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Abstract: Nuclear magnetic resonance (NMR) spectroscopy is a powerful method for studying
the structure and dynamics of proteins in their native state. For high-resolution NMR structure
determination, the collection of a rich restraint dataset is necessary. This can be difficult to achieve for
proteins with high molecular weight or a complex architecture. Computational modeling techniques
can complement sparse NMR datasets (<1 restraint per residue) with additional structural information
to elucidate protein structures in these difficult cases. The Rosetta software for protein structure
modeling and design is used by structural biologists for structure determination tasks in which
limited experimental data is available. This review gives an overview of the computational protocols
available in the Rosetta framework for modeling protein structures from NMR data. We explain
the computational algorithms used for the integration of different NMR data types in Rosetta. We
also highlight new developments, including modeling tools for data from paramagnetic NMR and
hydrogen—deuterium exchange, as well as chemical shifts in CS-Rosetta. Furthermore, strategies are
discussed to complement and improve structure predictions made by the current state-of-the-art
AlphaFold2 program using NMR-guided Rosetta modeling.

Keywords: Rosetta; NMR spectroscopy; protein structure prediction; molecular modeling; chemical
shifts; residual dipolar couplings; pseudocontact shifts; paramagnetic relaxation enhancements

1. Introduction

NMR spectroscopy is a powerful method for characterizing protein structures at high
resolution in the liquid or solid state. Currently, the Protein Databank (PDB) [1] includes
about 7% (>12,400) protein structures and about 11.5% (>1700) nucleic acid structures (DNA
and RNA) that were determined by NMR spectroscopy. NMR structure determination
typically relies on a large number of structural restraints derived from different NMR data
sources, such as atom pair distance restraints, angle restraints, or orientation restraints [2].
Restraints (also called “constraints” in Rosetta jargon) are used for model scoring and
imply the use of an energy function. They are used to guide a structure search algorithm,
such as simulated annealing, molecular dynamics, or Monte Carlo optimization, producing
an ensemble of structures that best satisfy the NMR restraints [3]. However, for large
proteins in solution, (>25 kDa) NMR datasets can be sparse because of low signal-to-noise
ratios, low spectral resolution, or difficulties in obtaining an unambiguous assignment of
the NMR signals [4,5]. For solid-state NMR spectroscopy, protein size is not a problem per
se [6], but difficulties can arise, e.g., from peak broadening and difficulties in distinguishing
NMR signals owing to intra- vs. intermolecular NMR signals in protein complexes [7-9].
In these challenging structure determination cases, computational modeling is necessary
to supplement sparse NMR restraint sets with other sources of structural information.
While the field of structural biology has been revolutionized by AlphaFold2 [10], predicting
de novo structures with high accuracy in many cases [11], NMR data are still needed
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for structure validation. Furthermore, some types of proteins, e.g., amyloids, disordered
proteins, and proteins in low-populated states, cannot be predicted with AlphaFold2 [12,13]
but can be studied by NMR spectroscopy [14].

Sophisticated software packages are needed to automate NMR structure generation.
Several cycles of spectral assignment, restraint generation, and structure calculation are
usually run to resolve ambiguities in the NMR data and to obtain a converged structural en-
semble with high precision and accuracy. Some of the most frequently used NMR software
packages for biomolecular structure determination include ARIA [15,16], CYANA [17],
ASDP [18], Xplor-NIH [19,20], NMRFAM-Sparky [21], and Rosetta [22]. These programs
come with additional tools to process and analyze the NMR data prior to the structure
calculations and to check the quality of the generated models afterward. To simplify instal-
lation, maintenance, and usage of these software tools and to improve the reproducibility
of the computational workflows, dedicated software environments such as NMRbox [23]
and CCPN [24,25], or web-accessible services such as GeNMR [26], ARIAWeb [27], and
PONDEROSA-C/S [28] have been developed.

A component of many NMR toolchains is Rosetta [22,29], which in itself is a compila-
tion of biomolecular modeling algorithms that can calculate physically realistic structural
models of proteins and other biomolecules with and without NMR data. Only a few struc-
tural biomolecular modeling frameworks have similar capabilities to Rosetta, spanning
applications in structure prediction and modeling with experimental data to protein design
and small-molecule drug discovery. Rosetta can be used to predict protein structures from
sparse NMR data [30-35] because the latter is complemented by sophisticated biomolecular
modeling algorithms. The use of biomolecular modeling algorithms distinguishes Rosetta
from many other NMR programs that rely on the availability of a large number of NMR
restraints to obtain a confident structural model. In addition, Rosetta integrates algorithms
that use data from several other biophysical experiments, such as electron densities from
cryo-electron microscopy (cryo-EM) [36-39] or X-ray crystallography [40,41], small-angle
X-ray scattering (SAXS) [42,43], and mass spectrometry (MS) [44—47]. This comprehensive
toolbox makes it possible to predict structures of large proteins or protein complexes via
an integrative structural biology approach. Many of these Rosetta tools can be run via
web-accessible servers [48-51], which facilitates the use of Rosetta by non-specialist users.

In this review, we summarize the NMR tools available in Rosetta, describe the un-
derlying theory and implementation, and explain new tools using NMR data that were
introduced in the last six years. We highlight recent studies combining Rosetta with NMR
spectroscopy, including integrative structural biology studies on large complexes, and
provide a perspective on synergies between NMR-data-guided Rosetta and AlphaFold2,
which can be exploited in the future.

2. Basic Rosetta Algorithms and Scoring Procedures

While the specific structure calculation approaches used by different Rosetta tools vary,
many protocols use a Monte Carlo Metropolis sampling algorithm to efficiently traverse the
conformational search space. Backbone and side chain sampling is performed in separate
calculation steps, using precomputed peptide fragment or rotamer libraries, respectively, to
quickly model the backbone or side chain conformational preferences. Another distinction
is made between low-resolution (or “centroid”) and high-resolution (or “full-atom”) modes.
In the low-resolution mode, the side chain of each residue is represented by a super atom
(“centroid”). This reduces the degrees of freedom that need to be sampled but preserves
the chemical features of the amino acid residue. A typical low-resolution sampling protocol
involves the folding of the protein-main chain by replacing the existing backbone with
a peptide fragment with altered conformation. A fragment denotes a continuous stretch
of protein backbone with a structure defined by its ¢, 1\, and w torsion angles. In the
high-resolution mode, all atoms, including main chain and side chain atoms, are present.
A typical sidechain optimization protocol is the Rosetta Packer, which runs a Monte Carlo-
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simulated annealing protocol to find the combination of sidechain conformations with the
lowest energy.

The original Rosetta de novo structure prediction algorithm developed by Simons
and Baker [52] predicts 3D structures of proteins by the assembly of short, usually 3- and
9-mer amino acid residue fragments via a Monte Carlo procedure and evaluates models
with the Rosetta scoring function. Only the amino acid sequence is needed as input to the
de novo folding algorithm. In addition, Rosetta provides other algorithms for different
structure prediction tasks. If structures of homologous proteins are available, they can
serve as templates for modeling using the Rosetta comparative modeling (RosettaCM) [53]
method, usually achieving better accuracy than de novo structure prediction. Moreover,
RosettaLigand [54], RosettaDock [55], and Rosetta FlexpPepDock [56] were developed for
predicting the structures of protein-ligand, protein—protein, and protein-peptide complexes.
All these algorithms can be guided with the help of experimental data. The most recent
Rosetta structure prediction methods, trRosetta [57] and RoseTTAFold [58] differ from
the classical Rosetta Monte Carlo algorithm and use instead artificial neural networks
(ANNSs). trRosetta uses a neural network to generate inter-residue distance, angle, and
dihedral restraints for an input protein sequence [57]. Quasi-Newton minimization is then
used to optimize the conformation of the amino acid chain into a fold consistent with
the restraints. The trRosetta calculation is faster and provides more accurate structure
predictions than the fragment assembly protocol. Only a few ten to hundred model
structures need to be calculated to reach convergence in the prediction, compared to a few
thousand trial structures that need to be calculated in the fragment assembly protocol.
Structure predictions with even higher accuracies than those possible with trRosetta can
be achieved with RoseTTAFold [58]. RoseTTAFold utilizes a network with 1D, 2D, and
3D attention tracks, which communicate sequence, distance, and coordinate information
about the protein to each other. RoseTTAFold has been used to predict hundreds of new
structures, including those of protein complexes [59].

An integral part of every Rosetta modeling protocol is the Rosetta scoring function. It
is a linear combination of score terms that include physics-based and statistically derived
potentials from known structures. The score terms describe energy components coming
from, e.g., van der Waals interactions, hydrogen bonds, electrostatic interactions, disulfide
bonds, residue solvation, and backbone and side chain torsion angle preferences. A detailed
review of the current REF2015 Rosetta scoring function was published by Alford et al. [60].
The REF2015 scoring function is compatible with canonical and noncanonical L-x-amino
acids, D-a-amino acids, and peptoids. Scoring functions for nucleic acids [61], membrane
proteins [62-65], and carbohydrates [66] have also been added to Rosetta.

3. A Brief History of NMR Methods in Rosetta

Rosetta has been used extensively for NMR-data-assisted protein structure prediction.
The original RosettaNMR method used backbone chemical shifts (CSs) to find structurally
similar peptide fragments in the PDB, which were assembled by a Monte Carlo algorithm
guided by nuclear Overhauser effect (NOE) distance restraints [67]. This approach was
later extended by Rohl and Baker to use residual dipolar couplings (RDCs) for structure
prediction [68]. Meiler and Baker demonstrated that RosettaNMR could be used to predict
the structures of small proteins from unassigned NMR spectral data using an iterative cycle
of model generation guided by partial NMR peak assignments and spectral reassignment
using newly generated models [69]. This approach was later extended with the CS-Rosetta
method for structure prediction of larger proteins up to 25 kDa molecular weight from
backbone-only CSs, RDCs, and amide NOEs [30-32,70]. NMR CS data are highly valuable
for fragment selection and for validation of model quality. However, CS-Rosetta is still
limited to small proteins owing to computational bottlenecks. Improvements could be
achieved by the integration of additional NMR data with orthogonal information content
and by using more advanced search algorithms. The size limit was later pushed up to
40 kDa with the help of more powerful computational sampling algorithms [32,33,71,72],
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such as Resolution-Adapted Structural RECombination (RASREC) [73] or Protein align-
ments Obtained by Matching Of Nmr Assignments (POMONA) [72], which was used for
CS-based comparative modeling of larger proteins.

Additional Rosetta methods were developed for paramagnetic NMR data to take advan-
tage of their value as long-range restraints for protein 3D fold determination. Schmitz et al. [74]
combined backbone pseudocontact shift (PCS) data with Rosetta for structure prediction.
Yagi et al. [75] extended this approach to PCS datasets from multiple tagging sites, which
has been termed GPS-Rosetta, due to the fact that the position of a nucleus can be deter-
mined with PCS data collected on three or more tagging sites by triangulation, similar to
the global positioning system. Kiinze et al. [76] generalized and extended this framework
to include other paramagnetic NMR data (RDCs induced by alignment by paramagnetic
metal ions, paramagnetic relaxation rates) and used them in other structure determination
protocols, including protein—protein docking and protein-ligand docking, in addition to
de novo folding. Hartlmdiller et al. [77] developed a Rosetta method for paramagnetic
relaxation enhancements (PREs) caused by paramagnetic cosolute molecules, referred to as
solvent PREs (sPREs) (see Section 6.2).

The CS-Rosetta approach has also been used for RNAs (called CS-Rosetta-RNA).
Sripakdeevong et al. [78] integrated 'H CS data with Rosetta de novo modeling of RNAs.
Using a benchmark set of 28 RNA motifs, including 11 blind prediction targets, CS-Rosetta-
RNA could recover structures with accuracies of 0.6 to 2.0 A for 18 RNAs.

In recurring community-wide benchmarks such as the CASD-NMR (Critical Assess-
ment of automated Structure Determination by NMR) experiment [79,80] or the data-
assisted modeling category of the CASP (Critical Assessment of protein Structure Pre-
diction) experiment [34,35], Rosetta ranked among the best-performing methods. This
demonstrates the strength of Rosetta in combining NMR data with sophisticated biomolec-
ular modeling algorithms.

4. Available NMR Data Implementations

Figure 1 summarizes the NMR data types, which can currently be used in Rosetta
calculations, and depicts their structural information content and the corresponding Rosetta
methods. Table 1 gives further details about their algorithmic implementation and lists
references where the development and application of these methods were first described.

Table 1. NMR data types available for protein structure prediction with Rosetta.

NMR Data Type

References— References—

Implementation Type in Rosetta Original Method  Other Examples

Selection of protein backbone fragments for Rosetta fragment
CSs assembly algorithm. Scoring of protein structures by comparison of [30,81] [31-33,70]
experimental and back-calculated CSs.

Identification of template structures for Rosetta comparative
CSs modeling by matching of experimental and back-calculated CS [72] [82,83]
assignments.

Scoring of protein structures by comparison of experimental and

HDX

model-predicted protection factors or HDX strength categories.
HDX score is a linear combination of residue flexibility and solvent

[44,45]

exposure metrics.

Rosetta distance constraints with user-defined distance range and
NOEs/PREs potential function. Grouping of constraints into ambiguous [32,33,67] [34,35]
distance constraints is possible.

Scoring of protein structures by comparison of experimental and

PCSs

back-calculated PCSs. Determination of lanthanide position and Ax
tensor via grid search and singular value decomposition or least

[74-76] [84-86]

squares fitting procedure.
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Table 1. Cont.
. . References— References—
NMR Data Type Implementation Type in Rosetta Original Method Other Examples
PCSs Iterative regeneration of a backbone fragment library from models [85]
with good fit to PCS data for successive rounds of de novo folding.
Scoring of protein structures by comparison of experimental and
RDCs back-calculated RDCs. Determination of alignment tensor by [32,33,68] [42,70,71]
singular value decomposition or least-squares fitting procedure.
Scoring of protein structures by calculating the correlation between
SPREs experimental and back-calculated sPREs. The predicted sPREs are (7]

obtained by r~® summation over all grid positions around a protein
structure, which are accessible to the paramagnetic probe.

CSs are sensitive and highly reproducible NMR observables, which provide insights
into protein secondary structure and side chain conformations, but also hydrogen bonding,
residue solvation, and other parameters [87-89]. Isotropic CSs are strongly dependent on
the local backbone geometry (i.e., ¢ /1 angles) and indicative of the secondary structure
type [90-92], which is the basis for their use in the Rosetta fragment-picking algorithm. The
experimental CSs, as well as CS-derived torsion angle and secondary structure predictions,
are compared to a database of high-resolution structures to select matching backbone
fragments [30,81]. In addition to their use in the fragment selection step, CSs can be used
for model validation by augmentation of the Rosetta scoring function. A score term repre-
senting the difference between experimental and back-calculated CSs (predicted, e.g., with
SPARTA+ [93], SHIFTX2 [94], or PROSHIFT [95]) is used to rescale the Rosetta score to
identify models that are biophysically realistic and in agreement with the experimental data.
In the case of homology modeling, CSs can be used to supplement sequence information
and optimize query-to-template alignment in case of low sequence identities [72], thereby
supporting Rosetta comparative modeling (RosettaCM [53]).

For the incorporation of NOEs and CS-derived torsion angles, Rosetta has a flex-
ible restraint system (termed “constraints” in Rosetta jargon). Rosetta allows defining
constraints with different geometries (distances, angles, torsions) and different potential
functions. To avoid introducing artifacts into structural models caused by erroneous or
misassigned NMR data, the weight of different constraints can be adjusted according
to their confidence levels. For example, for high-confidence NOE distance constraints,
a flat-bottom potential is typically used, whereas, for low-confidence distance constraints,
a sigmoidal function is a better choice. The sigmoidal function has a negative score value
when the constraint is satisfied but is zero when the distance grows much larger than
the defined reference distance. Therefore, large constraint violations (e.g., due to incor-
rectly assigned NOEs) will not negatively bias the structure calculation. Constraints are
defined in a Rosetta-specific, line-based file format (detailed documentation available un-
der: https:/ /rosettacommons.org/docs/latest/rosetta_basics/file_types/constraint-file
(accessed on 15 March 2023)). The CS-Rosetta toolbox (https:/ /csrosetta.chemistry.ucsc.edu
(accessed on 15 March 2023)) provides scripts that facilitate the conversion of NMR-STAR
and other file formats into Rosetta-specific file formats.
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Figure 1. NMR data types that can be used in Rosetta calculations and their algorithmic implementa-
tion in Rosetta. The left column schematically depicts the spectral observables used to measure the
respective NMR data type. The middle column illustrates the structural information encoded by the
NMR data, and the right column shows the sampling or scoring method through which the NMR

data are used in Rosetta, as described in the main text.
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For simultaneous, automatic NOESY cross-peak assignment and structure generation,
the autoNOE—-Rosetta protocol was developed by Lange et al. [96,97]. AutoNOE-Rosetta
combines the RASREC protocol for automatic structure calculation with algorithms for
automatic NOE assignment, such as network anchoring [98], ambiguous restraints gen-
eration [99], restraint combination [98], and structure-dependent and independent peak
calibration. Starting from CS assignments and unassigned NOESY peak lists, autoNOE-
Rosetta can determine NOE cross-peak assignments and generate structural models without
manual user intervention. This integrated approach maximizes the number of structural
restraints that can be obtained from the NOE data and ensures the self-consistency of the
distance restraints. AutoNOE-Rosetta was found to be quite robust against erroneous
NMR data and could generate accurate models even in cases of incomplete NOE peak lists
and partially incorrect CS assignments [97].

'H-'H NOEs provide short-range distance information and are typically combined
with long-range restraints obtained from RDCs, PCSs, or PREs that report on the global
structure. RDCs encode the orientation of inter-nuclear bond vectors (e.g., N-H, Ca-
Ho) with respect to an overall alignment frame. RDCs provide long-range orientational
restraints, e.g., on the orientation of secondary structure elements or protein domains in
multi-domain proteins [100]. They have been used for structure refinement [101] and de
novo structure determination [102,103] in various strategies. Models can be scored with
RDCs via a so-called WholeStructureEnergy method in Rosetta. This is a special C++ class
in the Rosetta source code used for scoring a model with RDCs, PCSs, sPRESs, or other data
types. Given a model generated, e.g., in a Monte Carlo trial step, the alignment tensor
is calculated by singular value decomposition or least-squares fitting procedures, and
the correctness of the structural model is evaluated using the quality of the fit between
experimental and back-calculated RDCs. Sparse RDC datasets (with and without CSs) and
sparse NOE datasets made structure calculations of proteins up to 25 kDa with Rosetta
possible [32].

Paramagnetic relaxation enhancements (PREs) are obtained from the analysis of nu-
clear spin relaxation rates in samples containing a paramagnetic tag, which is typically
site-specifically attached to the protein, and then compared to the diamagnetic reference
sample [104]. Similar to NOEs, PREs show an r~° distance dependence, and PRE distance
restraints can be used in Rosetta through the constraint system. However, due to the larger
magnetic moment of the unpaired electron of the paramagnetic tag, PREs can be detected
over longer distances and can complement the short-ranging NOE restraints [104]. Solvent
PREs (sPREs) are a special form of PRE data that are obtained in experiments using para-
magnetic cosolutes that interact with the protein surface non-covalently [105,106]. sPREs
provide qualitative information about residue surface accessibility and the global protein
fold and are used in Rosetta via a WholeStructureEnergy method [77] (see Section 6.2).

Pseudocontact shifts (PCSs) are obtained from the chemical shift changes in samples
containing a paramagnetic metal ion (e.g., a lanthanide (Tb**, Dy®*)) compared to protein
samples loaded with a diamagnetic metal (e.g., Lu®>"). Several metal ion-chelating tags for
the site-specific introduction of paramagnetic metal ions into proteins have been developed
(see reviews [107,108] and references therein). Furthermore, tagging strategies using non-
canonical amino acids and bio-orthogonal labeling reactions (e.g., click chemistry) have
been applied [107,109], offering advantages in terms of selectivity and sample stability.
However, the preparation of paramagnetically tagged proteins for the measurement of
multiple PCS datasets is labor-intensive and requires testing multiple labeling positions to
make sure that the protein structure will not be perturbed by the tag.

In contrast to NOEs and PREs, PCSs show an r~3 distance dependence and are also de-
pendent on the orientation of the nuclear spin—metal connection vector relative to the frame
of the anisotropic magnetic susceptibility (Ax) tensor of the metal ion [84,110]. By immobi-
lizing the metal ion in the protein, this geometric information can be related to the protein
coordinate system, and thus, PCSs can provide a valuable source of structural information.



Int. J. Mol. Sci. 2023, 24, 7835

8 of 22

PCSs have facilitated the structure determination in several Rosetta protocols, including de
novo folding, protein—protein docking, and protein-ligand docking [74-76,85,86].

More recently, hydrogen—deuterium exchange (HDX) data, which are a measure of
residue solvent accessibility and local flexibility, were implemented in Rosetta [44,45] (see
Section 6.1). Similar to RDCs, PCSs, and sPREs, HDX data are used via a WholeStructureEn-
ergy method.

5. Structure Prediction with Chemical Shift Data in Rosetta

CSs are a prerequisite for NMR studies and are obtained in the early stages of a struc-
ture determination project. CSs can be converted to the backbone and side chain torsion
angle restraints using programs such as TALOS+ [111] and TALOS-N [112], which also
provide accurate secondary structure predictions. Due to their high detection sensitivity
and structural information content [88,89], CSs are favorable restraints for guiding Rosetta
structure prediction. A detailed description of the CS-Rosetta approach can be found in
the references [113,114]. Here, we present a short summary of the basic functionalities of
CS-Rosetta as well as some recent examples in which CS-Rosetta was crucial for gaining
insights into biologically important protein structures.

The original CS-Rosetta method [30] used the fragment picker of the Molecular Frag-
ment Replacement (MFR) method of the NMRPipe software [115]. The MFR method
selected fragments from a database of high-resolution structures based on three scores:
(1) the chemical shift difference between the target protein and database structure (CS
score), (2) the sequence identity between the target and database proteins (Profile score),
and (3) the probability of the database ¢ /1 angles given the target sequence (Rama score).
Vernon et al. [81] developed a more advanced and robust CS fragment picker for Rosetta3,
which further improved the MFR fragment picker. In addition to the CS, Profile, and Rama
scores, two more score terms were added to the current CS fragment picker: (1) the TALOS-
SS-similarity score, which evaluates the difference between the CS-derived, TALOS+-
predicted [111] secondary structure of a residue in the target protein and the secondary
structure of matching residues in the database proteins, and (2) the Phi/Psi-SquareWell
score, which is calculated by comparing the CS-derived ¢ /1 predictions with the ¢/
values of a candidate fragment. These score terms take advantage of the accurate secondary
structure and torsion angle predictions from TALOS+ [111] and improve the quality of the
CS-Rosetta fragments [81].

CSs are also used in the RosettaCM/POMONA protocol [72], which uses CSs for
improving the accuracy of query-to-template alignments within RosettaCM [53] for com-
parative modeling with multiple template structures. In the low-sequence-identity range,
the quality of POMONA alignments was considerably better than the one generated by
the sequence-based alignment program HHSearch [116] but not as good as the one from
DALI [117], which is designed to find structurally similar proteins, regardless of amino
acid sequence. CS-RosettaCM/POMONA calculations were also used for the structure
elucidation of membrane proteins [82,83].

CS-Rosetta has become a widely used method in the structural biology community,
especially for proteins where only backbone assignments are available, and complete side
chain assignments cannot be obtained. Web-accessible servers for CS-Rosetta, hosted,
e.g., by the Biological Magnetic Resonance Data Bank (BMRB) (https:/ /csrosetta.bmrb.
io/ (accessed on 15 March 2023)) and the Bax group (https://spin.niddk.nih.gov/bax/
nmrserver/csrosetta/ (accessed on 15 March 2023)), make the method easy to use by non-
specialists. Thus, CS-Rosetta has been a preferred method for structure calculations on
membrane proteins or large protein assemblies.

Rosetta NMR structure calculations of membrane proteins can make use of the Roset-
taMP framework [64], which includes fast-to-calculate scoring functions for membrane
environments. The implicit membrane solvent model of RosettaMP captures important
properties of biological membranes, e.g., hydrophobic thickness, lipid composition, bilayer
anisotropy, and the presence of water-filled pores or holes in membrane proteins [65].
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This improves the modeling and design of membrane—protein structural features such
as transmembrane helix packing and alignment, the position of aromatic residues at the
water-membrane interface, and the presence of polar channels or cavities in membrane
proteins that can be permeated by ions or small molecules.

Zhao et al. [118] computed the structure of Aquaporin Z (AqpZ) by CS-Rosetta to
investigate its biological mechanism. AqpZ is an integral membrane protein that facilitates
the transport of water across E. coli cell membranes. The ensemble of AqpZ models was
highly converged and revealed that the side chain of the selectivity filter gate residue
Arg189 is stabilized in a conformation parallel to the membrane normal by two hydrogen
bonds, suggesting that the protein is permanently open under the synthetic membrane
composition conditions of the NMR experiment [118].

Lietal. [119] combined solid-state NMR data and CS-Rosetta calculations to determine
the structure of Diacylglycerol kinase (DgkA) in phospholipid bilayers (Figure 2). DgkA
is an all-helical, trimeric membrane protein (42 kDa) that is responsible for the ATP-
dependent phosphorylation of diacylglycerol to phosphatidic acid. Guided by the CSs as
well as PRE data obtained within and between monomers, the Rosetta calculations yielded
a well-defined trimeric structure. The structure deviated from the solution structure of
DgkA in micelles but was similar to the structure determined by X-ray crystallography
(Figure 2) [119]. The study highlights that the membrane mimetic environment has an
important influence on the structure of all-helical membrane proteins.
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Figure 2. Structure determination of homo-trimeric DgkA in E. coli membrane environment using
Rosetta. (A) Schematic depiction of intra-monomer (left) and inter-monomer PRE measurements (right).
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Large circles represent transmembrane helices. “L” and “N” are used to mark the isotopically labeled
and non-labeled monomers, respectively. (B) Folding energy landscape represented by the Rosetta
score-vs.-RMSD plot for DgkA. The RMSD is calculated with respect to the lowest energy structure
(red dot). (C) Ensemble of 10 CS-Rosetta models of DgkA with the best score. (D) Comparison of the
CS-Rosetta model of DgkA reconstituted in E. coli membrane total extracts (magenta) with the one
in lipidic cubic phase determined by X-ray crystallography (cyan) (PDB: 3ZE4) [74], viewed from
the cytoplasm and periplasm. Reprinted (adapted) with permission from [119]. Creative Commons
Attribution 4.0 International License.

Bender et al. [120] developed models of the peptide hormone ghrelin bound to the
growth hormone secretagogue receptor 1la (GHSR), which is a class A G protein-coupled
receptor. The authors employed an integrative structure biology approach, combining
solid-state NMR spectroscopy, site-directed mutagenesis, and Rosetta modeling. Solid-state
NMR CS data obtained on '*C-labeled ghrelin in the receptor-bound state were used as
backbone restraints in an iterative comparative modeling and flexible peptide docking
protocol to develop a model of the ghrelin-GHSR complex. The ensemble of models was
validated against mutational data.

6. Recent Developments of NMR Modeling Methods in Rosetta

In the following sections, we will describe recent developments in Rosetta that were
undertaken to add support for additional NMR data types, such as HDX data as well
as NMR data obtained from paramagnetic tags (e.g., PCSs) or paramagnetic cosolutes
(e.g., sPREs). In addition, a few landmark studies demonstrating the combination of
Rosetta with solid-state NMR data and other types of biophysical data for integrative
modeling of larger proteins and protein complexes will be highlighted.

6.1. Hydrogen—Deuterium Exchange (HDX)

NMR experiments that measure HDX data offer advantages because they have a higher
throughput compared to X-ray crystallography, cryo-EM, or a full panel of NMR ex-
periments required for protein 3D structure determination. HDX data contain informa-
tion about protein structure [121,122], protein dynamics [123,124], and protein binding
sites [125] but have low resolution and are insufficient on their own for full structure
determination. HDX NMR experiments provide a map of residue-specific HDX rates which
are influenced by regional flexibility and residue solvent exposure at the amide hydrogen
position [126]. Computational modeling is needed to generate model structures that can be
compared to HDX data. Previous studies [127-132] demonstrated that sophisticated sam-
pling methods (such as MD simulations) are needed to match structures to the experimental
HDX data, as well as to better understand the factors influencing the HD exchange. HDX
data measured from MS have also been used for computational structure prediction [133]
and for protein—protein docking [134,135].

Marzolf and coworkers [44] developed a computational methodology to incorporate
HDX NMR data into de novo protein structure prediction with Rosetta. The authors intro-
duced a new HDX NMR score term to the Rosetta energy function. The scoring algorithm
considers model features that provide estimates of local residue flexibility and solvent
exposure. The energy of short-range and long-range backbone-backbone hydrogen bonds
(hbond_sr_bb, hbond_Ir_bb) and backbone-sidechain hydrogen bonds (hbond_bb_sc),
as well as the order score [136,137], were used to quantify residue flexibility. The latter
is a Rosetta-calculated score for residue disorder, with higher values indicating higher
disorder [137]. They found that lower HDX rates correlate with stronger hydrogen bond
energy and lower order score. The other factor affecting the HDX rate is solvent exposure,
which was quantified using the amide group neighbor count and relative residue solvent
accessible surface area (rSASA). They also found expected correlations, such as decreased
amide group HDX rates with increased neighbor atom counts and decreased rSASA. The
authors defined the HDX score as a weighted sum of the Rosetta score and the score com-
ponents for solvent accessibility (neighbor count, rSASA) and regional flexibility (hydrogen
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bond energy, order score). The individual score components were calculated based on the
deviation of the calculated metrics for a Rosetta model relative to the distribution observed
in protein X-ray structures. If the exposure or flexibility parameters of a residue’s amide
group in a Rosetta model agreed with the distribution of the parameters in the crystal struc-
tures, the residue was rewarded using a term-specific scoring function, with those opposite
penalized. The performance of the HDX NMR protocol was examined on 38 proteins with
available experimental HDX NMR data. The model RMSD to the corresponding crystal
structure over the whole benchmark set improved by 1.4 A on average, including seven
proteins with an improvement of greater than 4 A and one protein with an improvement
of more than 11 A (Figure 3). The model RMSD for core residues improved by 0.9 A on
average, with an improvement as high as 10.5 A, indicating that the improvement was
not only occurring in disordered regions. This study emphasizes that HDX NMR data
are highly useful for improving the scoring and selection of models from computational
structure prediction in Rosetta.

A -

w

-150

2EQL

1-300

—450

—200

1-500}

3BLG

RMSD =14.93 A RMSD =3.77 A RMSD (A)

Figure 3. Rosetta structure prediction with HDX data. (A) Correlations of the NMR HDX protection
factor (PF) with neighbor count (NC) (left) and order score (OS) (right). Linear regression lines
are shown in red. Reprinted with permission from [45]. Copyright 2022 Elsevier. (B) Lowest-
scoring models of protein horse milk lysozyme (PDB: 2EQL) and bovine -lactoglobulin (PDB: 3BLG)
filtered without (red) and with (blue) HDX NMR data are compared to the crystallographic reference
structures (gray). (C) Score-vs.-RMSD plots of Rosetta models of 2EQL and 3BLG scored without (red)
and with (blue) HDX NMR data. Reprinted with permission from [44]. Copyright 2021 American
Chemical Society.

The previous scoring method by Marzolf [44] used HDX strength categories (i.e., strong,
medium, or weak protection) for correlation with structural features instead of actual HDX
rates. Nguyen et al. [45] extended the HDX NMR scoring method in Rosetta by using
explicit quantitative protection factors (PFs), which report on the HDX rates in the structure
calculation. PFs are defined as the ratio of the sequence-dependent intrinsic HDX rate
constant to the observed exchange rate constant. Backbone amides with higher PF are
expected to be less flexible (i.e., participate strongly in hydrogen bonding) and/or have less
solvent exposure. From observed correlations between PFs, residue flexibility, and exposure
metrics (Figure 3A), the authors developed a scoring method to predict HDX PFs from
structures using linear regression, with the difference between experimental and predicted
values incorporated as a score term. Method performance was evaluated on a benchmark
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set of 10 proteins, and an average RMSD improvement of the selected models of 5.1 A was
observed. The number of cases in which the selected model had an RMSD below 5.5 A
increased from 7/10 without HDX restraints to 9/10 in the presence of HDX restraints.

6.2. Paramagnetic NMR

Paramagnetic NMR data (PCSs, PREs, and RDCs in paramagnetically aligned samples)
provide valuable structural restraints and are used for many applications in structural
biology and drug discovery, which have been reviewed before [84,110,138-142]. Among
the three paramagnetic NMR data types, PCSs are particularly useful. They can be detected
over long distances (up to 40 A [143], and with more rigid tags even up to 70 A [138],
due to their r3 dependence), encode additional orientation information, and can be
measured with high accuracy from the chemical shift difference between the diamagnetic
and paramagnetic NMR spectra. The groups of Otting and Huber first demonstrated the
potential of combining PCS restraints with Rosetta [74,75,144]. Kiinze et al. refactored and
generalized Rosetta to include all three paramagnetic NMR data types in one common
framework and extended the application range of the framework [76]. It is now possible to
use PCSs, RDCs, and PREs together with local NMR restraints (CSs, NOEs) for de novo
modeling, comparative modeling, protein—protein and protein-ligand docking, modeling
of symmetric complexes, and more tasks.

Solvent PREs (sPREs) were introduced into Rosetta by Hartlmiiller et al. [77]. sPREs
carry surface accessibility information and can be induced by paramagnetic cosolutes,
e.g., Gd%* chelates such as Gd (DTPA-BMA) or nitroxides such as PROXYL derivatives,
which are added to the biomolecule sample [106]. The authors presented a protein structure
prediction approach in which the distance-to-surface information encoded by the sPRE data
is used to assess the correctness of the predicted protein 3D fold [77]. For computational
efficiency, a fast-to-compute, grid-based scoring method, in which a trial model is compared
to a 3-dimensional grid of sPRE probe positions, was developed. Grid positions that have
no spatial overlap with the protein structure are considered accessible to the sPRE probe.
The sPRE rate of a protein atom is then predicted by summing the contributions to the PRE
rate at the accessible grid points over the integration radius. The sPRE data back-calculated
from the model is then compared to the experimental sPRE data using the Spearman
correlation coefficient and converted into a score. The sPRE score was found to be a good
indicator of model accuracy, especially in the centroid stage of protein structure prediction.
Over a wide Cx-RMSD range of 3-20 A, the sPRE score showed a high correlation with the
RMSD value, indicating that it can efficiently evaluate the accuracy of the global fold of
a protein, while in the high-resolution range (Ca-RMSD < 2 A) the Rosetta score showed
a better performance. The sPRE data improved conformational sampling and scoring in
CS-Rosetta, leading to higher accuracy and convergence in structural models, effectively
increasing the size limit of CS-Rosetta. The sPRE-CS-Rosetta method was robust to noisy
and sparse sPRE data, which suggests that it can be useful for the structure determination
of larger proteins with incomplete resonance assignments and sparse datasets.

The developers of the sSPRE-CS-Rosetta method also demonstrated that the application
range of sPRE data could be further extended to other biomolecular structure determi-
nation tasks. Hartlmdiller et al. applied sPRE data to the high-resolution refinement of
RNA structures [145] and the detection of transient structures in intrinsically disordered
proteins [105], albeit using alternative NMR software packages.

6.3. Integrative Structural Biology on Protein Complexes

Pioneering work combining solid-state NMR (ssNMR) spectroscopy, cryo-EM, and
Rosetta modeling was conducted by Loquet et al. [146]. Using an integrative structural
biology approach, the authors determined the structure of the large Salmonella typhimurium
type III secretion needle system. Rosetta provided a general framework to integrate
the different sources of structural information. A total of 521 NMR distance restraints
(359 intrasubunit and 162 intersubunit restraints) were collected from the 3C-13C ssNMR
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spectra. Scanning transmission electron microscopy (STEM) measurements and the inter-
subunit distance restraints indicated that the number of subunits was ~5.7 per helix turn or
11 subunits per two helix turns. Rosetta Fold-and-Dock calculations [147], guided by the
helical symmetry of the filament and the intra- and intersubunit ssNMR restraints, yielded
a well-converged NMR ensemble with an average pairwise RMSD of 2.1 A. Two rounds
of structure calculations were performed, the first round using only unambiguous axial
and intramolecular restraints to resolve some initial ambiguities in the NMR data and the
second round using all restraints. Demers et al. [148] applied a similar integrative structural
biology approach to the type III secretion needle system from Shigella flexneri, using nearly
1000 ssNMR restraints and a 7.7 A low-resolution cryo-EM density map. Furthermore,
low-resolution shape information from SAXS data and sparse NOE and RDC sets were
combined with Rosetta modeling by Rossi et al. [42] to elucidate the oligomerization mode
of symmetric proteins.

The combination of ssNMR spectroscopy and Rosetta is a favorable combination
of methods to obtain the structure of noncrystalline, high-molecular-weight assemblies.
Morag et al. [149] demonstrated this for the M13 bacteriophage capsid and could obtain
structural models of the repeating unit of the 14 MDa capsid using Rosetta modeling
and structural restraints from magic angle spinning (MAS) ssNMR data. In the M13
bacteriophage, the capsid is composed of several thousand identical copies of a major
coat protein arranged in a helical array surrounding the core of circular ssDNA. Two-
dimensional *C-13C CORD and ¥C-13C DARR MAS NMR spectra were used to acquire
structural restraints. CS-Rosetta Fold-and-Dock calculations [147] were then used to derive
an atomic quaternary structure model of the M13 phage capsid. In total, 95 unambiguous
intersubunit restraints and 160 intrasubunit restraints were collected and used in Rosetta
modeling. The Rosetta capsid models revealed details of the subunit packing and showed
that the capsid consists of stacked pentameric rings with a rise of ~16 A and a tilt of
~36° between consecutive pentamers. Interestingly, the structure shows that 80 of the
95 intersubunit restraints define a major hydrophobic pocket that is important for stabilizing
the subunit packing and that is highly conserved.

More recently, the structures of the large BBSome complex (>400 kDa) [150] and the
BAF complex bound to the nucleosome core particle (>1 MDa) [151] were determined using
integrative structural modeling with Rosetta. The use of complementary experimental data
and Rosetta modeling was key because the resolution of the cryo-EM maps was insufficient
to deduce the subunit 3D organization. The subunit structures were obtained by Rosetta
comparative or de novo modeling and assembled in the cryo-EM map guided by Rosetta’s
electron density score [40,41] and residue pair distance restraints. While the distance
restraints used in these studies were derived by cross-linking MS, they are used through
the same Rosetta constraint framework as NOE or PRE data. These examples highlight
that Rosetta provides high flexibility in combining different types of experimental data and
allows for building integrative modeling protocols. The Rosetta-determined BBSome [150]
and BAF complex structures [151] could inform on the subunit binding interactions and
possible mechanisms of action of disease-related missense mutations.

7. Future Directions

The structural biology community has experienced major breakthroughs in highly
accurate protein structure prediction in the last two years due to the development of Al-
phaFold2 [10] and related deep learning methods such as RoseTTAFold [58], ESMFold [152]
and OmegaFold [153]. The accuracy that can be reached by those methods is comparable
to that of experimental structures in some cases [11]. Surprisingly, for some proteins, the
AlphaFold2-generated model was found to match the experimental NMR data as well as or
better than the corresponding high-resolution crystal structure [154] or an expert-generated,
conventional NMR structure [155]. These results show that AlphaFold2 models can be
an accurate representation of the solution conformation of proteins and helpful for guiding
the analysis of experimental NMR data. As a result, high-quality protein models are now
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available that cover the full human proteome [11] and more [156]. Still, there are several
synergies between deep learning structure prediction methods and NMR-guided modeling,
which can be further exploited.

7.1. Augmentation of Deep Learning Methods with NMR Data

One possible direction of development can be the incorporation of NMR data directly
into the neural network prediction process. Next to using the NMR data in a sequen-
tial manner to validate or post-process computationally predicted models, certain NMR
data could also be directly incorporated in the network architectures of RoseTTAFold
or AlphaFold2. Recently, Stahl et al. developed AlphaLink [157], a modified version of
AlphaFold2 that incorporates MS cross-linking (XL) data into the AlphaFold2 network
architecture. The XL contact restraints complement and refine the evolutionary-based
contact information, and, in return, the co-evolutionary contacts suppress noisy XL data.
AlphaLink offers improved performance compared to AlphaFold2 in cases of challenging
targets such as proteins with shallow multiple sequence alignments (MSAs) or multiple
conformational states [157]. The authors note that their approach is also applicable to other
types of experimental distance information (e.g., NOEs). Moreover, Watson et al. [158]
have shown that the RoseTTAFold neural network can be modified for other prediction
tasks (e.g., protein design), which could offer the possibility to fine-tune the network using
structural information from NMR.

7.2. Modeling of Alternative Conformational States

In some cases, AlphaFold2 can deliver structure predictions representing more than
one conformational state for the same target protein. Using different strategies for prepar-
ing the input information for AlphaFold2, such as subsampling of sequences from the
MSA created for the target protein [159], iterative masking of columns in the MSA (by in
silico mutation to alanine) [160], or providing template structures in different states [161],
allowed generating ensembles of dissimilar models with AlphaFold2. The combination
of AlphaFold2 and NMR spectroscopy promises to be a powerful approach for assess-
ing the accuracy and functional relevance of these AlphaFold2 ensembles and for better
understanding protein structural dynamics [162]. For instance, NMR relaxation disper-
sion experiments can report on protein conformational changes occurring on the us-ms
timescale [163]. These methods can deliver CS information on alternative minor states and
on the interconversion rate between the ground state and the minor state. The CS data can
be used to identify models from the AlphaFold2 ensemble that best represent the weakly
populated conformational state. Subsequently, CS-Rosetta calculations can be employed
to refine the model to high accuracy, as shown by Fenwick et al. [164]. In addition to CS
data, PCSs, and other paramagnetic NMR data [104] could also be used to detect lowly
populated states using relaxation dispersion [165] or chemical exchange saturation transfer
(CEST) experiments [166]. Pilla et al. demonstrated a Rosetta workflow for modeling
conformational changes using sparse PCS datasets obtained on the closed and open forms
of the 27 kDa dengue virus serotype 2 NS2B-NS3 protease [144]. Similar workflows can be
applied to refine AlphaFold2 models towards a state that reflects the experimental NMR
measurements. These protein models can be extremely helpful to obtain insight into the
molecular function of the lowly populated conformational states, which often play roles in,
e.g., enzyme catalysis, ligand binding, or molecular recognition [167,168].

7.3. Modeling of Disordered Proteins and Protein Fibrils

Another area where Rosetta and NMR can meaningfully complement AlphaFold2
is the modeling of structurally disordered protein regions. Within the human proteome,
about 30% of regions are disordered [169,170], and they frequently interact with other
proteins and function as hubs in protein interaction networks. Protein regions with a low
confidence score in AlphaFold2, indicated by low predicted Local Distance Difference
Test (pLDDT) scores, are almost always disordered. This makes AlphaFold2’s pLDDT
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score a rigorous metric for identifying disordered regions in proteins [11,171]. However,
the extended chain depiction of low-confidence regions visible in AlphaFold2 models is
not an accurate representation of the structure of disordered domains. It is well known
from NMR and SAXS measurements that disordered regions can contain many transient
conformations and adopt compact states, especially when they undergo liquid/liquid
phase separation [172,173]. While in silico modeling of disordered proteins has largely
been carried out using MD simulations, some Monte Carlo methods in Rosetta have
also been applied to disordered regions. Wang et al. modeled disordered regions by
increasing the repulsive interactions and turning off attractive forces between residues in
disordered regions and with the rest of the protein [174]. Ferrie et al. used the FloppyTail
algorithm [175] to model disordered parts of proteins [176]. The fragment picker was also
used to predict the local conformational preference of intrinsically disordered proteins with
and without CS information [177].

Some disordered proteins can form amyloid fibrils under certain conditions, repre-
senting another challenging prediction case for AlphaFold2 [13]. In particular, AlphaFold2
fails to predict the structural polymorphism that is characteristic of some amyloid-forming
proteins, such as the tau protein. The tau fibril structures found in different tau patholo-
gies reveal a diversity of folds, which cannot be reasoned from the protein sequence
alone [178,179]. However, structures of amyloid fibrils are accessible for characterization
by solid-state NMR spectroscopy, providing restraints for Rosetta structural calculations,
as shown for A3 [180-182] and a-synuclein [183].

In summary, NMR-guided Rosetta modeling and AlphaFold2 exhibit synergies, which
can be exploited to create powerful method workflows. Structural insights on proteins ob-
tained from these simulations will advance our understanding of their biological functions
and provide a basis for modifying protein functions for biotechnological and pharmaceuti-
cal applications.
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