H]-HSQC spectra of 
single 15N-Leu-labeled (A)S21C YMA, coupled to the paramagnetic 

tag (in black), or untagged (in red). The induced PCS are depicted 
by a dashed line. The paramagnetic partner of the peak with the star 
is located outside the displayed range. d Strips of the 15N-resolved 
NOESY displaying correlations of amide protons for residues 210–
214 of (M3)S21C  YM4A tagged with Tm-3R4S-DOTA-M7 thiazole, 
highlighting the use of an unambiguous anchor assignment identified 
from the 15N-Leu sample, L213, as starting point to obtain neighbors 
assignments
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over the years, confirming the sequence-specific binding of 
dArmRPs to different target peptides (Hansen et al. 2016, 
2018; Reichen et al. 2014b, 2016a). However, the intrinsic 
α-solenoid structures crystallize in a tubular arrangement, 
which in turn potentially influences packing and curvature 
of the dArmRPs (Hansen et al. 2018). Other artefacts due to 
crystal forces were also observed, such as register shifts for 
the bound peptides, steric clashes leading to displacements 
or multiple binding partners (Reichen et al. 2014b, 2016b).

Solution nuclear magnetic resonance (NMR) spectros-
copy in principle presents a highly valuable complemen-
tary technique to crystallography, because it determines the 
structure in the absence of packing forces. However, the 
repetitive nature of dArmRPs causes a significant assign-
ment problem and is also often accompanied by resonance 
overlap of signals from identical positions in the correspond-
ing repeats. With substantial efforts, our group managed 
to fully assign the protein backbone by using a number of 
different approaches, mostly based on segmental labelling 
(manuscript in preparation). However, sidechain assignments 
were not possible, and hence critical distance restraints to 
determine a high-resolution structure from NOE data are not 
yet available (Wagner and Wüthrich 1982). Even if those 
NOEs could be assigned, error propagation along a network 
of NOEs would not allow to compute structures in which 
remote parts can be aligned with the required high accu-
racy. In principle, both residual dipolar couplings (RDCs) 
(Bax et al. 2001; Tjandra and Bax 1997) and pseudo-contact 
shifts (PCSs) (Bertini et al. 2002; Koehler and Meiler 2011; 
Nitsche and Otting 2017; Otting 2010) allow to orient posi-
tion of atoms relative to a common frame, and hence can 
establish relative orientations of remote units with high reli-
ability. In order to use RDCs for structure refinement, a large 
set of RDCs must be measured, however, some of which are 
difficult to derive experimentally with sufficient precision 
for large proteins.

PCSs can be induced by coupling lanthanide-chelating 
tags to Cys residues (Barthelmes et al. 2011; Clore and Iwa-
hara 2009; Joss and Häussinger 2019; Keizers and Ubbink 
2011) and they provide long-range structural information, 
which is both distance- and orientation-dependent (Bertini 
et al. 2002; Koehler and Meiler 2011; Parigi et al. 2019). 
So far, PCSs have mostly been used to refine approximately 
known structures or to orient domains relative to each other. 
In order to determine the Δχ-tensor accurately a considerable 
number of backbone assignments are required to extract a 
sufficient number of PCSs as well as a reasonably close start-
ing structure. Unfortunately, both requirements are not met 
in the case of dArmRPs, as described below.

PCS refinement of repeat proteins, therefore, faces 
two major challenges: (i) repeat proteins are difficult to 
fully assign due to the repetitive nature of the amino acid 
sequence, and hence only a limited set of PCS data is 

available. (ii) high precision and accuracy are required so 
that data useful for design purposes can be generated. Much 
of what would usually be considered a high-quality structure 
is insufficiently accurate in our case.

Herein we develop, test and apply a refinement protocol 
to refine structures of repeat proteins based on an incomplete 
set of experimental backbone PCSs. The PCSs are applied to 
refine a scaffold extracted from a homology model. We dem-
onstrate that this protocol can compute accurate structures 
even in the presence of only a limited number of assign-
ments. Confidence in the correctness of the protocol is pro-
vided by several indicators that can be monitored during the 
calculation to help in identifying errors either in the struc-
ture calculation procedure or in the assignments.

In order to obtain as many reliable PCSs as possible, 
we exploit the modular nature of dArmRPs to facilitate the 
assignment procedure. We then demonstrate that it is pos-
sible to re-calculate a structure from scaffold restraints and 
a limited amount of experimental PCSs. Subsequently, we 
develop an iterative procedure in which the target structure 
is computed from a distorted structure. In each iteration, 
scaffold restraints and Δχ-tensor components are updated 
based on the structure obtained from the previous cycle. We 
also tested convergence and robustness of the procedure by 
starting from differently distorted structures and investigated 
how convergence is influenced by a number of parameters of 
the refinement protocol. Finally, we applied the protocol to 
compute the solution NMR structure of a dArmRP,  YM4A, 
based on a model that was refined with high accuracy and 
precision using exclusively backbone PCSs.

Materials and methods

Cloning and mutagenesis

YMA and  YM4A genes were cloned into the vector 
pEM3BT2 (Michel et al. 2018) containing a TEV-cleavable 
N-terminal (His)6-GB1 domain (Michel and Wüthrich 2012) 
using XbaI and BamHI restriction sites. Subsequently, Cys 
mutants were generated using the QuikChange II mutagen-
esis protocol (Stratagene) utilizing primers purchased from 
Microsynth and reported in the SI.

Protein expression and purification

Unlabeled or uniformly labeled proteins were expressed 
and purified according to a previously described proto-
col (Michel et al. 2019). To produce amino acid-specific 
isotope-labelled protein, precultures were inoculated in 
 NH4Cl-free M9 medium complemented with 19 unlabeled 
amino acids (Sigma) at 37 °C for 16 h and then transferred 
into 1 L M9 at 37 °C until OD600 of 0.6, at which point the 
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15N-labelled amino acid was introduced and expression was 
induced with 0.1 mM IPTG at 30 °C for 16 h (SI).

Site‑specific spin labelling

Tm-4R4S-DOTA-M8 and Tm-3R4S-DOTA-M7Thiazole 
tags for producing paramagnetic proteins (Thulium) and 
their corresponding diamagnetic reference (Lutetium) 
were provided by the group of Prof. Dr. D. Häussinger and 
attached to sidechains of uniquely introduced Cys residues 
according to a previously described protocol (Müntener et al. 
2018). In brief, 150 µM of protein solution in tagging buffer 
(20 mM  Na2HPO4, 0.2 mM TCEP, pH 7.0) was separated 
from the reducing agent using a PD-10 column (Sigma) and 
immediately incubated with a fivefold excess of lanthanide 
tag overnight at room temperature shaking at 300 rpm.

NMR measurements

Tagged proteins were buffer-exchanged to NMR buffer (20 
mM  Na2HPO4, 2 mM trimethylsilylpropanoate (TMSP), pH 
7.0 and 10 %  D2O) using ultra centrifugal filters (Amicon) to 
remove any unreacted lanthanide tag. All experiments were 
recorded on a Bruker Neo 600 MHz spectrometer, using 
either cryogenically cooled or Prodigy 1H,13C,15N triple-
resonance probes. 15N,1H NMR experiments used pulsed 
field gradients with coherence selection (Keeler et al. 1994) 
and the Rance-Palmer method for sensitivity enhancement 
(Palmer et  al. 1991). To assign the paramagnetic state, 
we additionally used amide-amide NOEs from a 200 ms 
NOESY-[15N,1H]-HSQC experiment. All experiments used 
standard Bruker pulse sequences. Spectral widths were 15 
and 40 ppm in the direct and indirect dimensions, using 1024 
or 128 complex data points. All experiments to measure 
pseudocontact shifts were recorded at 293 K, and adapted 
to previously determined chemical shifts at 310 K through 
a series of  [15N,1H]-HSQC spectra recorded in steps of 2 
degrees. Protein concentrations of samples were usually in 
the range of 100–150 µM for tagged and 350–400 µM for 
untagged samples. Proton chemical shifts were referenced 
to internal TMSP, from which the 15N chemical shifts were 
indirectly referenced to the liquid ammonia scale using the 
conversion factor of 0.10132900 (Live et al. 1984). Spectra 
were processed in TOPSPIN using cosine-bell-shifted win-
dow functions prior to Fourier transformation, and analyzed 
in CARA (Keller 2004).

PCS tensor fitting

Paramagnetic anisotropic susceptibility tensors (Δχ-tensors) 
and the corresponding back-calculated 1H and 15N PCS 

values were calculated with the software Numbat (Schmitz 
et al. 2008) in case of the non-iterative procedure and with 
the Python module Paramagpy (Orton et al. 2020) in case of 
the iterative procedure. An in-house custom modification of 
Paramagpy was used for the iterative procedure in CYANA, 
as detailed in the SI and available upon request.

Virtual 1H and 15N amide backbone PCS values of exist-
ing attachment sites, employed during optimizations of pro-
cedures and parameter, were generated by calculating the 
Δχ-tensor from the fit of experimental PCSs to the input 
structure, and then replacing experimental with back-cal-
culated PCSs, thereby obtaining a perfect match between 
Δχ-tensor, PCS values and input structure. When simulat-
ing data from virtual attachment sites, a template Δχ-tensor, 
based on the experimental (M3)S21C attachment site fit to 
the model I structure (Table S14), was applied to a set of 
x, y, z coordinates representing a realistic position for the 
virtual site.

Creation of model structures

The main model structure of  YM4A (structure A), used 
for initial assignments and in the non-iterative procedure, 
was created by deleting the C-terminal A cap from the 
crystal structures of  YM5A (PDB ID: 5MFN) and mutat-
ing the fifth module into a new A cap through PyMOL’s 
mutagenesis best rotamers approach. The YMA model was 
produced in a similar way by deleting three more modules. 
Additional  YM4A models for the iterative-procedure, struc-
tures B, C and D, were generated by twisting structure A at 
the  M1-M2 junction,  M3-M4 junction or randomly at every 
junction, respectively (Fig S1). For the experimental struc-
ture refinement of  YM4A, in addition to structure A (in this 
context called model I), three additional input structures 
were generated, model II-IV. Model II was adapted from 
model I to include a partially unpacked Y cap; model III 
was derived from a crystal structure of  YM4A with a new, 
improved Y cap; model IV was obtained from an unpub-
lished crystal structure of  YM6A fused at both termini with 
DARPins (PDB ID: 6SA8).

Structure refinements

Structure refinement in the non-iterative procedure was per-
formed with the software CYANA (Güntert 2004) version 
3.98.12. In order to extract scaffold restraints, the model 
structure was loaded and upper distance limits (UPL) were 
generated through the distances make command by extract-
ing all distances between atoms within the same module in 
a 2.5–5.0 Å range with an added 0.5 Å tolerance. Backbone 
φ and ψ dihedral angles were determined from the struc-
ture and added as dihedral angle restraints (ACO) with an 
additional ± 5° tolerance. Metal tag position (ORI) restraints 
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were generated by calculating the distance between the tag 
position predicted by the Δχ-tensor and six nearby Cα atoms 
with a custom PyMOL script, and converted into UPL and 
lower limit (LOL) restraints while adding a tolerance of 0.5 
Å. 1H and 15N PCS values and respective Δχ-tensor axial 
and rhombic components were converted from the Numbat/
Paramagpy .npc format to the CYANA .pcs format with a 
Python script. It has been shown (John et al. 2005) that 15N 
chemical shift anisotropy (CSA) could distort 15N PCS val-
ues. In order to estimate the impact of 15N CSA contribu-
tions to 15N PCSs, test calculations using solely 1H PCS data 
were performed, which revealed only minor differences (Fig. 
S17). In general, the 1H and 15N PCS values (in ppm) of an 
amide group are expected to be nearly equal because the two 
atoms are spatially close. Therefore, PCS restraints from 
amide groups for which the 1H and 15N PCS values differed 
by more than 20 % were discarded, possibly removing peaks 
with substantial 15N CSA contributions.

1000–5000 structures were calculated in 10000–100000 
MD steps supplying the above restraints to the calc_all 
macro with fixed seed and default weights (UPL/LOL/
PCS = 1.0; VdW = 2.0; ACO = 5.0) constant throughout all 
phases of the simulated annealing with the exception of the 
VdW weights (0.25, 0.25, 0.25, 1.0). The 10 best conformers 
ranked by target function value were merged into a bundle 
for subsequent analysis. To visualize the structural changes 
during the different phases, the standard CYANA simulated 
annealing (SA) protocol (Güntert and Buchner 2015) was 
modified to calculate a single structure in 25000 MD steps 
and to save a structure snapshot every 200 MD steps, cor-
responding to 42 snapshots in phase 1 (SA with reduced 
heavy atom radii; high temperature and initial cooling), 41 
snapshots in phase 2 (normal heavy atom radii; continued 
cooling) and 3 (normal heavy and hydrogen atom radii; con-
tinued cooling) and a single snapshot in phase 4 (increased 
weight for steric repulsion; low temperature). During some 
of the tests ACO or PCS restraints were switched off by set-
ting the weight in the corresponding phase to 0. Movies from 
the trajectory were realized in PyMOL and added to the SI.

This procedure was modified in the iterative simulated 
annealing protocol with a CYANA (Güntert 2004) macro 
that calls external Python scripts. In a first step, the initial 
model structure was used to fit a Δχ-tensor for each tag 
with Paramagpy using PCSs derived either from the tar-
get structure or experimentally, and the resulting axial and 
rhombic tensor components were exported in .pcs format 
together with restraints for the metal tag position (ORI). 
Subsequently, 5–10 cycles were executed in which: (i) UPL 
and ACO scaffold restraints were generated by the regular-
ize macro (Gottstein et al. 2012); (ii) 500 conformers were 
calculated with 25000 MD steps supplying the previously 
determined UPL, ACO, ORI and PCS restraints using the 
calc_all macro with default weights with the exception 

of strongly increased weights for PCSs (30–50); (iii) the 
20–30 best structures ranked by target function value were 
saved and for each tag a (new) Δχ-tensor was fitted to each 
of them; (iv) out of these 20–30 structures the one with the 
lowest Q-factor averaged over the three tags, representing 
the quality of the fit of input PCSs to the computed structure, 
is saved and used as the input model structure for the next 
cycle (Fig. 5a).

All structures were visualized in PyMOL and RMSD cal-
culations were performed considering only backbone heavy 
atoms either with CYANA, the PyMOL align function, or 
custom Python scripts. All calculations were performed on 
a 16-core cluster with 64 GB RAM.

Results

In what follows below, we first describe a way to assign 
PCS for repeat proteins. We developed and then tested a 
protocol for reproducing a structure from computed PCSs, 
investigated how this is affected by the availability of only 
partial assignments, and finally we applied the method to 
determine the so-far unknown structure of a 25 kDa repeat 
protein harboring 4 internal sequence-identical repeats.

Assignment of PCSs

In order to simplify the assignment procedure of  YM4A, a 
dArmRP with 4 internal repeats and two capping repeats, 
we exploited the modular nature of dArmRPs by generating 
a series of proteins with an increasing number of internal 
repeats  YMnA with n = 1, 2, 3, 4. We started the assignment 
procedure with the smallest construct YMA. This variant 
retains the larger construct’s fold, thus enabling us to iden-
tify potentially suitable attachment sites for the PCS probe, 
while rapidly allowing for assignments.

Six potential attachment sites, (Y)S19C, (M)Q5C, (M)
D9C, (M)Q18C, (M)S21C and (A)S21C (numbering 
refers to the individual capping or internal repeats, and 
the repeat type is indicated in the parenthesis) were tested 
by introducing the respective Cys mutation and coupling 
with Lu-4R4S-DOTA-M8 and Tm-4R4S-DOTA-M8. 
 [15N,1H]-HSQC spectra revealed that (Y)S19C, (M)Q18C, 
(M)S21C and (A)S21C attach the PCS tag such that it 
uniquely associates with the protein surface resulting in a 
single set of peaks with moderate to large pseudocontact 
shifts (proton PCSs up to 4 ppm). Data from the remain-
ing two sites indicate more flexible tags: (M)Q5C displayed 
two sets of peaks while (M)D9C displayed very small PCS 
shifts due to averaging over more than one location, and 
were therefore discarded (Fig. S2).

In the case of probes attached to (A)S21C and (Y)S19C, 
the tag is positioned at one of the C- or N-terminal capping 
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repeats, respectively, and would therefore generate addi-
tional signals belonging to the extra internal modules in the 
larger constructs. Importantly, they will also strongly help 
to identify signals from cap residues themselves, because 
these possess fairly large PCSs and will appear in all proteins 
tagged at the same positions at similar places in the spectra. 
We tested this approach by generating the (A)S21C mutants 
of  YM2A,  YM3A and  YM4A tagged with Tm-4R4S-DOTA-
M8. As expected, several strongly shifted signals appear at 
similar positions in the spectra that stem from residues at the 
corresponding positions in the protein (Fig. 1b and Fig. S3.).

Initially, proteins tagged at the four suitable attach-
ment sites were fully assigned for YMA in the diamagnetic 
state based on the previously obtained assignments of the 
untagged Cys mutants, which could easily be adapted from 
those of the wild-type protein. Assignments of the paramag-
netic state were performed by obtaining a first set of unam-
biguous assignments using data from the Tm-4R4S-DOTA-
M8  YMnA series and well-separated isolated regions that 
were fit to a model YMA structure to produce Δχ-tensors. 
Back-calculated PCSs from the Δχ-tensor were then fit to the 
spectra and validated with amide-amide NOEs until com-
plete sequence assignments were accomplished, with the 
exception of prolines and residues subject to paramagnetic 
relaxation enhancement (PRE).

Subsequently, three attachment sites evenly distributed 
across the protein were selected for  YM4A:  (M1)Q18C, 
 (M3)S21C and (A)S21C. The site in the N-terminal (Y) 
capping repeat, despite the promising results on YMA, was 
excluded due to the apparent partial mobility of the wild-
type Y cap.  (M1)Q18C and (A)S21C were tagged with 
Tm-4R4S-DOTA-M8 and  (M3)S21C with the then-available 
improved version Tm-3R4S-DOTA-M7 Thiazole (Müntener 
et al. 2018). In order to further facilitate the assignment pro-
cedure, we expressed a single 15N-Ala- or 15N-Leu-labelled 
sample for each site. These samples contain a small sub-
set of all signals, thus enabling more unambiguous initial 
assignments which are crucial to obtain a first estimate of the 
Δχ-tensor (Fig. 1c).  [15N,1H]-HSQC spectra of the paramag-
netic states of the three  YM4A attachment sites were then 
assigned in an iterative fashion. An initial set of around 25 
unambiguous assignments was obtained from single amino 
acid labelling, comparison of spectra from the  YMnA series, 
sequential amide NOEs (Fig. 1d), and peaks from well-sep-
arated isolated regions (Fig. S4).

This initially rather limited set of PCSs was then used 
to compute a first estimate of the Δχ-tensor. Knowledge 
of the tensor in turn allowed us to predict peak positions 
based on the chemical shifts of the diamagnetic reference, 
which were then verified by amide-amide NOEs, and thereby 

Fig. 2  Optimization of core parameters. a precision (top) and accu-
racy (bottom) versus the number of MD steps. Results are shown for 
calculating 2000 structures with a UPL:PCS weight of 1:0.1. b pre-
cision (top) and accuracy (bottom) versus the number of calculated 

structures computed with 25000 MD steps and a UPL:PCS weight of 
1:0.1. c accuracy versus the UPL and PCS weights when computed 
with 2000 structures in 25000 MD steps
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largely helped to obtain more assignments. This procedure 
was iteratively repeated until no further assignments were 
possible. In our experience, the commonly used approach 
of assigning peaks by measuring HSQC spectra at differ-
ent temperatures in order to interpolate peak positions to 
those in absence of PCSs proved to be less reliable due to 
the crowding of the spectra and the uncertainties introduced 
by the variable temperature drift of peaks, while the rather 
uncommon approach of using NOESY correlations proved 
very useful in this case.

Despite the multiple and complementary sources of infor-
mation in the assignment procedure, the intrinsic complexity 
resulting from the repetitive sequence and the associated 
peak overlap enabled us to obtain only a subset of assign-
ments, ranging from 33 to 53 % for the different attachment 
sites (Table S13). Tensor descriptions and the related error 
analysis are reported in detail in Supplementary Information 
(Fig. S5, S6, S7 and Table S14).

Development of a refinement protocol and tests 
on a known structure

Since the lack of complete assignments could strongly 
impact the sampling in the subsequent structure calcula-
tion, we set out to create a set of simulations in order to 
demonstrate that structure calculations do indeed reach the 
correct structure in the presence of only limited data. The 
goals of the simulations were multiple: (i) demonstrate that 
the procedure is able to generate the correct structure when 
enough data is used (positive control); (ii) prove that the pre-
viously obtained assignments are sufficient to generate the 
correct structure (mapping); (iii) extend our understanding 
of the simulations and their limitations by probing different 
conditions.

Our goal at this first stage was not a de novo structure 
determination but rather a refinement, starting from an 
approximately correct structure. Initial computations using 
only PCS restraints quickly revealed that the calculations 
failed to compute the correct fold, a known phenomenon 
that is due to the fact that solutions to a particular PCS value 
are not unique (Nitsche and Otting 2017). Since dArmRPs 
all display similar folds, we decided to individually restrain 
each module to its canonical geometry, and allow individ-
ual modules to reorient with respect to each other. Thereby, 
PCSs should provide information about the protein’s curva-
ture while upper distance limits (UPL) and dihedral angles 
(ACO) should retain the native triangular structure of each 
repeat (scaffold) and the rod-like overall shape. In order to 
demonstrate that the method is indeed capable of comput-
ing the correct structure, we started from a state in which 
both the PCS and the scaffold restraints are derived from 
the target structure (input = target structure). In a second set 
of calculations, we started from a state in which only the 

PCS restraints are derived from the target while the scaf-
fold restraints are extracted from a (slightly different) model 
(input ≠ target structure), which corresponds to the more 
realistic scenario of refining a structure. The advantage of 
this approach is the generation of easily trackable indicators: 
the root-mean-square deviation (RMSD) between the result-
ing structure and the initial model represents the accuracy 
while the RMSD between the 10 best structures ranked by 
the CYANA target function represents the precision, and 
together they report on the quality of the calculation. Using 
these indicators, coupled to CYANA’s target function, we 
can identify optimal parameter setups and corresponding 
limitations.

In what follows, we first describe the parameter optimiza-
tion for the refinement that was initially used in our compu-
tations (input = target structure).

Optimization of the refinement protocol

We started computations assuming that the backbone is 
assigned at 100 % for each tagged protein, and optimized 
four core parameters: (i) the number of molecular dynamics 
(MD) steps, (ii) the number of computed structures, (iii) 
the tolerance for PCS data, and (iv) the weights of PCS and 
UPL restraints.

Increasing the number of time-steps during the MD cal-
culation influences the calculation quality. Using the initial 
default weights of 1.0 for UPL and 0.1 for PCS, we tested 
values for the number of MD steps in the range between 
10000 and 100000. The best quality achieved at reasonable 
CPU time was observed for 25000 steps, with an accuracy 
of 0.85 Å and a precision of 0.76 Å (Fig. 2a). In addition, 
we tested the overall number of computed structures. Since 
each simulated annealing starts from a (different) random 
structure, increasing their number potentially allows for 
sampling a larger conformational space, thus increasing the 
chances of finding the correct solution. In the range between 
1000 and 5000 structures, the best compromise was seen at 
3000 structures, with an accuracy of 0.81 Å and a precision 
of 0.59 Å (Fig. 2b).

Likely the most important parameter is the weight of 
PCS and UPL restraints, which influences the balance 
between the scaffold and the experimental PCSs. We var-
ied both weights using values of 0.1, 0.2, 0.3, 0.4, 0.5 and 
1.0 and identified the best performance for a weight of 0.1 
for the UPL and 0.3 for the PCS restraints, resulting in an 
accuracy of 0.46 Å and a precision of 0.29 Å (Fig. 2c).

The allowed tolerances for PCSs influence calculations 
in a complicated manner since the magnitude of the PCS 
depends on both distance and orientation. Spins remote 
to the tag in general display smaller PCSs and hence 
errors in positions may not be corrected if the tolerance is 
larger than the expected change in PCS for correcting the 
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distance. The three values for tolerances tested (0.02, 0.01 
and 0 ppm) showed the expected correlation with accu-
racy and precision, but since the 0.02 ppm setting already 
resulted in very good accuracy and precision, 0.45 Å and 
0.29 Å, respectively (Fig. S8), and more reasonably reflect 
experimental uncertainties, we selected 0.02 ppm for the 
optimized protocol.

These simulations revealed that when utilizing 100 % 
assignments and using an optimized protocol, structure 
calculations that are sufficient in accuracy (0.45 ± 0.08 Å) 
and precision (0.29 ± 0.12 Å), can be performed.

Analyzing the sampling

The fact that PCSs become fairly ineffective in correct-
ing atom positions for remote atoms suggests that multiple 
tags are required. Since each new attachment site requires 
a highly time-consuming process, we set out to theoretically 
evaluate the optimal tag number and positions.

To this end we simulated the addition of 1, 2 or 5 addi-
tional tags to the three existing tags to result in a total of 4, 
5 or 8, respectively, using PCS tolerances of either 0.02 ppm 
or 0 ppm. The results demonstrate that adding more tags 
does indeed result in a better convergence but improvements 
can be marginal (Fig. 3a). While reducing the PCS toler-
ance has a more substantial effect, imposing zero tolerance 
is unreasonable since it neglects experimental uncertainties.

Next, we reduced the number of assignments to match 
our experimental assignments. For each of the experi-
mental  YM4A attachment sites, we replaced the experi-
mental PCS values with the corresponding virtual ones to 
closely reflect the experimental conditions. As expected, 

we observed a decrease in accuracy (0.67 ± 0.04 Å) and 
precision (0.34 ± 0.09 Å) when compared with the posi-
tive control that uses PCS restraints for all residues, but 
the structure retained sufficient accuracy and precision for 
the purpose of our study (Fig. 3b).

All parameters affecting the quality of calculated struc-
tures were categorized into three classes: class I refers to 
the unavoidable effects and contains the stochastic compu-
tational processes (finite number of MD steps and random 
start structures) and the quality of the input structure; class 
II refers to the effects due to the experimental conditions, 
such as PCS tolerance and uncertainties in the tag posi-
tion; class III refers to the effects due to the experimental 
data, such as the number of attachment sites and the num-
ber of assigned PCSs.

Our conclusions can be summarized as follows (for 
more details see the Fig. S9): (a) the increase in accuracy 
is proportional to the increase in assignments up to 50 % 
and then flattens out; (b) removing assignments from a 
specific cap or internal repeat as well as from a specific 
helix largely does not impact the accuracy; (c) unlike in 
the Δχ-tensor calculation, large PCSs do not provide more 
information than small ones; (d) tags positioned towards 
the middle of the protein have a higher impact than those 
positioned in the caps. This is largely due to the fact that 
the tensor orientation for that tag is such that it results 
in a more favorable separation into positive and negative 
PCSs; (e) an uniform PCS tolerance affects remote spins 
with small PCSs more than close spins with large PCSs. 
Therefore, we applied a relative PCS tolerance, in which 
the tolerance itself is proportional to the magnitude of the 
corresponding PCS. However, also this approach largely 
failed to improve the calculation accuracy; (f) a large range 

A B

Fig. 3  Sampling analysis. a accuracy of calculations with additional 
simulated tags with PCS tolerance set to 0.02 ppm (circles) or 0 ppm 
(diamonds). b accuracy and precision of the positive control with 

100 % assigned residues (circles) or with simulated PCS restraints for 
the previously obtained experimental assignments (diamonds)
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of different PCS weight functions were tested but offered 
no improvements.

Visualizing the trajectory during the simulated 
annealing

So far, the simulated annealing (SA) procedure remained 
akin to a “black box” process that revealed little insight into 
the structural changes during the different phases of the SA 
and how they are influenced by different choices of param-
eters. During the cooling phases sidechains need to pack 
and we suspected that changes in weights for PCS and/or 
other types of restraints might benefit the process because it 

could allow the backbone to assume the correct fold while 
still permitting sidechains to pack and re-adjust to conforma-
tions different from the starting model. Hence, we modified 
the protocol to regularly report coordinates during the SA 
(see Materials and Methods) allowing us to track structural 
changes during the different phases to optimize settings for 
the phases separately.

CYANA’s simulated annealing schedule contains an ini-
tial minimization after which the temperature is set to a high 
value (default 10000 K) followed by a process divided into 
four phases (Güntert and Buchner 2015): (i) first simulated 
annealing stage with reduced heavy atom radii; (ii) second 
simulated annealing stage with normal heavy atom radii 

A B 

C

Phase 1 Phase 2 

Phase 3

Fig. 4  Snapshots from the simulated annealing (SA) trajectory. Dur-
ing the SA a protein snapshot was extracted at a regular number of 
MD steps and the calculation accuracy was determined by the RMSD 
between the output and the target structure. The deviation from the 
target structure is depicted vs. snapshot number (simulation time) 
during phases 1 (a), 2 (b) and 3 (c) of the CYANA SA run. a Phase 
1 trajectory of a run including all UPL, ACO and PCS restraints. b 
Phase 2 trajectory from a run that includes all restraints (circles), or 

runs with all but PCS (triangles) or ACO (squares) restraints. The 
vertical black line indicates when normal hydrogen radii are activated 
for calculating Van der Waals repulsions. C Phase 3 trajectory using 
all restraints (black circles), or runs with all but PCS (blue triangles) 
or ACO (red squares) restraints. Dashed or dashed-dotted lines refer 
to runs in which PCS or ACO restraints, respectively, were disabled 
in phase 2 but included in phase 3
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and, later, normal hydrogen atom radii; (iii) low tempera-
ture phase with increased weight for steric repulsion; (iv) 
final minimization.

We started with a positive control, extracting snapshots 
every 200 MD steps and plotting the accuracy versus snap-
shot number (time) (Fig. 4, black line). The results clearly 
show during phase 1 and the first half of phase 2 a largely 
unfolded protein (Fig. 4a and b, black line). After restor-
ing normal hydrogen atom radii in the second part of phase 
2 (Fig. 4a, black vertical line), the accuracy drastically 
increases, quickly reaching approx. 2.5 Å. The increased 
weight for steric repulsion at the low temperature in phase 
3 further drives the conformation towards the correct solu-
tion with an accuracy of ~ 0.5 Å (Fig. 4c, black line) and 
no more changes occur during phase 4. A short movie that 
demonstrates the structural changes during the SA is avail-
able in the SI.

In order to investigate the impact of PCSs and dihedral 
angle restraints (ACO) in phases 2 and 3, we repeated 
the analysis by disabling one of them in either phase 2 or 
phase 3 (Fig. 4b and c, blue and red lines). When disa-
bling either of them in phase 2 an overall correct fold is 
no longer obtained in the second part of phase 2, even 
when they are reactivated in phase 3, where presumably 
the low remaining kinetic energy does not allow for larger 
structural changes. On the other hand, disabling ACOs in 
phase 3 results in only a moderate decrease in accuracy 
(~ 1.0 Å), while disabling PCSs results in a considerable 
loss (~ 3.0 Å). The latter reveals that the system is mainly 
driven by PCSs, confirming our design.

Several attempts were performed by changing the relative 
weight of the individual types of restraints in specific phases, 
without significant improvements (data not shown).

B

C

Ini�al model 
structure

UPL

Best target 
func�on structures

ACO
ORI 

Ax / Rh

Simulated annealing

Best Q - factor 
structure

A

Fig. 5  Iterative approach for structure refinement using PCS. a 
Scheme of the protocol used to obtain refined structures in this paper. 
Panels b and c illustrate the accuracy of computed structures during 
the iterative cycles. At the end of every cycle the accuracy is deter-
mined relative to the target structure A. Data are shown for each of 
the three input structures, B, C and D as blue circles, red triangles 
and green crosses, respectively, while the RMSD between all three 

output structures is depicted by a dashed line with the shaded region 
indicating the standard deviation. b Accuracy when using similar 
weights for scaffold and PCS restraints and the conventional protocol 
for ranking structures. c Accuracy when PCSs are strongly favored by 
an increased weight, scaffold restraints are introduced by regulariza-
tion, and structures are ranked by their Q-factors
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In summary, when testing the procedure by merely rec-
reating the starting structure by using PCSs, we found that 
some pre-conditions are essential to improve the calculation, 
namely the number and position of PCS tags and the extent 
of assignments. Nevertheless, good results were obtained 
even with a reduced number of tags (3) and partial assign-
ments (33–53 %). Moreover, we identified weights of PCS 
and UPL restraints as the most influential parameters, and 
observed that a higher number of starting structures and 
more MD steps are required for good convergence.

An iterative procedure for the refinement 
of PCS‑restrained structure calculations

The above-described simulation demonstrated that our 
protocol was capable of reproducing the correct structure 
with remarkable accuracy and precision when extracting 
restraints from the correct structure (input = target). As the 
second stage, we set up another set of simulations to inves-
tigate whether PCSs can drive a system towards the correct 
solution when the input structure is different from the one 
that was used to compute the PCS data (input ≠ target). A 
complication is that the PCS Δχ-tensor components depend 
on the starting and not the target structure, and therefore will 
be incorrect. To overcome this problem, we introduced the 
concept of iterative structure calculations: in every cycle, 
the scaffold restraints (UPL and ACO) are updated based 
on the newly computed structure and the Δχ-tensor is then 
calculated based on the PCS values from the target structure. 
A structure calculation is then performed which is used for 
the next cycle. This allows the incorrect Δχ-tensor compo-
nents and UPL and ACO restraints to be updated steadily 
while keeping PCS values (that reflect the correct structure) 
unmodified. The number of PCSs was scaled down to match 
our experimental assignments.

To this end the reference structure A was manually 
twisted and dragged to create three different input struc-
tures, B, C and D, with a small (0.6 Å), moderate (1.9 Å) 
and large (2.7 Å) RMSD to structure A, respectively (Fig. 
S1). Scaffold restraints (UPL and ACO) and Δχ-tensor com-
ponents were extracted from them, following the procedure 
described above. Finally, all the restraints were used together 
for the first structure calculation, which was followed by 10 
iterative cycles.

The first set of calculations failed to reproduce the cor-
rect structure. Independently from the input structure, each 
run settled on a ~ 1.5 Å RMSD to the target structure, even 
when the input itself had a lower initial RMSD (Fig. 5b). 
This suggested that the relative weight of the restraints to 
maintain the overall geometry of the modules was too high 
compared to those representing the PCSs. Thus, we alter-
natively restrained each module using CYANA’s regularize 
macro (Gottstein et al. 2012): therein, each atom is allowed 

to move during the calculation at most by a user-defined 
amount (default: 0.3 Å) from its initial position in the start-
ing structure. This efficiently maintains the structure of 
each module close to its input conformation while allowing 
small adjustments to take place, and is more flexible than 
a complete freezing of the module structures. To further 
improve the impact of PCSs, we increased the PCS and UPL 
weights to 30 and 1 (from 0.3 and 0.1), respectively (Fig. 
S10). Finally, we ranked computed structures not only by 
CYANA’s target function, which takes many different inter-
actions into account, but based on Q-factors, as defined by

where the indices i and m run over atoms and models respec-
tively. Q-factors represent the quality of the Δχ-tensor fit 
and hence how PCSs computed from the obtained structures 
agree with the input PCSs. Using this optimized protocol 
(Fig. 5a), all three input structures B, C and D converged 
towards A, settling on the previously observed accuracy 
threshold of ~ 0.5 Å (Fig. 5c). We like to emphasize here 
that scaffold ACO restraints were applied across the entire 
sequence (and not just to portions of the structure), because 
the PCSs in the end will correct for ACO restraints from an 
incorrect model once they are properly weighted by tak-
ing the relative number of scaffold and PCS restraints into 
account.

We then thoroughly tested the impact of different input 
structures on the calculation quality. Details of the analy-
sis are described in the Supplementary Information (Fig. 
S11). To summarize: (a) the calculation quality depends on 
the RMSD between starting and target structure. But even 
when using starting models that differ significantly from the 
target, the accuracy increases with every cycle, indicating 
a correct solution would simply require more cycles; (b) 
the computation is capable to “fix” a local structure distor-
tion in the starting model (introduced via changes to upper-
distance restraints), such as a partially unpacked cap or a 
bent helix; (c) sizable deviations in the dihedral angles from 
the true structure (introduced via changes to dihedral-angle 
restraints) are still corrected during the computation.

Due to their repetitive sequence, repeat proteins are dif-
ficult to assign. Accordingly, we tested the impact of wrong 
assignments by swapping assignments between one or more 
fragments. We observed that the calculation fails to reach 
the correct solution. Interestingly, it is possible to spot such 
errors by comparing Q-factors associated with the swapped 
assignments (data not shown).
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To conclude, when investigating how PCSs can help in 
refining structures, we identified the correct balance between 
scaffold and PCS restraints as the most dominant factor. The 
regularize approach is particularly influenced by the PCS 
and UPL weights with good settings of UPL weights of 1 
and PCS weights of 30–50, depending on the PCS quality. 
Despite the high weight of PCS restraints, major changes 
required in the restrained scaffold would result in a high 
penalty that could prevent the calculation to reach the cor-
rect solution. Therefore, we designed an iterative process 
that selects structures for best fit of PCS restraints while still 
allowing for small adjustments of the scaffold in each cycle.

Determination of the structure of  YM4A using 
the optimized protocol

As the third and last stage, we used the iterative proce-
dure to calculate for the first time the solution structure of 
a dArmRP,  YM4A. Using experimentally determined PCS 
restraints (Fig. S5, Tables S13 and S14), we observed con-
vergence of the calculations when starting from four dif-
ferent input models derived from known crystal structures 

of homologous dArmRPs (see Materials and Methods). 
After 10 iterations each, all the final structures displayed 
the typical dArmRPs fold while moderately varying in the 
protein supercoil when compared with their homologous 
crystal structures. When comparing superpositions of the 
entire sequence and of the sequence excluding the Y-cap 
and the first module we noticed significantly reduced values 
for the RMSD in the latter, which is related to the fact that 
the Y cap does not pack stably against the remainder of the 
protein. For this reason, the Y cap and the first module were 
removed from the subsequent analysis (Fig. 6c). To account 
for this problem we have developed in the meantime a modi-
fied version of the cap devoid of this issue (manuscript in 
preparation). Convergence between the four different inputs 
improved during the cycles (Fig. 6a). Q-factors also steadily 
decrease throughout the cycles, indicating that structures 
from each new cycle fit better with the experimental data 
(Fig. 6b and Fig. S12). Finally, we further tested the repro-
ducibility by repeating the four cyclic calculations using 
two different random seeds that are used by CYANA to ran-
domly create the starting coordinates. The RMSD between 
the computed structures after 10 cycles from the same input 

Fig. 6  Details from the PCS-refinement of  YM4A. a Convergence of 
computed structures as represented by the RMSD between structures 
calculated starting from the four models, after every cycle, but not 
including the Y cap and the first internal module. Error bars indicate 
the standard deviations. b Q-factors for PCS data derived from  YM4A 

spin-labeled in the A-cap via S21C, as calculated with Paramagpy. 
Data are shown for calculations starting from the four models. c Car-
toon presentations of structures after the 10th cycle for each of the 
four calculations with a different input model structure. Atom posi-
tions are aligned across the entire sequence
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data but starting with different seeds reveals good conver-
gence with an overall RMSD of 0.52 ± 0.12 Å (Table S15).

Discussion & conclusions

PCSs play a well-established role in protein structure cal-
culations, where they are usually used to augment existing 
structural information confirming known structures, per-
forming refinements, and orienting domains relative to each 
other. In this work we emphasize the additional possibility of 
determining protein structures from models in the complete 
absence of sidechain assignments - a situation in which too 
few of the structurally important long-range NOE restraints 
are available for classical NOE-based protocols.

Unfortunately, computing structures from PCS restraints 
is complicated by the fact that, even when the diamagnetic 
state is fully assigned, transfer of assignments to the para-
magnetic state is often not trivial. Herein, the assignment 
of paramagnetic spectra follows an iterative procedure, in 
which an initial set of unambiguous assignments, concluded 
either from the slope of lines connecting peaks from the 
diamagnetic and the paramagnetic states, or from peaks in 
isolated regions, is used to approximate the Δχ-tensor, which 
in turn is used to obtain even more assignments. To increase 
the number of initial unambiguous assignments, single 
amino acid labelling is employed. The repetitive nature of 
repeat proteins without knowledge of the precise structure 
unfortunately hampered this process in our case. We there-
fore exploited the modular nature of dArmRPs by expressing 
a series of smaller constructs with conserved attachment 
sites of the paramagnetic moieties to guide the assignment 
procedure. However, even with this approach, only a limited 
set of assigned PCSs was obtained.

Existing protocols for PCS-based structure calculations 
employ a large number of PCS restraints and hence a size-
able number of assignments to reduce Δχ-tensors tensor 
ambiguities. However, this is possible only for well-behav-
ing proteins while for larger or more complex systems PCSs 
need to be complemented with NOEs-derived distance and 
dihedral angles restraints (Banci et al. 2002), or RDCs and 
PREs. As an alternative, robust ROSETTA-based protocols 
have been developed to support the fragment picking proce-
dure with PCS and CS data, that require only sparse PCSs 
(Kuenze et al. 2019; Pilla et al. 2016). Although in general 
these approaches work very well, they fail to achieve the 
high accuracy desired in this work. In contrast, the proto-
col presented in this paper utilizes PCSs as the only source 
of experimental restraints, exploiting known structural 
features of a starting homology model to frame a scaffold 
that is subsequently iteratively refined. Moreover, the pro-
cedure requires only a limited set of assigned PCSs, in our 
case ranging from 33 to 53 %, thus overcoming assignment 

issues in crowded spectra, but still achieves high accuracy 
and precision. Importantly, the impact of additional data, 
which often can only be obtained by cumbersome additional 
biochemical or spectroscopic work, can be easily assessed 
by performing computations with an appropriately scaled 
amount of PCS data. This should help in deciding whether 
time-consuming additional assignments can be expected to 
provide significant improvements.

We spent considerable effort into modifying existing pro-
tocols, much of which did not result in significant improve-
ments. The breakthrough in correctly harnessing PCSs was 
acquired realizing that for successful refinement a balance 
between the predetermined scaffold and the experimen-
tal PCS restraints must be maintained. An over-restrained 
scaffold prevents PCSs from really driving the refinement 
(accuracy loss), while an excessively loose scaffold ensues 
multiple solutions with similar energies (precision loss). 
CYANA’s regularize approach together with appropri-
ate PCS and UPL weights are key to good performance. 
Even when using proper relative weights of scaffold and 
PCS restraints, performing the refinement in a single step 
would limit the extent by which the scaffold can be rear-
ranged because violation of scaffold restraints would at some 
point outweigh the impact from PCS restraints. Therefore, 
we developed the procedure into an iterative process that 
allows stepwise gradual adjustments of the scaffold which in 
their sum still can present significant changes in the scaffold, 
and designed a selection based on Q-factors ensuring that 
the final structure presents the best fit to the PCS.

The protocol presented in this paper was initially devel-
oped to tackle specific issues concerning the tertiary struc-
ture of repeat proteins. However, we quickly realized that the 
iterative methodology can also be extended to proteins with 
different folds. We suspect that in order to refine proteins of 
different structures, parameters in the protocol have to be 
fine-tuned to ensure robust and reliable refinement with the 
available experimental data. However, thanks to extensive 
automation of procedures by the scripts developed in this 
work (see SI), the user only needs to provide the sequence, 
a set of PCSs and a starting structure to initialize the genera-
tion of a positive control. Virtual PCSs can be easily com-
puted from a model (Materials and Methods), which repre-
sents the target structure in this case, and the same structure 
can then be modified, representing the input. Fine-tuning can 
then be achieved by performing automated calculations in 
which the core parameters discussed in this paper are varied 
and their impact on the accuracy is accessed. Parameters 
with highest impact are the PCS and UPL weights, the regu-
larize value that defines how much each atom may deviate 
from the input structure, the uncertainty in the position of 
the paramagnetic metal and the number of iterations (the full 
list is presented in the protocol capture in the SI). We like 
to reemphasize that the positive control will reveal whether 
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refinement with the finally chosen parameter will result in 
correct structures.

For proteins without intrinsic metal binding capabili-
ties suitable lanthanide-chelating tag attachment sites are 
often found in time-consuming trial-and-error searches. Any 
method providing good predictions of suitable attachment 
sites would be of great value, and therefore testing how well 
a given attachment site would reproduce the input structure 
is very helpful in determining the information content of 
the PCSs generated by such a site. In the case of tags with a 
single attachment site, such as the Tm-3R4S-DOTA-M7-thi-
azole used in this work, unstable association with the protein 
surface may occur, therefore triggering motional averaging 
and hence very small PCS. While the protocol does not help 
in predicting whether a tagging site will be well-behaved in 
that sense, it does provide insight into whether PCS due to a 
specific tagging site could add meaningful data, as opposed 
to just add more data. With the described protocol the user 
can easily select multiple different attachment site candi-
dates in various combinations, compute the resulting PCSs 
based on an existing Δχ-tensor template, and assess how they 
influence the structure calculation. This should help guid-
ing the initial tagging scheme. To reiterate, the procedure 
is highly automated, and hence new tagging sites can be 
easily screened.

The most widespread method to calculate solution NMR 
structures is through NOEs. This strategy, however, requires 
a considerable number of assignments of both backbone and 
sidechains resonances. Unfortunately, for many proteins, in 
particular those large on the NMR scale or those that display 
line-broadening due to aggregation or structural instability, 
nearly complete assignments are difficult or even impos-
sible. A valuable alternative to PCSs are residual dipolar 
couplings (RDCs) (Bax et al. 2001; Prestegard et al. 2004; 
Tjandra and Bax 1997). Similarly to PCS they allow to refine 
atom positions against a common reference frame, thereby 
providing long-range information. In our experience, how-
ever, experiments for measuring RDCs are far more difficult 
to perform on large proteins, because the rather long pulse 
sequences are prone to relaxation. In addition, data are dif-
ficult to evaluate in crowded spectra, as is the case for repeat 
proteins, where the PCS tags result in much improved signal 
dispersion albeit at the expense for additional (often chal-
lenging) assignments.

Often, crystal structures of homologous proteins are avail-
able that may serve as templates for PCS-based refinements. 
The recent progress in artificial-intelligence-supported struc-
ture prediction, as demonstrated by the AlphaFold team 
(Senior et al. 2020), indicates that predictions suitable as 
template structures for PCS-based refinements may become 
available in the future, leaving us with the task to refine 
or to validate them. Structure refinement as described in 
this work allows to exploit the long-range nature of PCS to 

obtain accurate backbone structures without any sidechain 
assignment. Backbone assignments are much easier to obtain 
for large proteins than the corresponding sidechains assign-
ments, in particular when considering the need for perdeu-
teration. In our test studies, we employed only amide back-
bone PCSs and obtained remarkable accuracy and precision, 
although an only approximately correct starting model struc-
ture was available. Such backbone structures can then serve 
as scaffolds for sidechain modelling through comparative 
modelling (Bender et al. 2016).

In our project, crystal structures of homologous dArmRPs 
proteins were available. The combination of crystallographic 
data that are used to restrain the individual modules, and 
PCS-based NMR refinement provides an avenue to deter-
mine structures of these proteins in solution, devoid of pack-
ing artifacts. This task, while not entirely impossible, would 
have been much more challenging without the structural 
insight from crystallography. In addition, this PCS-based 
protocol can be used to verify or even correct structures 
derived by methods that are potentially prone to artifacts 
due to crystal packing in X-ray crystallography or specimen 
preparation for cryo-EM (Elmlund et al. 2017).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10858- 021- 00376-8.
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