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As structural biology trends towards larger and more complex biomolecular targets, a detailed under-
standing of their interactions and underlying structures and dynamics is required. The development of
methyl-TROSY has enabled NMR spectroscopy to provide atomic-resolution insight into the mechanisms
of large molecular assemblies in solution. However, the applicability of methyl-TROSY has been hindered
by the laborious and time-consuming resonance assignment process, typically performed with domain
fragmentation, site-directed mutagenesis, and analysis of NOE data in the context of a crystal structure.
In response, several structure-based automatic methyl assignment strategies have been developed over
the past decade. Here, we present a comprehensive analysis of all available methods and compare their
input data requirements, algorithmic strategies, and reported performance. In general, the methods fall
into two categories: those that primarily rely on inter-methyl NOEs, and those that utilize methyl PRE-
and PCS-based restraints. We discuss their advantages and limitations, and highlight the potential ben-
efits from standardizing and combining different methods.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy can simulta-
neously probe the structures and dynamics of biomolecules at
atomic resolution. Before obtaining atomic-level information from
NMR spectra, however, the observed NMR signals must be assigned
to their corresponding nuclei of origin, henceforth referred to as
the resonance assignment. Typically, resonance assignments are
obtained from multi-dimensional, triple resonance NMR spectra
that utilize scalar couplings to correlate 'H, 'C, and '°N chemical
shifts of the protein backbone and side chains [1-4]. For soluble,
globular proteins smaller than ~30 kDa that do not suffer from sev-
ere resonance overlap or sequence degeneracy [5,6], resonance
assignments can in general be determined by this method, for
which several successful automated approaches are available
[7,8]. Most eukaryotic proteins, however, are either larger than
30 kDa or assemble into oligomers that exceed this molecular mass
threshold. In large proteins, rapid signal decay increases the
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linewidths of resonances and decreases the spectral resolution,
rendering such proteins challenging to study using ‘traditional’
NMR methods.

On the other hand, the reintroduction of selectively protonated,
13C-labeled methyl groups in an otherwise highly deuterated back-
ground enables the acquisition of high-resolution, ['H,'3C]-
heteronuclear multiple quantum coherence (HMQC) spectra of
proteins that exceed 1 MDa [9-15]. The methyl-transverse relax-
ation optimized spectroscopy (TROSY) effect manifests itself
through the destructive interference of dipolar interactions in the
methyl '3C'H; spin system, yielding significantly attenuated relax-
ation and high-quality methyl NMR spectra. However, the sparse
methyl labeling approach creates isolated spin systems, which pre-
cludes resonance assignment by traditional scalar coupling-based
methods.

Two current approaches for methyl resonance assignment are
outlined in Fig. 1 [16,17]. Because of their isolated nature, NMR sig-
nals from methyl groups in large proteins are usually assigned
either by transferring assignments obtained from smaller protein
fragments to the spectra of the intact protein or an oligomer
(Fig. 1a) [18,19], or, alternatively or additionally, by monitoring
spectral changes after targeted site-directed mutagenesis
(Fig. 1b) [20]. Both approaches are laborious, time consuming,
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Fig. 1. Illustration of two commonly employed strategies for methyl resonance assignments. (a) Domain parsing strategy shown on the example of SecA. Figure adapted from
Fig. 2 of Gelis et al. [19] with permission. Domain fragmentation dissects a large protein into individual folded domains that yield high-quality 2D ['H,'>N]-HSQC or TROSY-
HSQC spectra. These smaller domains and fragments can be assigned using the standard backbone and side-chain resonance assignment experiments. The methyl resonance
assignments obtained for the individual (purple) or tandem domains (blue and green) are transferred to the methyl-TROSY spectrum of the full-length protein (orange). (b)
Site-directed-mutagenesis strategy. Each methyl-bearing residue is individually mutated (mutagenesis), and the plasmid containing the mutated gene is transformed into a
bacterial strain suitable for protein overexpression. Each mutant protein is expressed in a small-scale bacterial culture grown in minimal medium with D,0, deuterated
glucose, and methyl-labeling precursors (protein expression), and individually purified (protein purification). A 2D ['H,'*C]-HMQC spectrum is recorded for each mutant
(methyl-TROSY). Overlaying the spectra of the wild-type (black) and a mutant protein (red) allows the missing resonance to be identified, which yields the assignment of the
mutated methyl residue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and expensive. These obstacles hinder routine application and
widespread usage of methyl-TROSY methods.

In response to such difficulties, several automatic methyl reso-
nance assignment strategies have been proposed in the past dec-
ade. Here, we review the available automatic methyl resonance
assignment programs, their input requirements (Section 3.3), their
algorithmic approaches (Section 4), and their reported perfor-
mance (Section 5).

Alongside these software developments, advances in the selec-
tive isotopic labeling of all available methyl groups have signifi-
cantly increased the number of NMR-active probes and
facilitated detailed methyl NMR-based studies of large proteins.
The choice of labeling directly impacts the complexity of the
methyl resonance assignment search. We therefore begin with a
short survey of recent developments in the isotope labeling of

methyl groups (Section 2.1) and point the interested reader to
comprehensive reviews focused on methyl-TROSY applications
(Section 2.3). The choice of methyl labeling is further discussed
in the context of data preparation (Section 3), data treatment by
the different automatic resonance assignment approaches (Sec-
tion 4), and in the context of algorithm performance (Section 5).
The synergy between experimental design and the automation of
resonance assignment is expected to advance automatic methyl
resonance assignment in the future (Section 6).

2. Methyl groups as probes of macromolecular structure and
dynamics

Methyl groups are particularly attractive probes in high-
resolution biomolecular NMR studies of large proteins for several
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reasons. First, methyl-bearing residues are well represented in the
amino acid sequences of proteins and reside both in protein
hydrophobic cores (e.g. Ile, Leu, Val) and at protein surfaces (e.g.
Ala, Met, Thr) [21]. Such dispersed coverage yields structural and
dynamical probes throughout the protein (Fig. 2). Second, the
peripheral localization of methyl groups in the side chains of
amino acids often results in increased dynamics, leading to slower
relaxation, which is favorable for investigating large systems. In
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general, the methyl group dynamics increase with increasing dis-
tance from the backbone: for example, the CB of Ala is typically
more rigid than the C§; of Ile, with the Ce of Met being most flex-
ible [22]. Finally, rapid rotation around the methyl symmetry axis
renders the three 'H spins degenerate, leading to enhanced sensi-
tivity, while the relatively large dispersion of >C resonances
(ca. 20 ppm) allows for high spectral resolution. Collectively, the
benefits of methyl-TROSY combined with selective methyl labeling
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Fig. 2. Biosynthetic labeling strategies to prepare selectively '>*CH; methyl-labeled

protein in a highly deuterated background. These approaches apply for proteins produced

in E. coli using M9 minimal media prepared in D,0. The chemicals over each arrow indicate either metabolic conversion of the particular reagent (ammonium chloride and
deuterated glucose, [U-D, '2C]-glucose) into the final amino acid (right) or additional reagents that are used to suppress isotope scrambling (panels d, e: a-ketobutyrate, L-
glycine, o-ketoisovalerate, and 2-hydroxy-2-ethyl-3-ketobutryate). Common precursors are listed for (a) Leu-d,/d; and Val-y4/v, (racemic mixture), (b) lle-d4, (c) Met-g, (d)
Thr-y,, and (e) Ala-p labeling. The '*C-labeled methyl group is indicated in a grey ellipse in the precursor and in a colored ellipse in the resultant amino acid. In panel a, the
precursor used to label Leu and Val exists as a racemic mixture and therefore introduces the '>CHj; label at either the 6, or &, (; or y,) position in Leu (Val). Note that solvent-
exchangeable protons are exchanged to deuterons when the precursors, and later the purified protein, are dissolved in D,O. When preparing an AILMTV-labeled protein, the
individual precursors can simply be added in combination and in the presence of L-glycine to prevent scrambling. See [72] for a more detailed discussion on labeling

approaches. Selective methyl labeling greatly reduces the overall proton density, as
protons, shown as white and colored spheres. Selective protonation of the methyl
protons, corresponding to ca. 15% of the total.

demonstrated in (f) and (g) for malate synthase G (PDB: 1y8b) that contains a total of 5623
groups of Ala-B, Ile-6;, Leu-3;, Met-g, Thr-y,, and Val-y; (IAMT, pro-R LV) introduces 864
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allow detailed structural and dynamical studies of large proteins
and protein complexes.

2.1. Isotope labeling of methyl groups

To use methyl groups as NMR probes in studies of large sys-
tems, selectively protonated, 3C-labeled methyl groups need to
be introduced in an otherwise deuterated, '?C protein background.
While methyl labeling strategies exist for non-bacterial hosts, such
as yeast [23-26] and insect cells [27-31], we here focus on meth-
ods used to obtain highly deuterated, methyl-labeled protein from
E. coli (Fig. 2), which is the most commonly employed host organ-
ism. In the initial methyl labeling strategies, isotopically labeled
amino acids (isoleucine, leucine, and valine) or pyruvate were
added to the minimal medium that was used for E. coli-based pro-
tein production in a highly deuterated background [32,33]. Since
these initial efforts, cost-effective and robust methyl labeling pro-
tocols have been established for all methyl-bearing residues
(Fig. 2a-e), with significant improvements in labeling efficiency
[34,35] and protein yields [36,37].

Modern approaches to selective methyl labeling exploit specific
isotope-labeled biosynthetic precursors, for example, o-
ketobutyrate (IUPAC name [3,3-?H,, 4-'3C;]2-oxobutanoic acid)
for Ile-61 (Fig. 2b) [38] or a-aceto-o-hydroxybutyrate (IUPAC name
2-[?Hsethyl-2-hydroxy-3-[4-'3C;Joxobutanoic acid) for Ile-y;
[39]. The labeling of Ile methyl groups is advantageous because
of their characteristic upfield '*C chemical shifts of 13.4 + 1.6 pp
m (mean * s.d. according to filtered BMRB statistics) for Ile-5,
and 17.5 £ 1.3 ppm for Ile-y,, and distinct metabolic pathways.
This enables rapid identification of Ile resonances and the prepara-
tion of Ile-only labeled samples. For leucine and valine methyl
groups, a similar strategy can be used with the shared precursor
a-ketoisovalerate (IUPAC name 3-['3C;]methyl-[3,4,4,4-H,]2-
oxobutanoic acid) to label Leu-4d4, 6, and Val-y4, v, (Fig. 2a) [40].
However, significant overlap in the '3C chemical shift ranges of
Leu-d1, 62 (24.4 £ 2.1 ppm) and Val-vy4, v, groups (21.4 + 2.6 ppm)
motivated the establishment of separate labeling strategies for
either Leu or Val. Lichtenecker et al. showed that selective Leu
labeling can be achieved by using labeled a-ketoisocaproate [41],
whereas the combined addition of unlabeled o-ketoisocaproate
and labeled o-ketoisovalerate led to exclusive labeling of Val
[42]. The addition of unlabeled precursors adds additional protons
into the system, and can therefore degrade the quality of the spec-
trum for proteins that contain many Leu or Val residues. However,
the ability to discriminate between Leu and Val methyl resonances
proves highly beneficial to some of the algorithms discussed below
(Section 5). The problem of additional protons can be overcome by
using fully deuterated precursors when “unlabeling” either Leu or
Val [42]. To avoid the racemic mixture of pro-R and pro-S labeled
Leu-d1, 6> and Val-vy, v, groups that results from the use of racemic
a-ketoisovalerate (Fig. 2a), 2-hydroxy-2-['>CJmethyl-3-oxo0-4-
[2Hs]butanoic acid can be used for selective labeling of the pro-S
groups [43] and 2-hydroxy-2-[>Hs]methyl-3-oxo-4-['3C]butanoic
acid for the pro-R groups [44]. Both precursors can be obtained
through hydrolysis of the commercially available esters ethyl-2-
hydroxy-2-[13C]methyl-3-oxobutyrate (for the pro-S case) and
ethyl-2-hydroxy-2-[?Hs]methyl-3-oxobutyrate-4['3C]  (for the
pro-R case) [43,44], with the former requiring an additional step
for deuteration of the protonated 4-methyl group. In addition,
selective labeling of pro-R or pro-S groups of either Val or Leu resi-
dues can be achieved by cell-free synthesis with the SAIL method
[45,46] or by using E. coli auxotrophs [47,48]. Such stereospecific
labeling significantly reduces spectral complexity, as only one of
the two methyl groups of each Leu and Val residue is labeled,
and enhances signal-to-noise ratios, both of which are particularly
useful for studies of large systems.

Finally, biosynthetic strategies for selective labeling of the Met-
€ (Fig. 2c) [49,50], Thr-y, (Fig. 2d) [51,52], and Ala-B [53,54]
(Fig. 2e) groups have been established, and a method for simulta-
neous labeling of all methyl-bearing residues (AILMTV) by combin-
ing all biosynthetic precursors in a single protein production
medium has been reported [35]. This enables higher probe density
with selective labeling of all methyl-containing amino acids
(Fig. 2f, g) [55]. In addition, the commercial availability of most
precursors has spurred the development of '*CDH, and '*CHD,
methyl labeling for obtaining isolated '*C-D and '*C-'H bonds in
a given methyl group, which is advantageous for NMR relaxation
analysis [56-63]. '3CHD, labeling reduces sensitivity due to the
depletion of methyl protons, which increases 'H longitudinal
relaxation times relative to the same protein labeled with '3*CH;
[55]. For example, '>CHD, labeling of the 360 kDa half-
proteasome led to a 1.5-2-fold decrease in sensitivity and an
approximately two-fold increase in 'H longitudinal relaxation
times [55]. The modest loss in signal is tolerable when measure-
ment of certain methyl relaxation rates is sought. Finally, the com-
bined usage of isotope labeling strategies and Carr-Purcell-
Meiboom-Gill (CPMG) and R, , relaxation dispersion methods has
brought new insight into the dynamics of methyl groups on the
micro/millisecond timescale [56,64-71].

2.2. Alternative sparse labeling

While perdeuteration works well in bacterial hosts, deuterated,
minimal media are ill-suited for mammalian cell growth, prevent-
ing production of highly deuterated, methyl-protonated large pro-
teins in those systems. Producing proteins in mammalian cells is of
particular interest for studies of natively glycosylated human pro-
teins [73,74]. As an alternative, sparse labeling can be employed in
which a single >N- or '>C-enriched amino acid, or or a subset of
such amino acids, is supplied directly to the mammalian cells [74].

The applicability of sparse methyl labeling to large glycopro-
teins produced in mammalian cells was recently investigated
[75]. In the presence of an otherwise protonated background,
deuterated leucine selectively >CH;-methyl labeled at the §, posi-
tion was introduced into the protein, which yielded significant
improvements in spectral quality compared to data obtained with
non-deuterated amino acids. Selective amino acid deuteration
allowed for the detection of all leucine methyl signals of an intact
IgG2b antibody (150 kDa) [75]. Recently, similar advancements
have been proposed using aromatic residues [76].

2.3. Methyl-TROSY: A window into the functional mechanisms of
supramolecular complexes

Methyl-TROSY delivers atomic-level insight into the functional
mechanisms and dynamics of proteins and protein complexes.
The pioneering methyl-TROSY studies from the Kay group predom-
inantly focused on the 20S core particle proteasome complex,
which is composed of 14 subunits that total 670 kDa and reaches
up to 1.1 MDa in the presence of the 11S activator [18,77]; and
malate synthase G, a single polypeptide chain of 82 kDa
[2,9,78,79]. Since this initial phase in the early 2000s, there have
been numerous applications of methyl-TROSY, including studies
on substrate recognition in the unfolded protein response [80],
the self-assembly of large systems such as the ca. 500 kDa TET2
proteolytic complex [81] and 2-80 MDa amyloid-p protofibrils
[82], interactions between the ribosome and nascent chains
[83-86], and the mechanisms of enzymes [87-90], chaperones
[91-94], kinases [95-97], and proteases [98]|, among others.
Methyl groups can also be effective reporters on transient protein
(mis)folding intermediates [99]. The continuing development of
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experiments that probe protein conformational dynamics keeps
expanding the utility of methyl groups for NMR [71,100-102].

For more insight into theoretical and practical aspects of
methyl-TROSY, as well as numerous successful applications, the
interested reader is directed to comprehensive reviews by Schiitz
et al. [72], Rosenzweig et al. [103], Ruschak et al. [104], and Tugari-
nov et al. [79].

3. Methyl assignment strategies

3.1. Conventional approaches to methyl resonance assignments are
labor-intensive

The selective methyl labeling schemes outlined in Section 2
have significantly increased the coverage of methyl probes. While
all methyl-bearing amino acids can be readily labeled, the major
bottleneck for methyl-TROSY is resonance assignment: the relation
of observed 'H-'3C signals in a heteronuclear multiple-quantum
coherence (HMQC) spectrum to specific methyl groups in the
molecule [16,17]. For Leu and Val residues, this includes stere-
ospecific assignment of the two methyl groups.

The standard approach to methyl resonance assignment in most
laboratories remains large-scale site-directed mutagenesis [20],
which can also be used to extend or validate the assignments gen-
erated through ‘divide and conquer’ or domain fragmentation
strategies. Assignment by site-directed mutagenesis is especially
time-consuming and laborious, as each methyl-bearing residue
must be individually mutated and then each mutant protein
expressed and purified. The assignment itself consists of overlaying
the 2D ['H,'3C]-HMQC spectrum of a mutant protein on that of the
wild-type protein and identifying which resonance(s) are missing
[20]. Since each mutant protein must be prepared with appropriate
isotope labels, the large number of cultures can consume signifi-
cant amounts of D,0, deuterated glucose, and methyl-labeling pre-
cursors, even when accounting for the small volumes of cultures
that are typically used for assignment purposes. The volume of
the culture and consumption of isotopically labeled reagents
depend on the yield of the overexpressed protein, but cultures that
require 50 ml of M9 medium per mutant are not uncommon.

The ‘divide-and-conquer’ strategy is based on dissecting an oli-
gomeric complex into individual monomers whereas domain frag-
mentation refers to dividing a large protein into its individually
folded domains [18,19,105]. If the monomers or protein domains
thus obtained yield high-quality HSQC- or TROSY-based spectra,
they are amenable to the traditional backbone and side-chain res-
onance assignment strategies [1-4]. Such efforts are occasionally
supplemented by inspection of methyl-methyl NOEs in the context
of an available crystal structure [18,98,106].

The described strategies require that the isolated domains,
monomers, or introduced mutations do not lead to structural rear-
rangements, such that assignments from the spectra acquired with
domain fragmentation or site-directed mutagenesis can be faith-
fully transferred to the intact protein or oligomer. This is often
not straightforward in practice, and may require additional assign-
ment validation experiments [92,105]. Overall, the challenges and
costs associated with methyl resonance assignment currently hin-
der routine application and widespread usage of powerful methyl-
TROSY methods. Therefore, reliable automatic assignment strate-
gies represent important advances to the field.

3.2. Automatic methyl resonance assignment approaches are
structure-based

NMR studies of high molecular mass proteins often require par-
tial or uniform deuteration, where methyl groups remain the sole

protonated and isotopically ('3C) labeled parts of the molecule.
Consequently, automatic side-chain resonance assignment strate-
gies that rely on through-bond magnetization transfer cannot be
used. Over the last decade, structure-based automatic methyl res-
onance assignment strategies have been developed that rely
almost exclusively on sparse spatial restraints for methyl groups.
These restraints can be computed from the protein structure, pro-
vided one is available, and related to those derived from NMR data.
Based on their primary source of NMR data, the assignment strate-
gies can be divided into two categories (Fig. 3): nuclear Overhauser
enhancement (NOE)-based algorithms, which predominantly
exploit a network of measured methyl-methyl NOEs; and
paramagnetism-based approaches, which make use of paramag-
netic relaxation enhancements (PREs) or pseudocontact shifts
(PCS). The latter are measured on methyl spins after a paramag-
netic center has been introduced into a protein in a site-specific
manner.

3.2.1. NOE-based assignment approaches

Connectivity between methyl peaks from 2D ['H,'>C]-HSQC/
HMQC spectra can be established through 3D or 4D methyl-
methyl NOE measurements. To calculate the most likely methyl
assignments, NOE-based approaches relate NOE-established
inter-methyl connectivities to those extracted from the high-
resolution protein structure. The underlying idea mimics manual
approaches that are typically undertaken in methyl-TROSY stud-
ies of large systems to confirm or extend assignments obtained
with site-directed mutagenesis or through-bond NMR strategies
[18]. The first method to automate methyl resonance assignment
primarily on the basis of methyl-methyl NOEs, Methyl Assign-
ment Prediction from X-ray Structures (MAP-XSII), was reported
in 2009 by Matthews and colleagues [107,108]. Since then,
four other NOE-based automatic approaches, FLAMEnGO2.0
[109,110], MAGMA [111], MAGIC [112], and MethylFLYA [113]
have been developed (Fig. 3). In addition, a hierarchical NOE-
and structure-based assignment protocol was developed by Xiao
et al. [114], though presently without a dedicated software
implementation.

The NOE-based approaches do not require any mutations or
modifications of the studied protein. The short-distance nature of
NOEs, stemming from their ¢ dependence, where r is the distance
between two nuclei, and spin diffusion, may cause difficulties in
the interpretation of NOEs. However, these can be partially over-
come by uniform deuteration and restricted protonation of
selected methyl-bearing residues [115]. 3D and 4D HMQC-
NOESY-HMQC experiments [116-119] have been successfully
applied to large, exclusively methyl protonated proteins in the
past, generating high quality NOE data that could be used for man-
ual or automatic assignment strategies [18,105,108,111,113]
(Fig. 4). For example, Kerfah et al. applied this approach to
U-[H?], Ala-[CP], Ile-[C®!] and (Leu/Val)P™- protonated malate syn-
thase G (MSG, 82 kDa). The authors reported [120] that 96% of the
NOEs expected based on a crystal structure in the distance range

Methyl resonance assignment software

NOE-based Paramagwtism-based
MAP-XS (2009, 2013) PRE PCS
FLAMENGO (2011, 2014)  PRE-ASSIGN (2011) I:Possum (2007)
MAGMA (2017) PARAssign (2017)
MAGIC (2017)

MethylFLYA (2019)

Fig. 3. Summary of automatic methyl resonance assignment strategies and their
software implementations. The year of publication is given in parentheses.
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Fig. 4. NMR data used for automatic methyl resonance assignment. (a) Left: Example measurement of inter-residue methyl-methyl NOEs. Schematic 2D plane from a 4D
HCCH methyl-methyl NOESY spectrum acquired with a long mixing time (Tmix) on an AILMTV-labeled protein. The diagonal peak at 0.8/22 ppm originates from a Val methyl.
All other peaks are NOE cross-peaks to the Val methyl diagonal peak. The labeling pattern produces a racemic mixture of pro-R and pro-S labeled Leu/Val residues. Thus, in
each molecule either the pro-R or pro-S methyl group of a given residue is labeled and intra-residual methyl-methyl NOEs cannot be observed. Right: Example measurement
of intra-residual methyl-methyl NOEs to identify geminal methyl pairs in Leu and Val residues. Schematic 2D plane from a 3D CCH methyl-methyl NOESY spectrum acquired
with a short t,ix on a (Leu-64/d,, Val-v4/y2)-labeled protein. Simultaneous labeling of both methyl groups in Leu and Val residues enables detection of intra-residual NOEs
between the methyl groups of the same residue (in this example, Val). The short T,ix yields NOEs only for short distances, which is why weak NOEs with distant residues
(yellow signals in the left panel) are not observed here. This facilitates linkage of the two methyl groups of a residue and simplifies automatic assignment (see text). The
resonances are color coded according to panel b. (b) Crystal structure of MBP (PDB 1ANF) with methyl groups for AILMTV residues depicted as spheres. Only the 6; and vy,
methyl groups are shown for Leu and Val residues. The inter-methyl connectivity network calculated from the crystal structure using a maximum inter-carbon distance cut-
off of 4.5 A (left) or 9.0 A (right) is shown with black lines. Note that some peripheral methyl groups are disconnected from the networks. NOEs scale with inverse sixth power
of the distance between the two nuclei. (c) Example PRE data with 'H methyl transverse relaxation rates (R,) measured in the paramagnetic (blue) and diamagnetic (red) state
of a protein containing a single nitroxide spin label. The normalized peak intensity (I/Ip) as a function of the relaxation delay (ms) follows an exponential decay that can be
fitted to obtain the R, value. The difference in R, between the paramagnetic and diamagnetic samples ("I", = R3 para — R2,4ia) yields the methyl 'H PRE. (d) Same structure and
methyl groups as in b, except that all methyl groups within a 25-A inter-carbon distance of the spin label position (green sphere) are indicated as measurable PREs. The left
and right panels depict two different cysteine mutants used to introduce the spin label (green sphere) to record PRE values. PREs scale with inverse sixth power of the
distance between the paramagnetic center and the nucleus of interest; however, the larger PRE effect enables measurement over longer distances than NOEs (see text 3.2.2).
Nitroxides enable measurement of PREs up to ca. 25 A, while other PRE probes, such as Mn?*, can reach 35 A. (e) Example ['H,'>C]-HMQC spectrum used to measure PCS
values, defined as the difference in chemical shift (5) for a given 'H or >C nucleus between the paramagnetic and diamagnetic samples (PCS = 6P — §12), (f) Same as d,
except that methyl groups within 50 A of the lanthanide spin labels are marked in blue as probes for which PCS can be measured. PCS values scale with inverse third power of
the distance between the paramagnetic center and the nucleus of interest. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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from 2.5 to 8.5 A could be observed for this system. In addition,
~50% of the expected NOEs in the distance range from 9.5 to
10.5 A could be detected. However, given that statistically most
methyl-methyl NOEs will be short-range, the lack of long-range
restraints often leads to fragmentation of the NOE network into
multiple parts of high mutual similarity (Fig. 4b). Consequently,
significant ambiguity in methyl resonance assignments derived
exclusively from NOE restraints is expected [111] (Fig. 6). Further-
more, isolated methyl groups on the protein surface are likely to be
excluded from the dominant methyl-methyl NOE networks, due to
the short distance range of NOEs. The NOE-based automated
approaches can be combined with site-directed mutagenesis to
complete the assignment or reduce its ambiguity [111].

3.2.2. Paramagnetism-based assignment approaches

The use of paramagnetic NMR probes to assign methyl reso-
nances in large proteins has been attractive for some time
[121,122]. The availability of a high-resolution protein structure
combined with knowledge of the location of the paramagnetic
probe and an estimate of its magnetic susceptibility tensor allows
for the theoretical paramagnetic observables to be calculated and
compared to experiment (Fig. 4). Due to the high magnetic
moment of electrons, paramagnetic effects can be measured on
methyl groups far away from the paramagnetic center (e.g. ~25 A
for the nitroxide spin label). In contrast to the NOE, the long range
of the paramagnetic effects can also enable the assignment of iso-
lated methyl groups that reside outside of the high-density clusters
of methyl-bearing residues in protein cores [122]. Two different
paramagnetic mechanisms have been explored in the context of
automatic methyl resonance assignment: paramagnetic relaxation
enhancement (PRE) and pseudo-contact shift (PCS) (Fig. 4). The
high anisotropy of the magnetic susceptibility tensor y of most
lanthanides leads to rapid relaxation of their unpaired electron
spin and causes chemical shifts changes in NMR spectra. In con-
trast, the nearly isotropic y of some organic radicals, such as
nitroxide, results in slower relaxation of their unpaired electrons,
which enables measurements of PREs from nuclear transverse
relaxation rates [123].

For methyl resonance assignment, nitroxide spin labels (for
PRE) and paramagnetic lanthanide tags (for PCS) must be intro-
duced into the protein in a site-specific manner, taking into con-
sideration the surface accessibility of the labeled sites,
minimization of steric hindrance caused by the nearby side-
chains, restricted mobility of the tag, and distribution of the
tagged sites over the surface of the protein [122,124]. Restricting
conformational freedom of the paramagnetic centers is essential
for interpretability of both PREs and PCSs. To this end, both PRE-
and PCS-based methyl assignment methods make use of specifi-
cally designed tags [125-127] and exploit the protein’s secondary
structure elements [122,124]. For instance, the PCS approach by
Lescanne et al. [124] employs “the two-armed caged” lanthanide
probe (CLaNP) [125] that covalently links two spatially proximal
Cys residues.

To achieve a significant methyl assignment coverage, both PRE
and PCS methods require data from more than one spin label
(Fig. 4). This is achieved by preparing multiple protein samples,
each with a different Xxx to Cys mutation (or by introducing a pair
of proximal Cys residues for each CLaNP lanthanide probe [124]),
and simultaneous removal (mutation) of any naturally occurring
Cys residues [122]. In addition, a diamagnetic reference sample is
needed. The paramagnetism-based approaches are thus consider-
ably more demanding in terms of sample production than NOE-
based approaches. On the other hand, once well-behaved samples
are available, PRE/PCS measurements likely require less NMR mea-
surement time than a 4D NOESY data set.

3.3. Input data for automatic methyl resonance assignment protocols

The input requirements of different automatic methyl reso-
nance assignment protocols are summarized in Tables 1 and 2. In
what follows, we discuss the importance of some of the input data
for the quality of the assignment result and highlight the require-
ments characteristic for certain protocols.

3.3.1. Methyl peak lists and methyl residue types

Most of the protocols require as obligatory input 'H/'*C chem-
ical shifts recorded in ['H,'3C]-HMQC or HSQC spectra, which rep-
resent the methyl peaks to be assigned by the algorithms (Fig. 6).
Exceptions to this rule are MAGMA and PARAssign, which rely on
manual analysis of the NMR data to produce an assigned NOE con-
tact list (MAGMA) or manually determined PCS values (PARAssign),
which are then used by the assignment algorithms. When provided
with “raw”, unassigned, peak lists, both protocols can automati-
cally generate the required input by using their auxiliary scripts.

In addition to their chemical shift values, methyl peaks are typ-
ically given an arbitrary ID (index or random assignment) that is
used both for analysis and output. For best performance, all proto-
cols require information about the methyl residue type (Ile, Leu,
Val, Ala, Met, or Thr) for each peak, which is usually specified in
the input peak list. To account for overlap in 'H/3C chemical shift
ranges for Leu and Val methyl groups, most protocols support
ambiguity between these methyl types (Table 1). In addition, full
ambiguity in methyl residue types or absence of the type specifica-
tion is supported by MethylFLYA, MAGIC, and PARAssign. Except
for MAGIC [112], all protocols report a considerable decline in per-
formance when the residue type information is absent or ambigu-
ous, which typically manifests itself either in decreased accuracy
(e.g. MAP-XSII [108]) or increased assignment ambiguity (e.g.
MAGMA [111]). MethylFLYA shows complete tolerance to ambigu-
ity between Leu and Val methyl group types, providing nearly
identical results with or without discrimination between these
two residue types [113].

To provide methyl residue types, one can inspect ['H,'>C]-
HMQC or HSQC spectra to identify characteristic chemical shifts
(e.g. 13C% of Ile), or employ residue-specific methyl labeling
schemes [41,42]. For PCS-based approaches that critically depend
on the ability to identify corresponding methyl peaks in diamag-
netic and paramagnetic spectra, the separate labeling of each
methyl amino acid type [34]| has been recommended [124]. In
addition to unambiguously establishing residue types, such label-
ing significantly reduces spectral crowding.

3.3.2. Methyl-methyl NOEs

The NOE-based methods require manually or automatically
picked and expert-filtered NOESY peak lists as input (Fig. 5). Col-
umns of the NOE lists contain two carbon and one proton (3D),
or two carbon and two proton (4D), frequencies of spatially prox-
imal methyls. With the exception of MAGMA (see above), all other
methods support unassigned peak lists as input. MAGIC addition-
ally requires peak heights, as proxies for NOE intensities, to be pro-
vided in the input peak list, as it uses the intensity information in
its assignment protocol (see section 4.3). Each dimension of the
peak list is associated with a user-defined tolerance, which is
expressed in ppm units and used in the automatic assignment of
NOEs to the methyl peaks from the 2D ['H,'>C]-HMQC or HSQC
peak list. The tolerances should account for small shifts of peak
maxima between different spectra, and ambiguity inherent to the
NOE assignment (typical in the range of 0.2-0.4 ppm for '>C and
0.025-0.04 ppm for 'H). In the MAGIC study more stringent toler-
ances were proposed (0.1 ppm for 3C and 0.01 ppm for 'H) [112].

Compared to 3D NOESY data, the additional 'H (or *C) dimen-
sion provided by a 4D data set can considerably reduce NOE
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Table 1

Input data requirements for the NOE-based automatic methyl resonance assignment protocols.
Input data type MAP-XSII FLAME nGO2.0 MAGMA MAGIC Methyl FLYA
Peak picked, unassigned methyl-methyl NOEs (3D or 4D peak list) Yes Yes (Sparky) Yes*® Yes
methyl-methyl NOE contact list Yes”
Measured ['H,'3C] chemical shifts (2D peak list with residue types indicated) Yes Yes Yes© Yes®
Predicted ['H,'3C] chemical shifts (obtained from prediction software) Yes Yes
Random initial assignment list Yes
Protein structure (PDB format with added protons) Yes Yes Yes Yes Yes
Protein sequence file Yes Yes
Known unambiguous methyl assignments (assigned peak list) Optional Optional Optional
LV-geminal methyl pairing information® Optional Optional Optional Optional
LV methyl residue-type ambiguity (flag in the input file) Optional Optional
measured ['H,'®N]-chemical shifts (peak list) Optional Optional
peak picked amide-methyl NOEs (3D or 4D peak list) Optional Optional
experimental PREs Optional Optional®
predicted PREs Optional
protein regions with conformational exchange (input file with residue numbers) Optional

For each program, ‘yes’ indicates obligatory input.
2 3D CCH-NOESY peak list with intensity information.

> Two-column list with arbitrary methyl group IDs that annotate each NOE cross peak with two methyl resonances from the 2D HMQC or HSQC spectrum; IDs contain

residue type labels.
¢ Residue type specification is optional.

4 Given as described in [110] for FLAMEnGO2.0, as combined labels in the NOE contact list for MAGMA, as an addition to the 2D peak list for MAGIC, or in the form of a

theoretical HCcCH TOCSY peak list for MethylFLYA.
¢ In semi-quantitative format, see Kim et al. [129].

Table 2
Input data requirements for the paramagnetism-based automatic methyl resonance
assignment protocols.

Input data type PRE- PARAssign  Possum
ASSIGN
Methyl 'H-PREs® Yes Yes

Measured diamagnetic and paramagnetic
['H,'3C] chemical shifts”

List of predicted PREs based on the Yes
structure (listed with residue numbers
and types)

Initial rotational correlation time 7. of the Yes
PRE-interaction vector

Independently determined A y-tensor
parameters

Specified atom names, stereospecificity, Yes
and double Cys mutation sites

Protein structure (PDB format) Yes Yes Yes

Initial guess for the nitroxide spin label Optional
coordinates

LV-geminal methyl pairing and pairing of
Ile-54,y2 methyls (from HCCH-TOCSY
experiments)

Discrimination between Ile-6/v,, Leu-d,/
5o, and Val-v4/y,

Optional Yes

Yes<d Yes

Optional

Optional

For each program, ‘yes’ indicates obligatory input.

3 Listed with the corresponding 'H,'>C-chemical shifts in a separate list for each
methyl residue-type for PRE-ASSIGN; a list of experimental PCS values with
ambiguous or unambiguous residue-types indicated for PARAssign.

b Separate for each double Cys mutant for PARAssign in order to generate the
input PCS list by an auxiliary script; including methyl residue types for Possum.

¢ Initial values.

d Listed in a configuration file in JSON format.

assignment ambiguity. As such, 4D peak lists are supported by
MAP-XSII and FLAMEnGO2.0 [108,110], and recommended by
MAGMA [111] and PRE-ASSIGN [122]. The MAGIC algorithm
currently supports only 3D CCH-NOESY data, which are reportedly
preferred due to faster collection and larger acquired NOE data sets
[112].

3.3.3. PREs and PCSs
Methyl 'H-PREs constitute the major restraints for the MC-
based assignment algorithm PRE-ASSIGN [122]. The experimental

data are supplied as lists of a series of methyl "H-PREs (in s~ ') mea-
sured with increasing relaxation time delays (Table 2). The first
three columns of the lists contain a random methyl group identifier
and its measured 'H, '3C chemical shifts, with the measured PRE-
value for one of the relaxation time delays in the fourth column.
Separate lists should be supplied for each methyl residue type to
reduce ambiguity in the assignment [122]. To generate the pre-
dicted PREs, the protein structure file needs to be modified sepa-
rately for each of the protein mutants to indicate the position of
the mutated Cys residue. Taking such modified structure files as
input, Xplor-NIH [130] scripts are used to generate the predicted
PRE files. The program supports simultaneous optimization of the
nitroxide position and the rotational correlation time (7.) values
based on the initially predicted PRE data. The predicted PREs can
then be recalculated with the optimized values of the parameters
and the new PRE values supplied to the assignment routine.

Methyl PREs are supported as additional restraints by MAP-XSII
[108] and FLAMEnGO2.0 [110]. FLAMEnGO2.0 employs a semi-
quantitative interpretation of the measured PREs by dividing
methyl peaks into three categories depending on the percentage
of the signal lost due to the PRE (i.e. strongly, moderately, and
weakly affected) [129,131]. An additional category is introduced
for unobserved peaks. On the benchmark of the FLAMEnGO2.0
study, PRE restraints alone were reported to be insufficient to gen-
erate highly reliable methyl assignments [110]. However, in con-
junction with NOEs, they had a significant positive impact on the
calculation speed and accuracy, and helped resolve assignment
ambiguities due to overlapping peaks [110,129].

The PCS-based method PARAssign [124] and the earlier Possum
approach [121] use exclusively methyl-PCSs as input methyl NMR
data. To acquire input PCSs, differences in methyl chemical shifts
recorded in the ['H,">C]-HMQC/HSQC spectra of the paramagnetic
protein and the diamagnetic reference need to be measured. Man-
ual comparison of the spectra to pair up methyl peaks can be chal-
lenging due to the low dispersion of methyl resonances,
overlapping peaks and signal broadening in the paramagnetic
spectrum caused by PRE effects [121,123]. These issues can be
addressed by preparation of protein samples with single and stere-
ospecific amino acid labeling schemes, and by acquiring an addi-
tional PCS data set using a second, weaker, paramagnetic
lanthanoid that gives rise to resonances situated between the dia-
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Fig. 5. Illustration of the input requirements for the MethylFLYA automatic assignment protocol. The user supplies the protein sequence (left), a 3D structure (center), and
experimental methyl NMR data: a 2D ['H,'>C]-HMQC/HSQC peak list and a 3D or 4D methyl-methyl NOESY peak list. Optionally, peak lists can be obtained by automatic peak

picking with CYPICK [113,128].

magnetic and the original paramagnetic peaks in the spectrum
[124]. The similarity between PCSs for methyl 'H and 3C nuclei
can be exploited to resolve ambiguities in peak pairing [124]. Effort
put into peak pairing determines the completeness of the input
data, and is critical for assignment success [124]. Finally, relating
the assigned diamagnetic resonances to the wild-type protein
spectrum should be straightforward, provided that no major struc-
tural changes occur due to the introduced mutations and paramag-
netic labeling.

Prediction of methyl H-PCSs from a protein structure requires
knowledge of the magnetic susceptibility tensor and the position of
the paramagnetic lanthanide. In the Possum protocol [121], knowl-
edge of the Ayx-tensor parameters is assumed, which in turn
assumes known assignments of amide resonances of the diamag-
netic protein [132], or known assignments of a subset of methyl
resonances. In contrast, the PARAssign approach proposes usage
of a ‘two-armed’ paramagnetic probe that attaches to two Cys resi-
dues and for which the lanthanide location and the approximate
orientation of the Ay-tensor axes can be well estimated
[124,125]. The initial user-provided estimates are optimized by
the algorithm during the assignment procedure (see Section 4.5).
Calculating theoretical PCSs from different theoretical attachment
sites is encouraged to avoid unfavorable correlation of PCS mea-
surements from different sites, which reduces information content
and negatively impacts assignment outcome [124].

3.3.4. Geminal methyl linkage

The NOE-based approaches FLAMEnGO02.0, MAGMA, MAGIC,
and MethylFLYA can make use of an additional restraint that links
the two geminal methyl groups of a Leu or Val residue. In the
computation-time sensitive exhaustive search algorithm of
MAGMA, the geminal linkage information is used to join methyl-
methyl NOEs from the two methyl groups to a pseudo Leu/Val resi-
due vertex, which reduces the effective total number of methyl
peaks to be assigned and significantly reduces the calculation time
[111]. The benefits of the restraint were also noted with Methyl-
FLYA [113] and in the MAGIC study where the geminal information
led to a four-fold decrease in computation time, and a small
improvement in assignment accuracy [112]. In their present ver-
sions, MAP-XSII and PARAssign do not make use of this source of
information.

To obtain geminal linkage information, the MAGMA study [111]
recommends preparation of an additional protein sample in which
both methyl groups of Leu and Val residues are protonated and
13C-labeled. A short-mixing time 3D or 4D NOESY spectrum can
then be used to identify the two methyl groups that originate from
the same Leu or Val residue [18]. Alternatively, through-bond
TOCSY-based approaches have been proposed to generate intra-
residual methyl-methyl correlations [121,133], although this
requires '3C labeling that links the backbone to terminal methyl
groups, and therefore is only applicable to relatively small proteins.
Use of a precursor for Leu and Val methyl labeling that results in a
protonated y or B-methine position has been proposed in combina-
tion with a 3D TOCSY-HMQC experiment to link the two geminal
methyl groups to the shared methine proton [110]. Recently, a
3D-HMBC-HMQC experiment has been devised to link the geminal
methyl groups of Leu and Val [134]. Similarly to the short-mixing
time NOESY strategy, this approach requires a double, pro-R and
pro-S, 'H,'3C-methyl labeled sample in an otherwise deuterated
background. In the HMBC element of the pulse sequence a three-
bond 3Jcy coupling transfer is achieved between the protons of
one of the two geminal methyl groups and the carbon of the other
methyl group. The one-bond couplings are suppressed during this
transfer. The following HMQC element is used for the standard
one-bond "oy coupling. Thus, both methyl carbon frequencies
and the starting proton frequency are recorded by the sequence,
which allows pairing of the geminal methyl pairs. For well-
resolved [!H,'>C]-HMQC spectra, all geminal methyl pairs of Leu
and Val are expected to be linked. If there are overlaps in the region
of Leu/Val resonances, the approach can be combined with a long-
mixing time 4D HMQC-NOESY-HMQC spectrum recorded on the
same sample to obtain intra-residue NOEs as well as inter-
residue NOEs. The intra-residue NOEs can then be identified based
on the 3D HMBC-HMQC spectrum. As an alternative, only one of
the Leu/Val-methyl groups can be labeled using stereospecific
labeling [43], which reduces spectral crowding and is particularly
useful for the PCS-based assignment approaches [121,124].

3.3.5. Predicted methyl chemical shifts

Structure-based prediction of methyl chemical shifts is used as
an additional source of assignment restraints in the MAP-XSII and
FLAMEnGO2.0 protocols. Accurate prediction of chemical shifts
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from static structures is a difficult task due to their complex depen-
dence on geometric factors and electronic environment, and the
fact that measured shifts represent Boltzmann-weighted averages
[135,136]. Most available structure-based chemical shift predictors
are restricted to backbone resonances, but a few, e.g. PPM_One
[136], ShiftX2 [137], and CH3Shift [138], provide side-chain reso-
nance predictions, including methyl groups.

Predicted chemical shifts are used directly by the MAP-XSII and
FLAMENGO2.0 protocols, that include a chemical shift term in their
scoring functions to favor assignment solutions with minimized
discrepancy between the measured and the predicted methyl shifts
(see section 4.1). In MAGMA, a conservative use of chemical shift
predictions was tried in order to discriminate between ambiguous
assignment options of individual methyl groups. To that end,
assignments with predicted shifts closer to the measured ones
and within the prediction tolerance were ranked higher. When
used in this way and context, however, the predictions were not
reliable enough to provide additional unambiguous methyl assign-
ments [111].

3.3.6. Input protein structure

As structure-based assignment strategies, all the discussed
methods assume a high degree of compatibility between the avail-
able crystal structure of the protein and structural restraints
derived from NMR observables (NOEs, PREs, PCSs) (Figs. 4 and 5).
Thus, availability of high-quality structures and their compatibility
with the input NMR restraints are important determinants for the
success of structure-based methyl assignment methods. The com-
patibility is not a small issue, as the NMR observables report on
averages sampled by different molecular states, and are affected
by nuclear spin interactions (e.g. spin diffusion) and relaxation
[139]. The NMR restraints best fit an ensemble of structures
whereas, for assignment purposes, typically only one static crystal
structure is provided. The accuracy of the crystal structure, on the
other hand, can be affected by crystal packing interactions and arti-
ficial modifications of the protein introduced to promote its crys-
tallization. In addition, poor X-ray crystallographic resolution can
limit the accuracy of atom positions, especially in protein side
chains.

The impact of different input protein structures was addressed
in the MAP-XSII study, where a significant decrease in assignment
coverage and lower accuracy was noted for alternative crystal
structures [108]. On their benchmark, the program’s score could
be used to identify the better-quality structures, i.e. those that
were more compatible with the NOE data and yielded better
assignment outcomes. The NOE score alone could not be used
straightforwardly to discriminate between different structures in
the MAGMA study, in which differences in assignment accuracy
for different input structures were also noted, and checking assign-
ment consistency across different structures was advised [111].
The MethylFLYA study also noted differences in assignments from
different protein structures. On the presented benchmark, how-
ever, the structures that gave rise to more ‘strong’ (i.e. classified
as reliable by the program), assignments in MethylFLYA also fea-
tured higher assignment accuracy [113]. In the MAGIC study, dis-
crepancy in the side-chain rotamer angles between the crystal
and solution-state structures was identified as a source of differ-
ences in the measured and expected NOE patterns that can affect
the automatic assignment [112].

Also, the PCS-based Possum method noted instances of assign-
ment swaps due to differences between the protein structure in
solution and that captured in the only available crystal structure
[121]. The authors concluded that reliable comparison of predicted
and measured PCS values critically depends on the accuracy of the
available protein structure, and noted a likely sub-optimal perfor-

mance of the program in the presence of flexible protein segments
[121].

Despite such reports, the sensitivity of the methods to the qual-
ity of the input structures has not yet been systematically evalu-
ated. In addition, all methods except MethylFLYA presently allow
input of only a single protein structure file. The potential useful-
ness of homology models for automatic assignment of methyl res-
onances in the absence of a high-resolution structure of the protein
target remains to be addressed. However, given the aforemen-
tioned reports, it is unlikely that such approaches would lead to
high-quality assignment results.

4. Automated methyl assignment algorithms

The high dimensionality of the search space represents a signif-
icant challenge to automatic methyl resonance assignment
approaches. Given the factorial increase in the number of assign-
ment possibilities with the number of assignable methyl peaks, dif-
ferent algorithmic strategies have been explored to avoid a
“combinatorial explosion” while still ensuring adequate sampling
and scoring of assignment solutions. In what follows, we summa-
rize the algorithmic approaches and their performance against
their respective benchmarks.

4.1. Monte-Carlo sampling - MAP-XSII and FLAMEnGO2.0

Sampling and evaluating plausible methyl assignment solutions
using a Monte Carlo (MC) swapping routine is a feature of the NOE-
based algorithms MAP-XSII [108] and FLAMEnGO02.0 [110], and the
PRE-based method PRE-ASSIGN [122]. In these protocols, an ini-
tially random assignment given to each methyl peak is iteratively
swapped and every random swap (MC move) then evaluated by
a global scoring function. The function to be maximized is typically
a linear combination of different terms that evaluate agreement
between measured and predicted NMR data, with the range of
terms and their exact form differing between the protocols. Addi-
tional differences are found in the criteria for accepting or rejecting
swaps, and the details of the probability functions employed in the
step.

The central component of the scoring functions of MAP-XSII and
FLAMEnGO2.0 is the NOE term that quantifies the agreement
between the measured methyl-methyl NOEs and those simulated
based on the input structure. To simulate the NOEs, MAP-XSII uses
a fixed distance cut-off that is provided by the user, whereas FLA-
MEnGO2.0 treats the cut-off as a variable that is optimized within a
user-determined range during the assignment search. The NOE
term in FLAMEnGO2.0 is defined by a Gaussian function that is
maximized by reducing the differences in positions of the mea-
sured NOE and their plausible matches in the set of simulated
NOEs. The simulated peak positions are generated for every tenta-
tive assignment combination from known 'H,'3C positions in the
methyl-TROSY spectrum and the current distance cut-off [110].
The NOE term is evaluated ‘fuzzily’ to provide a ‘percentage of con-
fidence’ of an assignment after each swap and to account for NOE
ambiguity inherent in the assignment process [109,110].

The NOE term of the MAP-XSII scoring function is also a multi-
dimensional Gaussian that evaluates the scaled difference in the
positions of the NOEs and their corresponding methyl peaks from
the methyl-TROSY spectrum. The term is scaled in the context of
every tentative methyl assignment solution by higher scoring of
symmetric or reciprocal NOEs that are observed in the NOESY
planes of the two methyls that give rise to an NOE [108]. The pro-
tocol considers ambiguity in automatic attribution of measured
NOEs to the methyl peaks of their origin. To this end, all possible
assignment options for ambiguous NOEs are considered in the con-



64 L. PritiSanac et al./ Progress in Nuclear Magnetic Resonance Spectroscopy 118-119 (2020) 54-73

text of the current tentative methyl assignment, before the best
one is selected and scored. Both protocols use unassigned NOESY
peak lists and, in their present implementations, do not make
use of NOE intensities.

In addition to the NOE score, an obligatory chemical shift score
is added to the scoring functions of both protocols to evaluate dis-
crepancies between the measured and predicted methyl chemical
shifts, scaled to the prediction error. Additional scoring terms
include optional restraints, such as methyl-PREs (both protocols)
or methine to methyl TOCSY correlations (FLAMEnGO02.0). To
obtain an estimate of assignment confidence at the level of the
individual methyl peaks, both protocols rely on multiple, parallel
iterations with optimized settings of the parameters. The highly
reliable assignments are consistent across all or most of the paral-
lel runs [108,110].

The target function of the PRE-ASSIGN method by Venditti et al.
[122] comprises a PRE-energy term that evaluates the discrepancy
between the observed and calculated methyl 'H-I", values, defined
as the difference in methyl proton transverse relaxation (R,) rates
between the paramagnetic and diamagnetic samples. An MC sam-
pling protocol iteratively swaps the originally random methyl
assignments. Swaps that lower the PRE-energy term are always
accepted, while the rest are accepted with a Boltzmann-factor
probability [140]. A manual comparison of the predicted and
observed methyl-methyl NOE connectivity patterns can be per-
formed at the end of the protocol to refine the PRE-based assign-
ment. The careful design of the MC protocols addresses the
ambiguity in the input NMR restraints. Nevertheless, local minima
remain an issue inherent to the approximate optimization that
becomes more severe with increasing number of methyl groups
and consequent increase in the search space.

4.2. Exact graph comparison - MAGMA

In contrast to the MC-based methods, Methyl Assignment by
Graph MAtching (MAGMA) relies on graph algorithms to generate
methyl assignments [111]. The MAGMA protocol combines exact
graph comparison algorithms with a heuristic that sorts vertex
matching priorities to ensure maximum pruning of the search
space. At the beginning of the protocol, MAGMA defines a simple

data graph from a NOE contact list that corresponds to the mea-
sured methyl-methyl NOE cross-peaks (Fig. 6, Table 1). The graph
is vertex-labeled, with labels on vertices reflecting methyl
residue-types that are provided by the user directly in the NOE
contact list. From a high-resolution crystal structure of the protein,
a simple structure graph is calculated by computing Euclidean dis-
tances between side-chain methyl carbons, restricted to the
methyl labeling scheme defined in the input file for the calculation.
If the standard ILV labeling [40,141] is employed with intra-
residue connectivity between two geminal Leu-d;,6, and Val-vy;,
v2 methyl groups established by a separate experiment (see Sec-
tion 3.3.4), the carbon coordinates for each geminal pair are aver-
aged and the inter-carbon distances are computed from the
average coordinates. To determine the optimal distance cut-off
that defines edges of the structure graph, short iterations of the
protocol are run with increasing distance cut-off values, while
monitoring the percentage of explained inter-methyl NOEs as a
function of the cut-off. On the MAGMA benchmark, it was estab-
lished that the optimal distance cut-off typically corresponds to
10 A inter-carbon distance between two methyl groups, or the dis-
tance at which all methyl-methyl NOEs are explained, if that dis-
tance is below 10 A [111]. The derived optimal distance cut-off is
introduced into the MAGMA input file for the complete methyl
assignment calculation.

The assignment calculation maps the vertices from the data
graph to the vertices of the structure graph in order to find the
mapping(s) that maximize the number of explained data graph
edges, i.e. inter-methyl NOEs. The two graphs to be compared are
typically large, and using exact graph comparison algorithms can
lead to unacceptably (exponentially) long calculations [143]. For
this reason, it is important to find a good starting point for the
graph-matching such that high-quality solutions are found early
in the search. MAGMA attempts to optimize the order of the data
graph traversal, i.e. walking the data graph such that the most den-
sely connected vertices are visited first. In addition, for each of the
data graph vertices, i.e. methyl peaks, the optimal order of struc-
ture graph vertices to be tested as plausible assignment solutions
needs to be found, such that high-scoring mappings are tried first.
MAGMA'’s heuristic simultaneously optimizes both the data graph
traversal and the order of vertex mapping, using a combination of
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Fig. 6. MAGMA assignment strategy [111]. (a) Two simple, vertex-labeled graphs are defined based on the proximity of methyl groups in an available protein structure
(structure graph), and the inter-methyl connectivities measured with methyl-methyl NOESY (NOE graph). The edges of the structure and the NOE graph are the short
distances between methyls in the structure and the measured inter-methyl NOEs, respectively. The vertex labels indicate different types of methyl-bearing amino acid
residues. This information is known for the structure graph. For the NOE graph, it is provided to the algorithm by the user. (b) The algorithm searches for a set of all maximal
common edge subgraphs (MCESs) between the structure and the NOE graph that maximize the mapping of methyl-methyl NOEs to the structure derived inter-methyl
connections and therefore represent the desired assignment solutions for the vertices of the two graphs. Many possible assignment combinations between the vertices of the
structure graph and the vertices of the NOE graph lead to suboptimal solutions with a low number of overlapping edges. The algorithm heuristically attempts to minimize the
time spent evaluating the low scoring solutions, and instead quickly reach the sampling of the MCES solutions. (c) This is achieved through vertex-sorting heuristics coupled

to an exact algorithm that solves for MCESs [111,142].
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breadth-first graph search and the Hungarian method (see
[144,145] and Section 4.5) [111].

Once the optimal orders have been established, the graphs are
tested for subgraph-isomorphism, which evaluates if a subgraph
exists in the structure graph that is structurally equivalent (iso-
morphic) to the data graph. If true, all vertex mappings (i.e. assign-
ment solutions) for which subgraph-isomorphisms hold are
retrieved using the VF2 algorithm [146]. If false, the graphs are
matched using the maximal common edge subgraph method as
described by McGregor [142]. MAGMA'’s implementation of the
McGregor algorithm is adapted to evaluate all maximal common
subgraph solutions by looking for the structurally equivalent sub-
graphs of the data and the structure graph that all maximize the
number of the data graph edges (Fig. 6). Here it should be noted
that, due to their matching heuristics, the graph comparisons focus
on all possible maximal assignment solutions, rather than all pos-
sible solutions, which would inevitably lead to exponential sam-
pling time. For large data graphs that consist of multiple
connected subgraphs, each of the subgraphs is evaluated sepa-
rately, starting from the largest one. At the end of the protocol,
the solutions from different subgraphs are pooled together. These
solutions can be used to re-run the protocol with all the subgraphs
evaluated simultaneously but restricted to the matching option
identified in the individual runs.

As an output, MAGMA provides a list of all possible assignments
for every methyl resonance, and thus fully describes any existing
assignment ambiguity (Fig. 6). The resonances with only one
assignment option are considered reliable, while for the others a
site-directed mutagenesis study can be designed, guided by the
revealed assignment ambiguity. The MAGMA approach offers high
assignment reliability due to the completeness of the assignment
search. However, it can suffer from incorrectly assigned NOEs,
especially if multiple incorrect NOE assignments are attributed to
a single methyl peak. It is therefore crucial to include only reliable
NOEs, which can be achieved by requiring NOE reciprocity (i.e.
presence of transposed peaks) and a signal-to-noise ratio threshold
[111].

In the context of graph comparison, it is worth mentioning
another NOE graph comparison based approach [114], which at
the moment does not have a dedicated software implementation.
The residue types of methyl peaks need to be established first
through inspection of *C chemical shifts and through-bond corre-
lations of methyl resonances with C* and C? chemical shifts. This is
followed by a manual inspection of the best match between the
theoretical (structure-based) and observed Ile-Ile, Ile-Val, Ile-Leu,
Val-Val, Val-Leu, and Leu-Leu NOE clusters. Mapping between
the clusters is hierarchical and starts from the largest observed
NOE cluster, subsequently progressing towards the smallest clus-
ter, favoring Ile-only or Ile-rich NOE clusters in the ordering. The
sequential mapping of clusters from the largest to the smallest
reduces the number of possibilities for the matching of the smaller
clusters. Once the theoretically observed NOE cluster correspon-
dences have been established, i.e. the NOE data have been mapped
to regions of the X-ray structure, a qualitative inspection of the
NOE connectivity within each cluster is performed to assign indi-
vidual methyl resonances from an observed NOE cluster to the
methyl-bearing residues in the associated ‘theoretical’ NOE cluster.
Ambiguity in the initial NOE cluster mapping is resolved through
an inspection of the theoretical and predicted NOE correspon-
dences of different clusters. A qualitative inspection of NOESY
cross-peak intensities in the later stages of the analysis can be per-
formed to reduce assignment ambiguities. At present, the protocol
relies on human assessment of the data matching ambiguity and
an empirical determination of the optimal distance cut-offs for
the definition of the theoretical NOE clusters.

4.3. Network density approach - MAGIC

To avoid the combinatorial explosion of the assignment prob-
lem, the network density approach of the MAGIC algorithm per-
forms an exhaustive assignment search locally and hierarchically.
Early assignment of the dense portions of the NOE network is pri-
oritized, with only highly scored assignment solutions, generated
in the iterative local search, allowed to advance forward. The pro-
tocol effectively combines NOE and methyl resonance assignment,
providing as its output the assigned peak lists for the 3D NOESY
and the 2D HMQC/HSQC spectra [112].

Like the earlier MAP-XSII and FLAMEnGO2.0 protocols, MAGIC
relies on unassigned NOESY peak lists. Manual NOE assignment
is replaced by an NOE-assignment procedure that precedes the
methyl assignment algorithm. NOE cross-peaks from the unas-
signed 3D NOE peak list are first matched to the 2D HMQC methyl
peaks solely based on 'H, '3C tolerances, allowing for multiple
ambiguous assignments of methyl NOE contacts to one 2D methyl
peak. To remove the many false positives, the NOE assignments are
first filtered for the presence of symmetric NOEs in the NOESY
planes of the plausible methyl NOE assignments, similarly to the
reciprocity principle utilized by the MAGMA protocol [111]. Each
remaining connection is scored to give higher confidence to con-
nections assigned to the well-resolved 2D HMQC peaks that are
less ambiguous (i.e. for which fewer NOE assignments are possible)
and connect methyls with shared NOE connections (i.e. those with
higher similarity of NOESY planes).

Confidence scores are stored in the peak adjacency matrix P,
while an equivalent model network adjacency matrix M stores
inter-methyl carbon-carbon connectivity extracted from a high-
resolution protein structure. All carbon-carbon contacts shorter
than a short distance cut-off (e.g. 7 A) correspond to unity in M,
with the rest of the values decreasing linearly from 1 to 0 for con-
tacts in the distance range between the short and long cut-offs (e.g.
7-10 A). The two distance cut-offs can be user-specified. On the
MAGIC benchmark, the long distance cut-off of 10 A was shown
to achieve optimum coverage, accuracy, and calculation speed,
which is equivalent to the finding reported on the MAGMA bench-
mark [111] (see Section 4.2). The peak network density matrix P? in
MAGIC is used to reveal methyl peaks with high interconnectivity
in the network, or the peaks that form dense clusters. The score
matrix S, on which the algorithm operates, is defined as the Hada-
mard (element-wise) product of P and I, where I is a matrix of rel-
ative intensities of the NOE cross-peaks, indexed in the same way
as P, i.e. S; = Py I;; for all index pairs ij.

The matrices P?, S, and M are defined at the beginning of the
MAGIC protocol, and the clustering threshold T¢ is initialized to
the maximal non-diagonal value in P?. This threshold determines
which connections form the initial peak clusters, and it is itera-
tively decreased to redefine the clusters (peak subnetworks). At
each iteration, i.e. each re-definition of the peak subnetworks,
the assignment of the subnetworks to M is exhaustively sampled
such that all possible assignment permutations are evaluated.
With the iterative decrease in Tc, the clusters are expanded up to
a defined threshold size, at which point the best scored assign-
ments are transferred to the global assignment process, the final
stage of the algorithm in which all permutations of the earlier out-
put cluster assignments are evaluated. The algorithm thus samples
exhaustively locally, evaluating each assignment solution by sum-
ming all elements of the Hadamard product of S and M, which
results in the addition of only those connection scores for which
a peak-peak connection in P has a match in a methyl-methyl con-
nection in M. Such scoring aims at finding solutions for which high-
confidence, high-intensity NOE contacts are assigned to shorter
methyl-methyl distances in the protein structure.
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In contrast to MAGMA, the local focus of the MAGIC algorithm
aims at decreasing the computational time relative to an exact
search. Given that it does not consider the entire methyl connectiv-
ity network at once, it risks omitting the correct solution due to
potentially erroneous connections in the local clusters, which can
drive the assignment of the clusters to incorrect places in the
search space, or due to connections that are critical for assignment
accuracy but do not become a part of the clusters that have reached
the output threshold size.

4.4. Evolutionary algorithm — MethyIFLYA

MethylFLYA [113] defines a network of inter-methyl connectiv-
ity as measured by NOESY experiments and compares it to a net-
work of expected methyl connectivity extracted from a high-
resolution protein structure (Fig. 5), which makes it conceptually
similar to MAGMA [111] and MAGIC [112]. However, mapping
between the two networks is based on evolutionary optimization
that works on a population of plausible assignment solutions in
combination with a local optimization routine [8]. To assess the
reliability of individual methyl group assignments, FLYA performs
multiple independent parallel runs of the evolutionary protocol
and consolidates their results into a final consensus assignment
solution to define as reliable, or ‘strong’, those methyl assignments
that have a high extent of consistency among the parallel runs [8],
an approach equivalent to that of MAP-XSII [108] and FLA-
MEnGO02.0 [110].

4.4.1. MethyIFLYA input data requirements

MethylFLYA takes as input peak lists from any combination of
multidimensional through-bond or through-space NMR experi-
ments [8,147]. Comparable to MAP-XSII, FLAMEnGO2.0 and
MAGIC, the MethylFLYA protocol does not require the input NOESY
peak lists to be annotated with the methyl resonances from the 2D
HMQC or HSQC spectrum. However, knowledge of the amino acid
types of methyl signals, if available, can be used to split the NOESY
lists using CYANA commands. The information about the methyl
residue types is given by providing a separate 2D HMQC or HSQC
peak list for each type (e.g I, LV, or joint LV). Next to the input peak
lists, a protein sequence file, a 3D structure file, and a CYANA
library file must be supplied.

MethylFLYA showed robust performance on NOESY peak lists
containing ambiguous NOEs, i.e. NOEs that cannot be assigned to
a single pair of methyl resonances, and was tolerant to differences
in input crystal structures. The protocol also proved robust in
applications featuring highly ambiguous and partially incorrect
input information, derived from manually or automatically picked
methyl-methyl NOESY and 2D ['H,'>C]-HMQC spectra, and a ‘blind’
allocation of methyl resonance residue types based on the BMRB-
derived chemical shift statistics [113]. Furthermore, MethylFLYA
was shown to perform equally well with or without discrimination
between Val and Leu resonance types. However, a significant
improvement in performance was found when the two geminal
methyl groups of Leu and Val residues were linked, as in the previ-
ous reports on MAGMA and MAGIC [113]. This information should
be introduced to MethylFLYA in the form of a TOCSY peak list,
regardless of which experiment was used to link the geminal
methyl groups.

4.4.2. MethylFLYA optimal parameter values

The known protein structure and NOESY magnetization path-
ways specified in the CYANA library are used by MethylFLYA to
construct the network of expected inter-methyl connectivity. The
expected NOEs are attributed distance-dependent probabilities,
which reflect a reduced likelihood of observing long-distance
NOEs. The probability for every distance can be set by the user,

who can consider the guidelines from an optimization performed
on a benchmark of proteins with known methyl assignments
[113]. To determine the optimal distance cut-off for a MethylFLYA
calculation, the user can monitor the fraction of the measured
peaks that are explained over a range of distance cut-offs. Cut-
offs that account for a mapping of 80% or more of the measured
peaks to the expected peaks are considered optimal. The optimal
distance cut-offs for MethylFLYA and MAGMA were found to be
generally comparable [113]. To prevent assignment errors due to
differences in the expected methyl connectivity at cut-offs slightly
different from the optimum, MethylFLYA is also run with distance
cutoffs 0.5 A from the optimum. The protocol using three slightly
different distance cut-offs resulted in a favorable performance of
MethylFLYA on the aforementioned benchmark [113], yielding
459 correct assignments out of the total of 465 reliable methyl
assignments, compared to MAGMA (333 out of 335), MAP-XSII
(216 out of 259), and FLAMEnGO02.0 (113 out of 135).

4.4.3. MethyIFLYA algorithm

MethylFLYA employs the general FLYA automated assignment
algorithm [8] that has previously been applied to a variety of dif-
ferent chemical shift assignment problems [148-154], including
automated assignment based exclusively on data from NOESY
spectra [155,156] and methyl assignment in membrane proteins
[157]. To map the expected network of methyl connectivity to
the measured one, MethylFLYA employs an evolutionary algo-
rithm, which starts from a population of random assignment solu-
tions (i.e. individuals) that is optimized over successive
generations (200 by default). A scoring function attributes an over-
all, global score to every individual in a population, which allows
their ranking. Throughout the protocol, the top ranked individuals
of a previous generation are selected for mutations and recombina-
tions to form the next generation. The rates of mutations are opti-
mized using a simulated annealing protocol, which starts with high
rates in the early generations and subsequently reduces them fol-
lowing a temperature schedule [8,158]. In addition to the global
score, a local score is attributed to every atom of an assignment
solution, based on the assignment quality of its immediate neigh-
bors in the network of the expected peaks. To maximize the local
scores, a local optimization step is employed that identifies poorly
scoring parts of individuals in a population and improves their
local scores through iterative reassignments of the “problematic”
parts [8,158]. The entire protocol is repeated 100 times from differ-
ent random starts at three distance cut-offs, i.e. the optimum, opti-
mum +0.5 A, and optimum —0.5 A [113]. Finally, a consolidation
step evaluates the assignment of every methyl group over the
300 independent runs to identify ‘strong’ (i.e. reliable) methyl
assignments. The strong assignments are those consistent across
at least 80% of the runs.

Like MAP-XSII and MAGMA, MethylFLYA also supports input of
any known methyl assignments, which can help increase perfor-
mance. If additional experimental data, e.g. NOEs involving the
backbone amide groups or data from through-bond experiments,
are available, these can be included readily in the input for Methyl-
FLYA and will be used simultaneously with the methyl NOESY data
for the assignment.

Since MethylFLYA does not perform exhaustive combinatorial
searches, its computation time increases only moderately (about
linearly) with system size. Including additional data does not
potentially lead to a “combinatorial explosion”. Even though the
optimization algorithm does not exhaustively explore the search
space, the convergence of MethylFLYA is such that different indi-
vidual runs of the optimization algorithm in general yield compa-
rable final global score values [8], indicating that local minima are
not a severe problem of the approach.
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4.5. Hungarian method - PARAssign

The PCS-based protocol of PARAssign [124] aims at finding
assignments for methyl resonances that minimize the difference
between the measured proton PCS values and those expected from
methyl positions in a known protein structure. An iterative algo-
rithm combines methyl assignment with optimization of the Ay-
tensor anisotropy parameters and lanthanide location for each
paramagnetic center. A similar combined optimization strategy
has also been proposed in the PRE-based approach by Venditti
et al. [122].

The assignment part of the protocol uses the Hungarian method
(Kuhn'’s algorithm) [144,145], which operates on a matrix of nor-
malized differences between the predicted and measured PCS for
each methyl peak/methyl atom assignment combination. The nor-
malized differences in the matrix are sums over all paramagnetic
centers for which PCSs were measured divided by the total number
of paramagnetic centers. A scoring factor threshold is employed to
discard assignment possibilities for which the value of the normal-
ized difference would be inappropriately high. The threshold is
optimized to maximize the number of assignments and retain
the quality (i.e. not compromise the accuracy). For each tentative
assignment calculated with the Hungarian method, the initially
given Ay-tensor parameters are subjected to least-squares opti-
mization that minimizes the squared difference between the
experimental PCSs and those calculated based on the current
assignment. The predicted PCSs, recalculated based on the fitting
parameters, are used to populate a new assignment matrix for
the next iteration of the Hungarian method. This iterative assign-
ment and tensor parameter-fitting procedure is repeated until con-
vergence or until a maximal number of iterations has been
reached. The entire protocol is repeated 100 times using a jackknife
procedure, wherein 5% of the measured PCSs are left out at random
for each repetition. Reliable assignments are characterised by a
higher percentage of occurrences in different parallel runs (>60%)
and better than average score for the combined PCS fit. The polyno-
mial time complexity of the Hungarian algorithm makes the
approach computationally efficient. However, the Hungarian
method typically gives only one optimal solution, and is not suit-
able for finding all similarly optimal solutions, which would reveal
any ambiguity in the methyl assignment.

The previously proposed PCS-based Possum approach [121]
required the knowledge of the Ay-tensor parameters, which could
be obtained automatically if the backbone resonance assignments
for the diamagnetic protein were known [132], or deduced from
a minimum of five amide or methyl assignments [124]. PARAssign
effectively removes this requirement.

4.6. Sparse labeling-based assignment — ASSIGN_SLP

For sparsely labeled systems, in which a single '°N- or 13C-
enriched amino acid or a subset of such amino acids is supplied,
for instance, directly to mammalian cells, structure-based assign-
ment methods have been explored using measured proton and
heteronuclear chemical shifts (}3C, '°N) in combination with sparse
NOEs and one-bond RDCs [159,160]. These data types can be pre-
dicted on the basis of the three-dimensional protein structure
[136-138,161-163].

After outlining an assignment strategy that compared each of
the data types to their predictions in a sequential manner, increas-
ingly excluding assignment possibilities upon each comparison
[160], Gao et al. introduced a genetic algorithm to search for an
optimal set of assignments across all data types simultaneously
[159]. On a benchmark of four proteins with known assignments,
it could be shown that the most informative data type was NOE,
with RDC and chemical shift data proving valuable for resolving

assignment ambiguities and improving accuracy [159]. The
approach uses genetic principles of mutation and cross-over, the
rates of which are optimized during the assignment search to gen-
erate potential assignment solutions. These are evaluated with an
objective function that is a combination of scores for each data
type with adjustable weighting factors [159]. A software imple-
mentation for the method, entitled ASSIGNments for Sparsely
Labeled Proteins (ASSIGN_SLP), is freely available. The program
outputs multiple possible assignment solutions and advocates for
the selection of highly reliable and consistent assignment results
rather than relying solely on the top-ranked solutions, which
may provide a complete assignment yet result in errors due to
the inherent ambiguity of assignments derived from sparse data
[159].

Although originally designed for assignment of sparsely labeled
glycosylated proteins, the ASSIGN_SLP protocol has recently been
extended for the complete assignment of the methyl-TROSY spec-
trum of the full-length bacterial Hsp90 homologue (HtpG), a
145 kDa homo-dimer [164]. Given that the protein was perdeuter-
ated and exclusively alanine '>C-'H methyl-labeled, inter-methyl
NOE data were very scarce. As a result, only chemical shifts and
13C-TH methyl RDC data could be used for the automatic resonance
assignment, which was supplemented with partial methyl assign-
ments obtained for the individual protein domains by standard tri-
ple resonance methods. The program was able to assign 60% of the
observed methyl resonances with high confidence, allowing the
interpretation of structural changes in HtpG upon the addition of
an ATP analog [164].

Finally, it is worth mentioning an early resonance assignment
strategy for sparsely labeled proteins that proposed correlating
the amide proton-deuterium exchange rates measured by NMR
and mass spectrometry (MS) [165], which has similarities with a
recent combined NMR-MS method for methionine methyl reso-
nance assignment, which focuses on comparison of methionine
oxidation levels [166].

5. Performance on test benchmarks

The automated methyl assignment methods were tested by
their authors on different benchmarks of synthetic and real
NMR data. The author-reported performance on real NMR data
is summarized in Table 3. The performance was evaluated against
independently obtained reference methyl resonance assignments
for the proteins in the benchmarks. The reference assignments
were generally available either from the authors of the original
methyl-TROSY studies of these proteins, who typically acquired
the assignments through a combination of site-directed mutage-
nesis and divide-and-conquer or domain fragmentation strate-
gies, or from the BMRB database. Occasionally, the authors of
the automatic assignment methods resorted to divide-and-
conquer approaches themselves to determine the independent
reference methyl assignments for evaluation of their automatic
method. The reference assignments typically covered a large frac-
tion of all methyls groups of the proteins in the benchmark
(>90%).

The NOE-based methods were generally tested on larger sets
of proteins, which is likely due to the fact that NOE data can be
collected from a single protein sample, whereas multiple sam-
ples are required for the collection of paramagnetic data.
Relative to the paramagnetism-based methods, the NOE-based
approaches have also been tested on larger proteins, although
most of the methods focused on mid-size proteins
(25-40 kDa). The largest protein in these benchmarks is the
14-mer o0; “half-proteasome” (360 kDa), which was assigned
by MAP-XSII, MAGMA, and MethylFLYA.
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Table 3

Summary of reported performance of automated methyl assignment protocols on benchmarks using experimental NMR data.
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Method Data Mass Labeling Labeled methyl Assigned as reliable Correctly assigned Calculation time
sets (kDa) groups (%) (%)° (min)
NOE-based
MAP-XSII [108] 3 27-360 ILV, AILV 93-139 71-90 93-98 <1-20
FLAMEnGO2.0 1 41 ILV 121 98 84 N.R.
[110]
MAGMA [111] 9 9-360 LV, ILV, AILV 26-268 32-92¢ 100 3 x 1074-3 x 10*
MAGIC [112] 8 25-42 AILMTV, AILMV, AILV, 76-209 32-97 >95 1-5700
ILMV®
MethylFLYA [113] 5 28-360 AILV, ILV 62-268 63-84 94-100 23-74
PRE/PCS-based
PRE-ASSIGN [122] 1 27 AILMV 140 94" 100 <1
Possum [121] 1 30 AILMTV 125 95 94 <120
PARAssign [124] 1 25 ILV 76 60 100 N.R.

Ranges correspond to the lowest and highest value across the benchmarks. N.R. stands for not reported.

¢ Percentage relative to the number of labeled methyl groups.
b

c
4 Time required for the calculation to converge.
e

f Using PRE-data and cross-validation by methyl-methyl NOE data.

Overall, for most of the methods the authors reported a high
coverage of reliable (as classified by the respective algorithm)
methyl assignments, with six out of eight algorithms reaching over
90% of the methyl groups with reference assignment for at least
one protein in their respective benchmarks. With one exception,
the realiably assigned methyl groups are reported to be more than
90% correct. Interestingly, all three methods that were applied to
the 360 kDa o;0; “half-proteasome” achieved their best coverage
on this data set, yielding reliable assignments for 98, 92, and 84%
of the methyl groups, respectively. This may be due to the fact that,
with two symmetric heptameric rings, the o;0; assembly gives rise
to a single set of methyl resonances for its ~26 kDa o-subunit
monomer, which greatly simplifies the assignment task. The next
largest protein is the single polypeptide chain of malate synthase
G (MSG), with a mass of 82 kDa and 268 ILV-labeled methyl groups
that were automatically assigned by MAGMA and MethylFLYA.
Reliable assignments were achieved for 37% (MAGMA) and 65%
(MethylFLYA) of the methyl groups, as compared to the reference
assignment of MSG, in both cases with complete accuracy
[111,113]. A partial, yet reliable, assignment from purely automatic
procedures is very valuable for methyl-NMR studies of large pro-
teins. Furthermore, it can significantly aid manual efforts for the
assignment of additional methyl groups, since both programs also
report the ambiguous assignment possibilities for the remaining,
unassigned methyls.

The three paramagnetism-based methods were each applied to
a single protein (Table 3). Two of the algorithms report about 95%
reliable assignments, probably reflecting the longer distance range
of the paramagnetic effects in comparison with NOEs. For the
AMILV methyl-labeled protein EIN, assignments could be deter-
mined with PRE-ASSIGN for 94% of the methyl resonances using
PRE-data from five labeled sites and methyl NOEs in conjunction,
while PRE and NOE data were reported to be in disagreement for
20 out of 140 methyl groups [122]. On the other hand, using exclu-
sively methyl-methyl NOE data collected for AILV-methyl labeled
EIN from the same study [122], MAGMA, MAP-XSII, and Methyl-
FLYA were able to assign 42%, 48% and 61% of the methyl reso-
nances, respectively. For the N-domain of HSP90, using PCS data
from two paramagnetic centers, another paramagnetism-based
algorithm, PARAssign [124], was able to reliably assign 60% of
the ILV-methyl resonances, whereas MAGMA and MethylFLYA
assigned 49% and 60% of the resonances, respectively, using
inter-methyl NOEs [111,113].

Percentage relative to the number of reliably assigned methyl groups with reference assignment available.
Values recalculated to indicate the percentage of assigned methyl groups, rather than methyl residues, as reported in the original work [111].

With dimethyl, monomethyl, or stereospecific labeling of Leu/Val methyls for different proteins [112].

From these examples it is apparent that, next to the quality of
the NMR data, the shape of the protein can also be a determinant
for assignment success. Even though EIN and the N-domain of
HSP90 have similar molecular masses (27 and 22 kDa), EIN has a
more elongated shape that leads to a significant fragmentation of
the network of inter-methyl NOEs [111]. In this case, the long-
range methyl PRE-restraints are particularly well-suited for reso-
nance assignment. On the other hand, globular proteins with
highly inter-connected methyl networks are best suited for the
NOE-based methods. Combining inter-methyl NOE restraints with
paramagnetic restraints provides valuable complementary data
[108,110,122], which can also be used for assignment cross-
validation.

A comparison of the performance of the different algorithms on
the basis of the results in Table 3 is hampered by the fact that the
programs were applied to different proteins and/or different input
data. To remedy this situation, at least for the NOE-based methods,

Reference
MethyIFLYA
MAGMA
MAP-XSII
FLAMEnGO2.0
MAGIC

Errors

250

N
(=3
o

150

100

Assigned methyl groups

50

EIN ATCase MBP MSG a707

Fig. 7. Summary of the performance of the available NOE-based automatic methyl
assignment protocols on the MAGMA benchmark [111]. Data from Table 1 of [113].
For each of the five proteins, the same input data were used for all programs, except
for MAGIC that requires also NOE signal intensity information, which was available
only for EIN and ATCase. Reference assignments for the labeled methyl groups
(grey), which were independently determined and made available by the authors of
the original methyl-TROSY studies of these proteins, are compared to the reliable
assignments as determined by the algorithms. Erroneous assignments are shown in
red. Asterisks indicate that no reliable assignments were found by FLAMEnGO02.0
for EIN and MSG [113].
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a benchmark of methyl-NOESY data was compiled for five proteins
of 28-360 kDa size [111], and the NOE-based automated assign-
ment algorithms were tested with identical input data [113]. This
enabled a direct comparison of their performance, which is sum-
marized in Fig. 7.

It is evident that the NOE-based programs deliver in most cases
a significant number of reliable methyl assignments. However,
methyl groups always remain that could be assigned manually
(using additional information, e.g. from specific labeling and/or
site-directed mutagenesis) but not by the automated algorithms
that rely exclusively on methyl-methyl NOEs. For instance, the
MethylFLYA algorithm, which delivers overall the largest number
of reliable assignments, was able to reliably assign between 56%
and 84% of the available reference assignments. At present, the
most accurate NOE-based assignment method is MAGMA, which
owes its high accuracy to exhaustive sampling of the methyl
assignment possibilities using exact graph comparison approaches
[111], with 333 correct assignments and only two errors (Fig. 7).
MethylFLYA is the next most accurate method [113], accurately
assigning 459 methyl groups while making only 6 errors. Interest-
ingly, all applicable algorithms performed similarly well for the
largest target, the 360 kDa symmetric 14-mer oyo; half

a OVERLAP

FLAMEnGO2.0

MethyIFLYA

FLAMEnGO2.0

FLAMEnGO2.0

proteasome, where they yielded reliable assignments for the vast
majority (84-95%) of methyl groups with known reference assign-
ments. For the other proteins, there is more variation among the
different algorithms, both in terms of coverage and accuracy. The
MAGIC algorithm [112] yields, for the two applicable proteins in
the benchmark, a similar number of reliable assignments to
MethylFLYA, albeit with a slightly higher error rate of 10%.

The mutual agreement among the sets of reliable assignments
found by the different methods is relatively low (Fig. 8a). This indi-
cates a complementarity of the results, which can be exploited to
increase the completeness and accuracy of the methyl assign-
ments. All methods agreed on only 11% of the reference assign-
ments (Fig. 8a), which was in part due to the absence of reliable
assignments from FLAMEnGO2.0 for two proteins (Fig. 7). MAGMA
and MethylFLYA shared the largest intersection, which contained
only correct methyl assignments (Fig. 8b). In fact, all the assign-
ments in the intersections of any two methods were completely
accurate (100%), except for the intersection of FLAMEnGO2.0 and
MAP-XSII. Also applying MAGIC to the subset of proteins with
available intensity information (Fig. 8c) gave complete agreement
between all methods albeit for very few methyls (< 2%). Methyl-
FLYA, MAGIC, MAGMA, and MAP-XSII agreed on about 18% of the

b ACCURACY

MethylFLYA

FLAMEnGO2.0

d MethylIFLYA

MAGIC

15.8%

100%

Fig. 8. Agreement among the reliable methyl assignments generated by the NOE-based methods on the MAGMA benchmark [111,113]. (a Upper left) Overlap among the
assignments generated by MethylFLYA, MAGMA, FLAMEnGO2.0 and MAP-XSII compared over the five proteins in the MAGMA benchmark. The percentages of automatically
generated assignments that agree between the different methods are given in the intersections. 100% corresponds to the number of known reference assignments available.
Percentages outside of any intersection refer to the assignments generated by only one of the methods, and intersections without a percentage are empty. (b Upper right)
Accuracy of the reliable methyl assignments generated by the different methods. (c) and (d) Same as above, but including application of MAGIC to the applicable subset (EIN

and ATCase) of the MAGMA benchmark.
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reference assignments. Again, the assignments in the intersections
of any combination of two methods were completely accurate,
apart from the small intersection of MAGIC and MAP-XSII (Fig. 8d).

The performance of MethylFLYA on the benchmark was further
investigated with reduced experimental information [113]. In the
best-case scenario, which was used with all programs for the com-
parison in Fig. 7, both knowledge of the amino acid types of methyl
resonances and linkage of the two geminal methyl groups of Leu
and Val were provided in the input. Without discrimination
between Leu and Val resonances, MethylFLYA performed very sim-
ilarly to the best-case scenario. Leu/Val residue discrimination is
therefore not crucial, at least for MethylFLYA. In contrast, removing
the geminal linkage for the Leu and Val methyl groups had a signif-
icant negative impact, reducing the percentage of reliably assigned
methyls by about 20% for EIN, ATCase, MBP, and MSG, and up to
30% for o;0; [113]. Nevertheless, the overall accuracy of the reli-
able assignments remained high. The critical importance of the
geminal linkage information for automatic methyl assignment
was reported previously for MAGMA [111]. In the MAGIC study,
a four-fold decrease in computation time and a somewhat
improved assignment accuracy were noted as benefits of the gem-
inal linkage information [112]. Alternatively, the Leu/Val geminal
linkage information can be substituted with stereospecific labeling
schemes that restrict isotopic labeling to only pro-R or pro-S
methyl groups, and thus reduce the number of methyl resonances
to be assigned [43].

6. Conclusions

Methyl-TROSY is a powerful method for elucidating the mecha-
nisms of action of macromolecular machines, unveiling their
dynamical interactions and ligand binding sites. Wider applica-
tions of the method are hampered by the laborious, time-
consuming, and expensive nature of methyl resonance assignment.
Throughout the last decade, various structure-based automatic
methyl resonance assignment approaches have been developed,
which primarily rely on measured methyl chemical shifts, inter-
methyl NOEs, paramagnetic restraints, or combinations thereof.
The measured NMR data can be related to that predicted from
the existing three-dimensional structure of a protein, or protein
complex, using a variety of automated approaches, which range
from Monte-Carlo and evolutionary algorithms to exact graph
comparisons.

The sparsity of the NMR data for large proteins underlies assign-
ment ambiguity. To reveal ambiguous assignment options, some
protocols rely on exhaustive sampling (MAGMA, MAGIC), while
others employ multiple parallel repetitions of the assignment pro-
tocol (MethylFLYA, FLAMEnGO2.0, MAP-XSII). Paramagnetism-
based methods, which exploit the longer distance range of param-
agnetic effects, are an alternative for proteins and complexes of
elongated shapes, and can also be supplemented with NOE
restraints to extend and cross-validate the generated methyl
assignments.

All approaches benefit, to various degrees, from knowledge of
the amino acid types of methyl resonances, as this significantly
reduces the search space. Knowledge of Leu/Val geminal methyl
pairing strongly assists the NOE-based approaches by limiting
assignment ambiguity. Some advances can be expected from stere-
ospecific labeling of Leu/Val methyl groups, which reduces the size
of the assignment problem, but also the number of probes and
NMR restraints. All approaches can profit from known assignments
for some of the resonances, which decrease the number of remain-
ing assignment possibilities and can reduce calculation times. The
automatic methods also face common challenges, such as overlap
of methyl peaks in the 2D ['H,'3C]-HMQC spectra, which can limit

both unambiguous NOE assignment and accurate pairing of peaks
between the diamagnetic and paramagnetic spectra for the PCS-
based approaches.

In the future, the NOE-based methods might benefit from con-
sidering NOESY cross-peak intensities, for which treatments intro-
duced by ASSIGN_SLP and MAGIC could provide useful guidelines.
The complementarity between different approaches can be
exploited for better coverage and reliability of assignments. Com-
bining paramagnetism- and NOE-based approaches is expected to
be particularly powerful, as it would provide both assignment
cross-validation, and complementary extension.

The existing automatic methyl resonance assignment methods
demonstrate a diversity of strategies devised to aid the assignment
problem. The inherent ambiguity of methyl resonance assignment
is due to the sparsity of NMR data, which remains a limitation for
automatic assignment approaches that should be addressed in the
future by a synergy of experiments and computation.
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Glossary

o707 “half-proteasome” 20S core particle

ATCase: dimer of regulatory chains of aspartate transcarbamoylase from E. coli
BMRB: Biological Magnetic Resonance Data Bank
EIN: N-terminal domain of E. coli Enzyme I

HMQC: heteronuclear multiple quantum coherence
HSP90: N-terminal domain of heat shock protein 90
HSQC: heteronuclear single quantum coherence

MC: Monte Carlo

MBP: maltose binding protein

MSG: malate synthase G

NOE: nuclear Overhauser effect

NOESY: NOE spectroscopy

PCS: pseudocontact shift

PDB: Protein Data Bank

PRE: paramagnetic relaxation enhancement

SAIL: stereo-array isotope labeling

s.d.: standard deviation

TOCSY: total correlation spectroscopy

TROSY: transverse relaxation optimized spectroscopy
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