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NMR spectroscopy provides structural and functional information about biomolecules and their complexes. The
complexity of these systems can make the NMR data difficult to interpret, particularly for newer users of NMR
technology, who may have limited understanding of the tools available and how they are used. To alleviate this
problem, we have created software based on standardized workflows for both solution and solid-state NMR
spectroscopy of proteins. These tools assist with manual and automated peak picking and with chemical shift
assignment and validation. They provide users with an optimized path through spectral analysis that can help

them perform the necessary tasks more efficiently.

1. Introduction

The Worldwide Protein Data Bank (wwPDB) and Biological Magnetic
Resonance Bank (BMRB) currently contain more than 13,000 entries of
NMR structures and over 15,000 entries of NMR chemical shifts from
biomacromolecules respectively (Berman et al., 2007; Markley et al.,
2008). Structural and functional information on proteins derived from
NMR spectroscopy has furthered our understanding of normal and
abnormal biological functions and supported the design of drugs and
therapeutics. The complexity of NMR spectroscopy can provide a chal-
lenge to new users and veteran spectroscopists alike. The field continues
to evolve with advances in instrumentation, protocols, and strategies
that have the potential to reduce the workload of NMR analysis. Expe-
rienced spectroscopists generally keep up with these advances, which
require adjustments in the way the data are collected and analyzed.
However, less experienced researchers may need some guidance in un-
derstanding the newer optimal workflows.

To address this problem, we initially established a software platform,
Integrative NMR (Lee et al., 2016a), whose key components, NVIRFAM-
SPARKY (Lee et al., 2015) and PONDEROSA-C/S (Lee et al., 2014),
automate routine tasks in the workflow. We recently upgraded this
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software platform by incorporating modern interfaces and software
programs that yield more reliable assignments. We have added routines
that investigate and relate peaks in multiple spectral view windows and
utilize tables of chemical shift statistics in guiding assignments. This new
suite, named POKY (Lee et al., 2021), incorporates I-PINE webserver (Lee
et al., 2019), PINE-SPARKY (Lee et al., 2009), and PINE-SPARKY.2 (Lee
et al., 2018). The I-PINE webserver now implements automated three-
dimensional protein structure calculation routines based on backbone
chemical shift-based CS-Rosetta (Shen et al., 2008) and NOE-based
AUDANA (Lee et al., 2016b) methods.

Although solid-state NMR (ss NMR) spectroscopy of proteins is a
rapidly developing field, the deployment of computational tools for ss
NMR of proteins has lagged behind those for solution NMR. A few tools,
however, are available now for the analysis of protein ss NMR data from
oriented samples and from magic angle spinning (MAS). Oriented
sample solid-state nuclear magnetic resonance (OS-ss NMR) has a long
tradition of being used to elucidate topological restraints for membrane
proteins aligned in lipid bilayers (Opella and Marassi, 2004). To assist in
the analysis of OS-ss NMR data, we developed the PISA-SPARKY pro-
gram (Weber et al., 2020), which simulates Polar Index Slant Angle
(PISA)-wheels through exhaustive peak fitting, error analysis, and
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plotting of dipolar and chemical shift waves (Marassi and Opella, 2000;
Wang et al., 2000). Recent improvements in ultra-high-speed MAS
technologies, which create artificial isotropic conditions, have greatly
improved the signal-to-noise levels of ss NMR spectra (Polenova et al.,
2015). This process is enabling ss NMR studies of large proteins, proteins
that are highly dynamic, insoluble fibrils, and membrane proteins.
Although automated approaches to the assignment of protein ss NMR
spectra have been introduced (Hu et al., 2011; Moseley et al., 2010;
Schmidt et al., 2013), they have not been widely used presumably
because of the large linewidths and low peak intensities of ss NMR
spectra. A flexible CLI (command-line interface) tool, PLUQ (PACSYlite
Unified Query) and its successor, PLUQin (Fritzsching et al., 2016,
Fritzsching et al., 2013) have proved useful in addressing these prob-
lems. PLUQ and PLUQin estimate the likelihood of amino acid types and
secondary structures by querying heavy atom chemical shifts in the
PACSY DB (Lee et al., 2012). The user still needs to determine the res-
idue number and amino acid type from the multiple choices provided by
the program.

2. Newly developed tools and methods
2.1. Overview

Our core goals in software development have been to improve
communication between the user and the software, to make assignments
less cumbersome while improving their accuracy, and to create a ver-
satile analysis method that can be utilized in different contexts. Users
need to know what information can be extracted form from a particular
data set and how this can inform other aspects of analysis. The tools
contain adjustable parameters, including the tolerance of peak positions,
the sensitivity of automated peak picking, and the direction of the
assignment walk, that enable their fine-tuning.

Here, we introduce new and improved tools integrated as plug-ins
into the latest version of POKY. The tools, which are easily accessible
through two-letter-code shortcuts (Table 1) or from a menu, support
standardized workflows for the analysis of multidimensional solution
and ss NMR spectra. The workflows, which are interactive and unre-
strained, offer concrete protocols or general guidelines to users who
wish to implement their own methods. We have evaluated and refined
these new tools by analyzing their performance with different sets of
input data.

2.2. Integrative peak picking automation by iPick and transferring tools

Because the APES peak picking program (Shin et al., 2008), which
was integral to Integrative NMR, supports data from only a few solution
NMR experiments, we recently developed iPick (Rahimi et al., 2021), a
program that works with data from a wide range of 2D/3D/4D NMR
experiments. We integrated the iPick GUI into POKY to support peak
picking and peak importing (two-letter-code iP). Many settings are
available in iPick, including options for changing the sensitivity of the
tool, setting desired peak counts, and letting users choose peak picking
software (Fig. 1). Another new feature in iPick is the Reliability Score.
This is a score assigned to each peak based on the peak volume from
automatic integration, the signal-to-noise ratio, and the peak linewidth.
The Reliability Score provides a simple numeric indication of the quality
of the peaks and allows peaks scoring below a user selected threshold to
be removed. The iPick plug-in provides Basic and Advanced modes. In the
Basic mode, one simply selects a spectrum and clicks the “Run iPick”
button. The Advanced mode provides options for fine-tuning every
aspect of the peak picking process, providing a great amount of control
for the advanced user.

The iPick plug-in can be used in tandem with a new tool in POKY
named Transfer/Assign Peaks, (two-letter-code TP), which looks for the
presence of unpicked peaks in a given spectrum on the basis of their
predicted occurrence from data from other experiments. The tool also
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Table 1

Two-letter POKY codes that call up tools or functions described in this paper.
Command Finder (two-letter-code cf) provides access to the full list of tools and
features. Two-letter-codes that call up new windows can be used anywhere in
POKY, whereas two-letter-codes that affect spectra apply only to currently
selected spectra.

Two Letter Function

Code

cf Command Finder. Opens window where users can search for tools or
features and check their two-letter code for quick access.

va Versatile Assigner. This tool uses standard carbon chemical shifts of
amino acids to predict the residue assignments. A history of
predictions also allows the tool to predict and validate sub-
sequences.

pq PLUQin. Opens a window for communication with the PLUQin
webserver. PLUQin uses inputs of intra-residue chemical shift lists to
query the PACSY database to find possible residue assignments.

TP Transfer/Assign Peaks. The tool can transfer all or selected peaks
between two- and three-dimensional spectra.

sp Strip Plot. This tool enables views of multiple spectra or multiple
views of the same spectra at once. All views are synchronized for
easy exploration of multiple spectra.

lv LACS (Linear Analysis of Chemical Shifts) detects offset errors in
spectra and suggests chemical shift corrections.

st Spectrum Settings. Allows users to change aspects of spectra, for
example, chemical shift corrections found by LACS.

ir Reference Views. Supports up to three separate windows with

standard resonance ranges marked for amino acid atom types. The
reference views are for alpha and beta carbons, all carbons, or all
hydrogens. Comparison of experimental data against standard
chemical shift ranges enables manual assignments to residue types.

ao Add Orthogonal Strip. Adds a new strip in Strip Plot in the orthogonal
plane, rotated 90° about the central vertical axis. The tool allows
users to check for peaks within three-dimensional signals and check
a peak’s validity while using strip plot for linking or residue

assignment.

dv Add Centered Vertical Grid Line. Adds a vertical grid line to a
spectrum in Strip Plot, centered in the window.

dh Add Centered Horizontal Grid Line. Adds a vertical grid line to a

spectrum in Strip Plot, centered in the window.

es/bs Generate an NMR-STAR 3.1 (es) or NMR-STAR 3.2 (bg) file.

accounts for the compression of resonance data when carrying out
automated transfer between two- and three-dimensional spectra (Fig. 2).

2.3. Reference Views

Reference Views is a plugin (two-letter-code ir; Fig. 3) that provides
synchronous assignment references for backbone carbons, aliphatic
carbons and aliphatic protons by statistical analysis of chemical shifts
deposited in BMRB. Reference Views offers up to three interactive win-
dows in which an experimental spectral slice is compared with standard
chemical shift ranges for all 20 amino acids: a CA-CB window (Fig. 3), an
all carbon window, and an all hydrogen window. We converted the 2D
probability density maps for the 'H, 13C, and °N chemical shifts of the
20 amino acids, previously used in the I-PINE algorithm, into an inter-
active layout that allows users in real time to cross-validate signal po-
sitions against chemical shift probability ranges. This method is far
faster and more accurate than those that came before, such as having
separate pages for standard carbon shifts of each amino acid or proba-
bility density maps of 20 amino acid types with large overlapping
regions.

2.4. Chemical shift reference correction

LACS (Wang et al., 2005) is a tool that performs a linear analysis of
chemical shifts to determine the zero offset compatible with the data;
the difference between this and the standard frequency of the DSS
reference, suggests an offset correction, which can be implemented
through Spectrum Settings (two-letter-code st; Fig. 4B). If the spectra have
been referenced to a different standard, an adjustment can be applied in
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Fig. 1. (Left) Screen shot showing the Advanced mode of the iPick plug-in, which provides various options for fine-tuning the process. Auto Integration, which is
checked in this picture, leads to the calculation of a Reliability Score value for each peak. (Right) Screen shot showing a portion of the final peak list along with the
calculated Reliability Score for each peak. This window opens automatically when iPick has completed peak picking. For an efficient workflow, first click on the “Sort
by Reliability Score” button and then navigate down the list to check low values by double-clicking on the peak number; this takes the user to the actual peak. These
results can help the user set the reliability score threshold level for actual peaks. Then clicking the “Remove” button removes all picked peaks lower than
that threshold.
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Fig. 2. Transfer/Assign Peaks (two-letter-code TP) is a tool for transferring peaks from one spectrum to another, including between 2D and 3D spectra. Once the
spectra to be matched have been selected, the user can choose which dimensions should be matched. Transferred peaks are automatically given the label “?-?-?” in
order to make it easy for users to see which peaks have been added. The tool allows the user to add peaks to the plane of a dimension currently being viewed in POKY,
so that transfers can be verified visually. When using this feature with a 3D spectrum, the Transfer window (two-letter-code TP) tool ensures that the dimensionality
of the window opened matches that of the target spectrum.

Spectral Properties window (two-letter-code st): for example, —2 ppm possible offset correction. Unlike with NMRFAM-SPARKY, the operation
and —40.48 ppm offsets for TMS and adamantane, respectively. As of is carried out without the need for an Internet connection.
June 9, 2022, of the ss NMR entries deposited in BMRB, 312 have used
DSS, 19 TMS, and 144 adamantane as the reference. POKY contains a
plugin (two-letter-code Iv) that implements pyLACS, our new PYTHON 2.5. Versatile Assigner
implementation of LACS, to seamlessly analyze a chemical shift table for
Versatile Assigner (Fig. 5) uses sub-sequence information to validate
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Fig. 3. Example of a CA-CB Reference View. Experimental >CA and '>CB peaks (shown vertically on the right) are compared with the corresponding standard '3C
chemical shift ranges for all 20 amino acids. The vertical slide enables adjustment of the chemical shift window, and the horizontal slide bar allows adjustment of the

proximity of the corresponding chemical shift ranges to the experimental peaks.

assignments predicted from the real-time probabilistic approaches
implemented in Reference Views. Once probable assignments have been
added to residue history, the sequence of predicted assignments can be
compared with the protein sequence to verify their correctness. In
addition to supporting full assignments, users can use the sub-sequence
approach to analyze and compare NMR data collected before and after
adding a ligand to detect binding sites. Versatile Assigner is functionally

similar PLUQin-POKY (two-letter-code pq); however, its advantages for
users include no dependency on an internet connection and faster
calculation of amino acid probabilities. Versatile Assigner bases its pre-
dictions on selected 13C/!5N resonances as well as connected 'H reso-
nances. Unlike PLUQin-POKY, Versatile Assigner is capable of “linking
predictions” from multiple residues in order to assign sub-sequences. By
finding two or more consecutive sequential predictions, the user can
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Fig. 4. LACS (Linear Analysis of Chemical Shifts) detects possible chemical shift referencing errors and suggests corrections. a) The pyLACS tool window (left) is
accessed with the two-letter code Iv. Each dimension can be inspected graphically (right) to investigate the fitted offset and outliers. This is a highly important tool
when using Versatile Assigner and I-PINE, because offset errors greater than 0.25 ppm can cause significantly decreased assignment accuracy (see Supplementary
Table 3). b) Spectrum Setting window in which the user can change spectrum names, compute noise levels, and enter shift offsets from pyLACS. The screen shot shows
—0.130 ppm as the '3C offset correction. The Spectrum Description area is a place where the user can leave notes about the spectrum.

narrow down their position in the overall peptide sequence.

2.6. Strip Plot enhancements

Strip Plot is a graphical interface in POKY used for choosing a peak in
a 2D/3D/4D spectrum and extracting a two-dimensional slice contain-
ing that peak for viewing and analysis (Fig. 6). Strip Plot includes the
following updated features: a) Up to three interactive Strip Plots can be
viewed simultaneously. b) Entry tabs at the top of the window enable for
quick manipulations of tolerance levels. ¢) Save and load functions
capture settings and make it possible to reproduce working strips. d)
Orthogonal planes can be viewed in order to check the validity of a
signal. Tutorials on the function and use of strip plot, along with most
other tools, can be found at our YouTube channel: https://www.youtu
be.com/c/LeeGroupatCUDenver.

3. Workflow creation for solution and Solid-State NMR

To determine the optimal strategy incorporated into the standard-
ized workflows described here, we evaluated the performance of Ver-
satile Assigner in analyzing solution and ss NMR data from a variety of
proteins. The goal of this analysis was to determine which approaches
led to improved assignment accuracy. The variables included walking
direction and types of spectra. To evaluate its improvement, results from
Versatile Assigner were compared with those from PLUQin.

Threshold contour levels were first set near the noise level by sight,
checked in POKY, and then set directly in iPick. If iPick failed to complete
its calculations within a reasonable period (e.g., 30 min), the process
was stopped, and a new calculation was started with a raised threshold.
iPick calculations were carried out repeatedly with higher or lower
thresholds to achieve the expected number of peaks. The optimal input
for Versatile Assigner was evaluated by choosing all or partial informa-
tion from the available experiment types (CBCA(CO)NH and HNCACB
for solution NMR; NCOCX and NCACX for solid state NMR). The pre-
diction rank and percentage correctness for each residue were tabulated
as a function of the input data used and whether the walk was forwards
or backwards. The documented workflows take users through novel
strategies of assignment. They provide a comprehensive guide for
inexperienced users and suggest optimal pathways for experienced
users. These workflows, which incorporate many of the new tools
created, enable rapid and accurate spectral analysis.

4. Results
4.1. Analysis of Versatile Assigner

Versatile Assigner was tested with solution state CBCA(CO)NH and
HNCACB data from the protein ubiquitin with and without N—H
matching (having N and H dimension assignments agree in residue
assignment). It was assumed that any residue assignment predicted to be
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Fig. 5. Versatile Assigner is used to predict residue assignments, to validate assignments, and to designate sub-sequences. The power of Versatile Assigner comes from
its diversity of features: The user can control which resonance information to use in predictions (a). The user can view the chemical shift information (b) used to
predict the amino acid types and their probabilities. The append button (d) adds the chosen residue (Asp46) to the growing subsequence. The “<->" button (e)
specifies the direction in which the protein sequence is to be read. Forward, backward, and both directions are available. Once proteins have been entered into the
history section, possible sub-sequences of the protein and the probability of each sub-sequence being the correct match for the residues investigated are shown here.
This section does not give information on the probability that the selected residues assignments are correct, it only displays if a sub-sequence in the protein matches
the assignments already chosen based on probability calculations. The history section (f) shows residue-specific assignment predictions discarded (pushed) by the
user. The sections show residue positions relative to that of the residue currently under consideration (1). Up to five residues at a time can be investigated for sub-

sequence matches.

above 5 % (the approximate value if all were equally likely) should be
considered as possible until tested by further information. The tool
predicted correct assignments at levels above 5 % ~97 % of the time,
dropping slightly to ~ 94 % when using N—H matched information in
HNCACB. The chosen walking direction had no significant impact on
assignment prediction.

The goals for ss NMR included those for solution NMR (determining
which walking direction and which spectral data are optimal) but also
included determining the average number of residues needed for a sub-
sequence hit. From the MAS-ss NMR data for the protein GB1 (Frericks-
Schmidt et al. 2007), Versatile Assigner predicted correct assignments at
levels above 5 % ~96 % of the time when using NCACX data both with
and without N—H matching; the level dropped slightly to ~ 95 % when
NCOCX data were used. While both NCACX and NCOCX analyses gave
correct assignments at high levels, it is worth mentioning that there was
an average increase in prediction values of 9 % when N—H matched
information was not used. This does not necessarily guarantee that not

using N—H matching is optimal, but it is something to consider when
given the option to choose. Walking direction showed no significant
effect on prediction values, both directions giving an average of three
residues needed for a sub-sequence hit.

Versatile Assigner performed better than PLUQin in assigning ubig-
uitin data. The tools rank predictions in order of certainty, given their
parameters. Versatile Assigner gave correct assignments as the first
ranked prediction ~ 66.66 % of the time, whereas PLUQin did so ~
20.83 % of the time. The accuracy of Versatile Assigner increased
markedly when looking at correct assignments ranked in the top one
(~78.79 %), top two (~87.50 %), top three (~91.67 %) and top four
(100 %) results, whereas PLUQin scored far lower prediction accuracy in
each of the top one (~27.23 %), top two (~48.49 %), top three (54.55
%), and top four (~66.67 %) results. The only advantage PLUQin has
over Versatile Assigner is its ability to derive secondary structural infor-
mation and to analyze many peaks at once. See Supplementary Materials
for detailed results for Versatile Assigner and PLUQin.
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Fig. 6. Strip Plot allows users to quickly access and work with multiple areas of a spectrum. Up to three Strip Plot windows can be viewed simultaneously. The tool
assists with linking, validating, and assigning peaks. The highlighted area shows a feature of Strip Plot that enables the adjustment of chemical shift tolerances for
matching 'H, '3C, and '°N signals in different spectra and the specification of the number of peaks may remain unmatched.

4.2. Workflows

Many of the steps in solution NMR spectroscopy of proteins aspects
are (semi-)automated. Users can start the workflow in POKY (Fig. 7),
beginning with the APES program (two-letter code ae) for automated
peak picking. APES shows the user a variety of signals in the spectrum
and asks the user to assign them as peaks or noise. Once this process is
complete, users should check their peak lists (two-letter code It) and
manually verify that there are no noise peaks. To do so, users can check

Use APES to start automated peak
picking on all available spectra

Delete any noise peaks
created by APES

Using Strip Plot, search through spectra
to delete noise peaks and
add missing peaks

Use I-PINE to create automated
assignments for backbone peaks

With help of Tree View tool and
Strip Plot, add missing
backbone peaks where able

peaks by data height until they find the largest peak that they consider
noise and delete all peaks with lower intensity. This produces a highly
accurate set of picked peaks, which can be further validated through
assignment. Strip Plot can now be used to move through the spectra in
order to check for noise peaks or missing peaks. Users can use Strip Plot
on all of their spectra, and the easily accessible tolerance settings makes
connecting strips easy. Strip Plot can help users visualize sections of the
same spectrum, and corresponding sections of other spectra, at the same
time. The ability to Save/Load strip plots further reduces the difficulty of

Use I-PINE to create automated
assignments for side chain peaks

With help of Tree View tool and
Strip Plot, add missing
side chain peaks where able

Use ARECA on NOESY spectra
to start assignment validation

Upload peaks into spectra from
ARECA output. Check probability and
confidence for any flags and
double check flagged peaks

Fig. 7. Workflow for the assignment of solution state NMR and 'H-detected solid-state NMR spectra of proteins with tools from the POKY suite. The workflow guides
inexperienced users through the NMR assignment process and offers experienced spectroscopists an optimized path for faster NMR assignments.
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working with many spectra at once.

We suggest that users set tolerances for solution NMR peaks at
around 0.2 ppm for carbon and nitrogen dimensions, and 0.02 ppm for
hydrogen dimensions. These values are commonly large enough to find
peaks that should be linked, but not too large to include incorrect links.
These tolerance values are the default ones in POKY. Once all peaks have
been identified, I-PINE is the automation algorithm used to determine
assignments and yield secondary structural information. The I-PINE
webserver can be accessed using the PINE-SPARKY.2 plugin (two-letter-
code ep) in POKY. Peaks created by I-PINE will be color-coded, allowing
users to easily see which peaks may need verification before accepting. I-
PINE can be used for both backbone and sidechain assignments, making
solution NMR spectra nearly entirely automated. After the assignment of
each section (backbone and sidechain) users should use the Tree View
tool (two-letter code tv) to check that all assignments have been made. If
the user finds atoms with unassigned signals, Strip Plot can be used to
create a peak and/or an assignment for it. Once users have created all of
their desired assignments, ARECA (Assessment of the REliability of
Chemical shift Assignments) (Dashti et al., 2016) can be used to cross-
validate peaks with NOESY spectra. To do this, ARECA uses a truth
model based on expected probabilities of NOESY contacts between intra-
and inter-residue protons. By referencing these expected probabilities,
ARECA can validate whether or not the experimental NOESY peak
agrees with the assignment. Once validation is complete, the solution
NMR spectra should be fully assigned. While the process is almost
completely automated, it is important that users verify that individual
tasks are completed accurately.

!H-detected ss NMR gives a peak pattern similar to those of solution
NMR spectra. Recently, the Veglia group demonstrated the ability of I-
PINE to assign all backbone chemical shifts from GB1 'H-detected ss

Journal of Structural Biology: X 6 (2022) 100073

NMR data (Gopinath et al. 2022). The Iq-detected ss NMR experiments
therefore can use the solution NMR workflow (Fig. 7).

The analysis of other types of ss NMR data from proteins requires
longer workflows incorporating manual steps (Fig. 8) and may require
additional analysis through supplemental workflows (Fig. 9). We sug-
gest that iPick (two-letter code iP) be used for peak picking ss NMR
spectra. The iPick GUI in POKY comes with two modes: Basic and
Advanced. The Basic mode simplifies the peak picking process to a click
of one button. The Advanced mode gives fine-tuning options for ultimate
control of the process. The Reliability Score can guide the user to
distinguish strong reliable peaks from weak peaks or noise peaks.
Another peak picking tool, Restricted Peak Picking (two-letter-code kr),
can used in areas of low peak density, but iPick is highly recommended
for 3D spectra.

The “Find/Add peak” cursor mode can yield accurately picked peaks
on any 2D plane. This is useful for 2D spectra but becomes exceedingly
tedious in a 3D spectrum as users need to use the cursor on each indi-
vidual 2D slice of the spectrum. To circumvent this problem, the new
tool Transfer/Assign Peaks enables the compression of peak-picked 3D
spectra peaks to 2D. With this, users can compress a 3D NCOCX/NCACX
spectrum into a 2D NCO/NCA spectrum. Users must remember to
specify in the settings of Strip Plot which spectrum was called up. The
Save/Load function of Strip Plot is particularly useful when analyzing
complicated ss NMR spectra. If users have a C—C correlation spectrum
collected with a short mixing time, by focusing on intra-atom correla-
tions they can use it to determine whether a peak occurs at the same
location as a peak missing in their NCOCX/NCACX spectrum. The peaks
present in the C—C spectrum but not in the main spectrum can be
transferred in. If only a few peaks need to be transferred, it is faster to
use the POKY option (copy and paste peaks and/or assignments) than

Pick Peaks with iPick

Pick Peaks on C-C spectrum

Create 2D NCO/NCA with “TP”

I
Use peak from NCO/NCA to
start linking in Strip Plot

Open V.A. and adjust settings

Use V.A. to find sub-sequences.
Either forward walking and reverse
walking strategy can be used.

No Did the

Add missing peaks using C-C

Link as many strips as possible

No

No more strips to link?

double verification
work?

Successful Validation

Fig. 8. Basic workflow for the analysis of ss NMR spectra of proteins. It walks users through the generation of peaks and linking of strips in Strip Plot, as well as
validation and assignment. Additional steps may be required for peak validation and sub-sequencing; these are shown in Fig. 9. Abbreviation: V.A., Versatile Assigner;

“TP”, two-letter-code for Transfer/Assign Peaks tool.
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a

Set view depth to non-zero to see neighboring planes.

Find signals in spectrum with missing peaks

Check corresponding region in C-C spectrum

No

Is there a corresponding
peak in C-C?

Ignore
signal

Transfer peaks to
3D spectrum
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Starting with second residue,
click each prediction above 5% probability

Does only one
assignment give a

probability of 1.00 for a
sub-sequence?

Start again with
new initial residue

Begin a new sub-sequence.
Use final residue of first sequence
as first residue of new sequence

Starting with second residue,
click each prediction above 5% probability

Does only one
assignment give a

probability of 1.00 for a
sub-sequence?

Successful double validation

Fig. 9. Optional workflows for solid state NMR. These workflows may be needed only occasionally. (Left) Workflow used in checking and validating missing peaks
with information from a C—C spectrum. The method is used to determine whether signals not assigned as a peak by iPick are valid peaks. (Right) Double validation by
the Linking Method. This is an important step for validation of a sub-sequence as it reduces error significantly.

the Transfer/Assign Peaks module. We suggest using Versatile Assigner in
the final assignment process, because it enables the validation of residue
assignments. Strip Plot makes it easy to move through spectra one res-
idue at a time. Users can obtain the probability of an assignment by
selecting the predicted carbon peaks for a residue from the NCOCX/
NCACX spectrum and clicking the “predict” button. While all carbons of
a single residue can be used, we suggest that CA and CB be selected,
because the addition of other carbons improves the prediction only
marginally whereas misassignment of carbon signals can invalidate the
residue prediction. Versatile Assigner can predict the assignment proba-
bility of up to five residues at once. By using these limited assignment
options, one can narrow down the possible sequential assignment
probabilities. Users can be confident of their assignments when only one
possibility remains. The Double Validation method (Fig. 9 Right) can be
used to further validate the results. To do this, users can validate a series
of consecutive sub-sequence, each using the last residue of the previous
sub-sequence as its first residue. If each sub-sequence is validated to be
in agreement with the protein sequence, then the user can be highly
confident in the validity of the entire assignment.

The output data can be made available in NMR-STAR 3.1/3.2 format
(two-letter-code es or bg) ready for deposition in the BMRB archive.

5. Discussion

Solid-State NMR data are often difficult for users to work with owing
to large line widths and low signal-to-noise ratios. These issues with data
collection cause the loss of many peaks because they lie under the noise
or because they are hidden under or merged with other peaks. The aim
of computational analysis is to overcome these problems. The recom-
mended approach is to open the Reference Views to the region of the CA
and CB signals and to start classifying them by residue type as
completely as possible. These results enable Versatile Assigner to carry
out sub-sequencing far faster than if all carbon signals were uncharac-
terized. Additionally, ss NMR spectra contain peaks from intra-residue
interactions. These peaks should be ignored during assignment

analysis; therefore, building assignments from CA and CB signals of in-
dividual residues is a good strategy.

Reference Views, Versatile Assigner, LACS, and the host of supporting
tools in POKY offer users a wide range of options in spectral analysis.
Versatile Assigner, which is shown here to yield more accurate and
complete assignments than its predecessor (PLUQin) offers the advan-
tages of greater speed because it does not need to connect to a web-
server. The workflows proposed here are designed to support both
inexperienced and experienced users. They provide step-by-step proto-
col for novices or suggestions for veteran spectroscopists who have their
own workflow.
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