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Abstract
Dynein light chain LC8 is the smallest subunit of the dynein motor complex and has been shown
to play important roles in both dynein dependent and dynein independent physiological functions
via its interaction with a number of its binding partners. It has also been linked to pathogenesis
including roles in viral infections and tumorigenesis. Structural information for LC8-target
proteins is critical to understanding the underlying function of LC8 in these complexes. However,
some LC8-target interactions are not amenable for structural characterization by conventional
structural biology techniques due to their large size, low solubility and crystallization difficulties.
Here, we report magic angle spinning (MAS) NMR studies of the homodimeric apo-LC8 protein
as a first effort in addressing more complex, multi-partner LC8-based protein assemblies. We have
established site-specific backbone and side chain resonance assignments for the majority of the
residues of LC8, and show TALOS+ predicted torsion angles ϕ and ψ in close agreement with
most residues in the published LC8 crystal structure. Data obtained through these studies will
provide the first step toward using MAS NMR to examine the LC8 structure, which will
eventually be used to investigate protein-protein interactions in larger systems, which cannot be
determined by conventional structural studies.
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INTRODUCTION
Dynein light chain LC8 (also named DLC8, PIN, DNLC1/2 and DYNLL1/2) is an integral
subunit of cytoplasmic dynein, a multisubunit microtubule-based retrograde motor.1,2 LC8
is also found in many other protein complexes such as flagellar and axonemal dynein,3–5

myosin-Va6 and nuclear pore complexes (NPCs).7 Through interactions with diverse
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cellular protein partners and viral proteins, LC8 plays important roles in a broad range of
dynein-dependent as well as dynein-independent cellular functions and has been implicated
in viral infections and cancer progression.8,9 The repertoire of LC8 binding partners and the
roles LC8 plays in these interactions have grown substantially over the past few years.
Recently, LC8 has been shown to interact with both Ebolavirus VP3510 and bovine
immunodeficiency virus BIV,11 potentially affecting the early transcription and/or the
localization of the virus.12,13 Studies also indicate that LC8 regulates axonal trafficking and
synaptic levels of Bassoon, a core protein component of the presynaptic cytomatrix at the
active zone of neurotransmitter release.14 Lastly, LC8 has been demonstrated to be required
for nuclear import of P21- activated kinase 1 (Pak1), a process critical for development of
vertebrates15 and potentially involved in cancer progression.9

LC8 is homodimeric under physiological conditions, but its dimer-monomer equilibrium is
critical for its biological functions.16 Several models have been proposed to explain the
underlying mechanisms for this equilibrium as well as the interactions between LC8 and its
diverse binding partners. Research indicates that the dimer-monomer equilibrium of LC8
can be regulated by pH changes17, the redox state18,19, and phosphorylation of S88.9,20,21

Whether phosphorylation of S88 can occur and regulate LC8 dimerization remains
controversial.22 Moreover, the phosphomimetic LC8 mutant S88E is found to be dimeric in
Chlamydomonas dynein, with no obvious functional deficiency caused by this mutation.23

The LC8 homodimer is frequently assumed to function as a cargo adaptor, linking its
various binding partners to the dynein complex by binding the dynein intermediate chain
and its cargo proteins simultaneously.24,25 However, structural and thermodynamic data do
not support this model. Specifically, each reported LC8 binding protein binds to the same
groove as the dynein intermediate chain. In addition, all characterized LC8 binding proteins,
including the dynein intermediate chain, are homodimeric.26,27 This situation enables these
targets to interact with LC8 through a bivalent-bivalent interaction, which in general is more
energetically favorable than an uncoupled trivalent interaction. Instead, the LC8 dimer has
been shown to stabilize weaker target dimers, particularly through the stabilization of
partially disordered regions of these proteins.8 For example, LC8 has been shown to
stabilize an alpha-helical coiled-coil within the microtubule binding domain of syntaphilin,
leading to the regulation of mitochondrial transport and retention in axons.28

Solution-state NMR has been extensively used to solve LC8 structures,24,29,30 to investigate
interactions between LC8 and its various protein and peptide binding partners,22,24,25,31–34

and to probe mechanisms underlying LC8 dimerization.17,20,21,35 In contrast, to the best of
our knowledge, solid-state NMR spectroscopy has yet to be used as a tool to study the
homodimeric LC8 either alone, or in complex with its binding partners, or as a part of the
entire dynein assembly. Solution NMR spectroscopy cannot be used to address the entire
dynein assembly since its high molecular weight (ca. 2 MDa) broadens the resonances
beyond detection due to fast transverse relaxation. Similarly, other LC8 binding partners,
such as retroviral Gag,36 microtubule-binding protein syntaphilin28 and nuclear pore
complex,7 cannot be studied in complex with LC8 in solution because they are also too large
and/or insoluble. Furthermore, many of these assemblies are difficult to crystallize and
therefore not amenable to X-ray diffraction studies. In the solid state, the linewidths are
independent of the molecular weight and crystalline samples are not required. With the
differential and sparse isotopic enrichment protocols as well as the recently developed pulse
sequences, structure and dynamics of large protein assemblies can be studied.37–42

In this work, we examine the apo-LC8 (the primary sequence and the secondary structure of
the LC8 is shown in Figure 1) by magic angle spinning NMR spectroscopy as the first step
toward the investigations of LC8-containing protein assemblies. We report site-specific
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resonance assignments and secondary structure analysis of U-15N,13C-enriched LC8 by a
combination of two- and three-dimensional magic angle spinning NMR experiments. The
secondary structure predicted by TALOS+43 based on SSNMR resonance assignments is in
close agreement with the published LC8 crystal structure 2PG1.26 These results enable
future studies including tertiary structure determination of homodimeric apo LC8 in the
solid state, as well as structural and dynamics investigations of LC8-containing protein
assemblies.

RESULTS
Resonance assignments of LC8 by magic angle spinning solid-state NMR spectroscopy

To establish the best experimental conditions, we have first acquired 14.1 T 2D DARR
spectra of LC8 at several temperatures ranging from 0 to −35 °C. The resolution and the
signal-to-noise ratio in the DARR spectra acquired at −1.7 °C, −6.7 °C, −11.7 °C and −16.7
°C are essentially the same and no peak shifts were observed in this temperature range
(Figure S1 of the Supporting Information). Below −21.7 °C, the spectral quality deteriorates
as evidenced by the disappearance or broadening of large number of peaks. Therefore, for
all experiments we have kept the sample temperature above −16.7 °C, and specific
conditions for the various experiments are indicated in the Experimental section.

Resonance assignments of LC8 in the solid state were derived from a combination of two-
and three-dimensional homo- and heteronuclear correlation MAS NMR spectra acquired at
14.1 T and 21.1 T. As expected for micro- and nanocrystalline protein
preparations,39,40,44–47 the homo- and heteronuclear spectra are of high quality with the
resolution of the individual peaks of the order of 0.2–0.5 ppm. Representative 2D DARR,
NCACB, and NCO spectra acquired at 14.1 T are shown in Figure 2. An overlay of the 14.1
and 21.1 T DARR spectra is shown in Figure 3, and the heteronuclear 2D spectra acquired at
21.1 T are demonstrated in Figure S2 of the Supporting Information. The spectra acquired at
21.1 T exhibit superior resolution compared to the corresponding spectra acquired at 14.1 T,
as expected. However, despite the resolution enhancement yielded at a high magnetic field,
the two-dimensional data sets alone are insufficient for site-specific assignments due to the
intrinsic signal overlap in LC8.

To establish residue-specific backbone assignments, we have used several three-dimensional
data sets: dipolar coupling-based NCACB, NCACX, NCOCX, and scalar coupling-based
NCOCA48–50 experiments, the analysis of which yielded assignments for 73 out of 89
residues. A representative backbone walk for A21–E30 is illustrated in Figure 4. For side
chain assignments, we have supplemented the heteronuclear 3D data sets with 2D DARR
and 3D DARR-DARR experiments, and a combination of the various spectra yielded
sidechain assignments for many residues in the protein. The 13C and 15N chemical shifts for
the assigned residues are tabulated in Table S1 of the Supporting Information.

Further analysis of the 13C and 15N solid-state chemical shifts indicated that these are in
very good agreement with the solution NMR chemical shifts assignments established by us
earlier for the LC8 sample prepared at identical pH, with the exception of residues N33 and
K87 that show large discrepancy in the backbone 15N chemical shifts. Residue-wise
comparison of solid-state and solution chemical shifts is illustrated in Figure 5 and in Table
S2 of the Supporting Information. The mean chemical shift deviations are: 0.3 ppm for Cα,
Cβ, and C', and 0.8 ppm for NH. Close agreement between solid-state and solution shifts was
also observed in our previous work on CAP-Gly40 and thioredoxin,39,51 as well as on
BPTI,44 Crh42 and GB145 from other laboratories.
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Torsion angle analysis of LC8 based on chemical shift assignments by TALOS+
To predict the backbone torsion angles ϕ and ψ from the solid-state chemical shifts of LC8,
we employed TALOS+.43 Since resonance assignments are available for 73 of 89 residues
of LC8, we could not derive the torsion angles for several residues: R60, N61, H68, N69,
T70, R71 and H72, because TALOS+ requires resonance assignments for three consecutive
residues to make predictions for the central residue. The TALOS+-predicted torsion angles
yielded the secondary structure of LC8, which is in close agreement with the crystal
structure deposited in the PDB file 2PG1,26 as illustrated in Figure 6 and Figure 7. Residue-
wise comparison of the SSNMR and X-ray based torsion angles indicates that the
discrepancies are small for the majority of the residues except for several residues, Y32,
N33, N51, G79, S88, which are located in loop or linker regions (as illustrated in Figure 7).

DISCUSSION
With the aim of investigating interactions between LC8 and its various binding partners and
gaining insight on the atomic-level resolution structures of the large LC8-based multi-
component assemblies, we employed magic angle spinning solid-state NMR spectroscopy in
order to derive site-specific resonance assignments, and predicted backbone torsion angles ϕ
and ψ of LC8 based on the assigned isotropic chemical shifts. From a combination of homo-
and heteronuclear 2D and 3D experiments, we have extracted site-specific backbone
resonance assignments for 73 out of 89 residues, and obtained side chain assignments for
many 13C atoms in LC8 (see Table S1 of the Supporting Information). The majority of the
residues that could not be unambiguously assigned from the current datasets, namely, M1,
S2, D3, R4, K5, R60, N61, H68, E69, R71, H72, L78, S88 and G89, are located in loop
regions. This result is consistent with prior work of our and other laboratories44,46,52–54

indicating that it is generally more difficult to derive solid-state NMR assignments for
residues in loop regions or at the termini, because generally these residues exhibit dynamic
or static conformational heterogeneity and therefore, give rise to broader or missing
resonances. Additionally, Y32 and D47 could not be assigned; these are located in an α-
helix but their chemical shifts overlap with the shifts of other residues, hence unambiguous
assignments were not possible under our conditions.

A previous solution NMR study by Mohan, et al. indicates that pH can determine the dimer-
monomer equilibrium and LC8 is in its dimeric form under pH 6.17 LC8 has strong pH
dependence of chemical shift patterns, indicating dimeric and monomeric forms of LC8
have very different chemical shifts.17 We noticed that SSNMR chemical shift assignments
are very close to the solution NMR chemical shifts for LC8 (see figure 5) as both NMR
samples are prepared at pH 6.0 (see the Materials and Methods section). We conclude that
LC8 is in its dimeric form in the SSNMR sample.

We expect that the resonance assignments for LC8 can be completed with technical
improvements in sample preparation and experimental design. For instance, constant-time
scalar-based experiments yield inherently higher resolution than the corresponding dipolar-
based experiments and are less sensitive to global molecular motion.48–50 However, the
potential of these experiments was not fully exploited in our study beacause of hardware
limitations on the proton decoupling powers and on the available MAS frequencies. At high
MAS frequencies and high-power proton decoupling the performance of the scaler-based
experiments is enhanced dramatically.48–50 Furthermore, under fast-MAS conditions (40
kHz or above), doping of the protein samples with paramagnetic salts at suitable
concentrations and in low-power decoupling can yield drastic enhancements in the
sensitivity due to the significantly higher spin-lattice relaxation rates (while the spin-spin
relaxation rates are intact) allowing for fast recycle delays, as demonstrated recently by Ishii
and coworkers.55 Similar to their results, we indeed found that LC8 samples doped with
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EDTA-Cu(II) have relatively long 15N T2's while the 1H T1's are dramatically shortened,
indicating that this sample preparation method is beneficial for LC8 as well (data not
shown). We also note, that naturally, higher resolution is afforded by recording the spectra at
21.1 T, but practical hardware limitations prevented us from being able to collect
heteronuclear 3D data sets necessary for the resonance assignments. With the improvements
in hardware and sample preparation, we therefore expect to achieve higher sensitivity and
resolution in the future studies of LC8 at 14.1 T and higher, and to complete the resonance
assignments.

Although it would be desirable to achieve complete resonance assignments, the available
partial assignments already provide a platform for future studies including tertiary structure
determination and characterization of protein-protein interfaces of LC8-containing protein
assemblies. The close agreement between torsion angles predicted by TALOS+ on the basis
of SSNMR chemical shifts, and the torsion angles from the LC8 crystal structure (PDB file
2PG1) indicates that chemical shifts are assigned reliably in the solid state. Previous
structural studies22,24,26,27,56 of LC8 and its binding partners (e.g. Pak1, dynein intermediate
chain IC, nNOS, etc.) revealed that residues F62–T67 form an antiparallel β sheet with a
portion of the bound partner protein. It is likely that LC8 utilizes this mechanism to also
interact with other proteins with fine-tuning provided by global structure and dynamics of
both LC8 and the binding partner. Therefore, it is of interest to examine the structure
adopted by this stretch of residues when LC8 forms large assemblies. Through our current
work, chemical shift assignments are available for residues F62–T67, and indicate that this
stretch of residues is in a β sheet, while the assignments for the flanking residues are missing
(see Table S1 of the supporting information). Therefore, even in unfavorable cases where
the chemical shifts for flanking residues are unknown such as the F62–T67 stretch above,
we will still be able to investigate the functionally important interfaces of assemblies formed
by LC8 and its various binding partners, through chemical shift perturbation approaches
and/or differential labeling based MAS NMR experiments.37,41

EXPERIMENTS AND METHODS
Materials

Common chemicals were purchased from Fisher Scientific or Sigma Aldrich. 15N NH4Cl
and U-13C6 glucose were purchased from Cambridge Laboratories, Inc.

Expression and purification of isotopically enriched LC8
Subcloning of wild type Drosophila LC8 (accession number NP 525075), expression and
purification of natural abundance or U-15N, 13C isotopically enriched LC8 have been
described previously.22 For isotope enrichment the Bracken protocol57 was followed. The
yields of pure natural abundance and isotopically enriched LC8 are 34 mg (per 1 L of LB)
and 20 mg (per 1L of LB and 250 ml of M9), respectively.

Preparation of solid-state NMR samples
11 mg pure U-13C,15N-enriched LC8 were dialyzed against 10 mM MES buffer (10 mM
MgCl2, pH 6.0) and concentrated to 30 mg/ml. Solution of 32% PEG-3350 (also dissolved
in 10 mM MES buffer) was gradually added to the LC8 solution following the controlled
precipitation protocol developed previously for thioredoxin.39 This condition was chosen
from a minimal (24 well) hanging drop screen, which yielded LC8 microcrystals in a
hanging drop. More than 90% of the protein was precipitated, as confirmed by the Bradford
assay. The LC8/PEG-3350 mixture was centrifuged, and the pellet was used for solid-state
NMR experiments. 14.3 mg of hydrated precipitate were packed into a 3.2 mm Varian rotor
and sealed using an upper spacer and a top spinner.
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Solid-state NMR spectroscopy
Magic angle spinning solid-state NMR spectra were acquired at 14.1 T (600 MHz) on a
narrow bore Varian InfinityPlus instrument outfitted with a 3.2 mm triple resonance T3
probe; Larmor frequencies are 599.5 MHz for 1H, 150.7 MHz for 13C, and 60.7 MHz
for 15N. Dipolar-based two- and three-dimensional DARR,58 NCA, NCO, and NCACB
spectra were collected at the MAS frequency of 10.000±0.001 kHz controlled by a Varian
MAS controller. The dipolar NCACX and NCOCX experiments utilized the SPECIFIC-
CP59 heteronuclear magnetization transfer followed by DARR homonuclear transfer; in the
NCACB experiment the homonuclear DREAM mixing60 with a tangent ramp was used.
Scalar-based two dimensional NCO50 and three-dimensional NCOCA48 spectra were
collected at the MAS frequency of 14.705±0.001 kHz controlled by a Varian MAS
controller. The temperature was calibrated for this probe at different MAS frequencies using
a PbNO3 temperature sensor,61 and the actual temperature at the sample was maintained to
within ±0.5 °C throughout the experiments using the Varian temperature controller. The
DARR spectra were acquired at temperatures of −1.7 °C, −6.7, −11.7 °C, −16.7 °C and
−21.7 °C. The heteronuclear 2D and 3D spectra were acquired at −16.7 °C (with the
exception that the CANCO was acquired at −11.7 °C). 1H, 13C and 15N chemical shifts were
referenced with respect to DSS, adamantane and ammonium chloride used as external
referencing standards.62 The typical 90-degree pulse lengths were 2.7 μs (1H), 4.5 μs (13C),
and 5 μs (15N). The 1H-13C(15N) cross polarization was performed with a linear amplitude
ramp (80–100%) on 13C(15N); the 1H radio frequency field was 50 kHz with the center of
ramp Hartmann-Hahn matched to the first spinning sideband. The 1H-13C and 1H-15N
contact times were 1 ms and 1.6 ms, respectively. In the CANCO experiment the 1H-13C
contact time was set 200 μs to preferentially excite the 13C aliphatic region. The Z-filter
time was 30 ms in all scalar-based experiments. In the dipolar-based experiments, the
typical 15N-to-13C SPECIFIC-CP transfer was performed with 25 kHz radio frequency field
for 15N and ~15 kHz for the center of a tangential ramp on 13C; the mixing times were 6.7
ms. The DARR mixing time was set to either 2 ms or 10 ms for recoupling of two 13C nuclei
separated by a short distance (mostly one-bond), and the 1H RF field strength during DARR
was 10 kHz. In the DREAM mixing period (2.1 ms), a tangent ramp was applied on 13C
according to the condition nωr = (ωrf

2 + ω1
2)1/2) + (ωrf

2 + ω2
2)1/2 55. For the scalar-based

NCOCA experiment, τq = τ2 = 10.9 ms; τ3 = τ4 = 2.72 ms. The Z-filter time was 30 ms in
all scalar-based experiments. TPPM decoupling63 was used, and the decoupling field
strengths ranged between 80 and 100 kHz in different experiments. Recycle delays in all
experiments were 2 s. TPPI64 was used for frequency discrimination in the indirect
dimensions.

DARR and dipolar-based NCA and NCO spectra of LC8 were also acquired at at 21.1 T at
EMSL-PNNL, on a medium bore 900 MHz Varian Inova instrument outfitted with a 3.2 mm
triple resonance BioMAS probe; the Larmor frequencies are 900.575 MHz for 1H, 226.47
MHz for 13C, and 92.26 for 15N. The MAS frequency was 14.000±0.001 kHz controlled by
a Varian MAS controller. The temperature was 0 °C and was maintained to within ±0.5 °C
throughout the experiments using the Varian temperature controller. The typical pulse
lengths were 3.0 μs (1H), 5.5 μs (13C), and 6 μs (15N); the 1H-13C and 1H-15N cross
polarizations were performed with a tangent amplitude ramp (80–100%); the 1H radio
frequency fields were 70.4 and 60.7 kHz, respectively with the center of the ramp
Hartmann-Hahn matched to the second spinning sideband; the 1H-13C and 1H-15N contact
times were 2 and 1 ms, respectively. In the NCA and NCO experiments, were performed
with a tangent amplitude ramp (80–100%); the 13C radio frequency fields were 13 and 18
kHz, respectively with the center of the ramp Hartmann-Hahn matched to the first spinning
sideband; the SPECIFIC-CP mixing times were 6.0 and 6.4 ms, respectively. TPPM
decoupling (83 kHz) was applied during the evolution and acquisition periods. The 1H field
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strength during DARR was 14 kHz; DARR mixing time was 50 ms; under these conditions
predominantly one-bond correlations appear in the spectra.

Other acquisition and processing parameters for data sets acquired at 14.1 and 21.1 T are
specified in the figure captions and in the supporting information.

NMR data processing and analysis
The spectra were processed in NMRpipe65 and analyzed in Sparky.66 For 2D solid state
NMR data, 90-, 60-, or 30- degree shifted sine bell apodization followed by a Lorentzian-to-
Gaussian transformation was applied in both dimensions; forward linear prediction to twice
the number of the original data points was applied in the indirect dimension for some data
sets followed by zero filling to twice the total number of points. The 3D data sets were
processed by using 30- or 60- degree shifted sinebells in all dimensions followed by a
Lorentzian-to-Gaussian transformation (for resolution enhancement) and by using 90-
degree shifted sinebells in all dimensions followed by a Lorentzian-to-Gaussian
transformation (for sensitivity enhancement). The 3D spectra were also processed with
maximum entropy reconstruction as implemented in the program Roland NMR Toolkit.67,68

Detailed information about processing parameters is specified in the supporting information.

CONCLUSIONS
We have established site-specific backbone and side chain resonance assignments for the
majority of the residues of LC8 through magic angle spinning solid-state NMR
spectroscopy. Based on these assignments, we derived torsion angles ϕ, ψ by TALOS+. The
predicted angles are in close agreement with crystal structure (2PG1) for most of the
residues except for several residues located in loop or linker regions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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SYNOPSIS

Resonance assignments and secondary structure of the dynein light chain 8 (LC8) protein
are presented. 73 of 89 residues have been assigned on the basis of a series of two- and
three-dimensional MAS NMR experiments.
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Figure 1.
Amino acid sequence and secondary structure of Drosophila dynein light chain LC8
generated by PDBsum69 from the X-ray coordinates deposited in the PDB file 2PG1.26

Residues M1, S2, D3 and R4 are not included.
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Figure 2.
Two-dimensional solid-state MAS NMR spectra of LC8. (a) NCO, (b) NCACB, (c)
Carbonyl, and (d) aliphatic regions of the 14.4 T DARR spectrum (mixing time: 10 ms). The
first contour for the spectra is set at 5×σ, with the multiplier of 1.2.
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Figure 3.
Overlay of the DARR spectra acquired at 14.1 T (red) and 21.1 T (blue). DARR mixing time
is 10 ms for the 14.1 T data and 50 ms for the 21.1 T data (see Table S2 in Supporting
information). The spectra acquired at 21.1 T exhibit higher resolution.
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Figure 4.
Backbone walk for A21–E30 using three-dimensional experiments: dipolar-based NCACB,
NCACX, NCOCX and scalar-based NCOCA. Negative cross-peaks resulting from the two-
bond NCβ correlations are shown in red. The first contour in all spectra is set at 5×σ with
multiplier of 1.2.
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Figure 5.
Differences between solid-state and solution chemical shifts plotted versus residue number
in LC8 for the backbone carbon and nitrogen atoms.
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Figure 6.
(a) Amino acid sequence and secondary structure of dynein light chain LC8 generated by
PDBsum69 from the X-ray coordinates deposited in the PDB file 2PG1.26 (b) Backbone
torsion angles ϕ (top) and ψ (bottom) derived from TALOS+ analysis of isotropic solid-state
chemical shifts of LC8.
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Figure 7.
Residue-wise comparison of Φ and ψ torsion angles predicted by TALOS+43 and those
extracted from LC8 crystal structure (PDB file 2PG126). Differences are mapped on the
2PG1 chain A, and residues are color coded as follows: blue for ΔΦ and Δψ smaller than 50
degrees; green for ΔΦ and Δψ ranging from 50 to 100 degrees; red for ΔΦ and Δψ larger
than 100 degrees. Residues with no predicted angles due to the lack of resonance
assignments are colored yellow (R60, N61, H68, E69, T70, R71 and H72).
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