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Abstract: Dynein, a homodimeric protein complex, plays a pivotal role in retrograde transportation
along microtubules within cells. It consists of various subunits, among which the light intermediate
chain (LIC) performs diverse functions, including cargo adaptor binding. In contrast to the vertebrate
LIC homolog LIC1, LIC2 has received relatively limited characterization thus far, despite partially
orthogonal functional roles. In this study, we present a near-to-complete backbone NMR chemical
shift assignment of the C-terminal region of the light intermediate chain 2 of human dynein 1 (LIC2-C).
We perform a comparative analysis of the secondary structure propensity of LIC2-C with the one
previously reported for LIC1-C and show that the two transient helices in LIC1 that interact with
motor adaptors are also present in LIC2.
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1. Biological Context

Dynein 1 (‘dynein’), one of the two classes of dynein in vertebrates, is the predominant
microtubule minus-end-directed motor [1,2]. Dynein is actively involved in a diverse
range of cellular trafficking processes, including the cargo transport of proteins, RNA
and vesicles, nuclear migration, or cell division [3,4]. Processive movement of dynein on
microtubules requires binding to the cofactor dynactin, and specific adaptor proteins link
the dynein-dynactin complex to cargo [5].

Dynein is a homodimeric multi-protein dynein complex, composed of two heavy
chains and multiple accessory chains consisting of intermediate, light, and light interme-
diate chains [6]. The light intermediate chain (LIC) binds the various adaptors and has
been identified as one factor responsible for metaphase to anaphase progression through
the inactivation of the spindle assembly checkpoint (SAC) [7]. The close homologs LIC1
and LIC2 are believed to work in mutually exclusive complexes to perform distinct [8,9]
but also compensatory functions [10]. LIC1 plays a larger role in maintaining spindle
pole integrity. In contrast, LIC2 has been reported to govern spindle orientation through
interactions with 14-3-3, Par3, and NuMA [11]. Notably, LIC2, but not LIC1, has been found
to transport NuMA asymmetrically to the spindle poles [11]. The structural basis of this
disparity between LIC1 and LIC2 is not known. While we have studied LIC1 in solution at
the structural level [12], there is no such data on LIC2 available.

Employing NMR chemical shifts, we have previously shown that the C-terminal region
of LIC1 is disordered with a propensity to form two helices (helices 1 and 2) [12]. Our
NMR and animal model data demonstrated that helix 1 is essential for binding all tested
dynein adaptors, and helix 2 plays an additional but non-essential role. Pulldown assays
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indicated that LIC2-C also binds to these adaptors, but we did not pursue a more detailed
characterization, such as an NMR analysis. Sequence alignment between the C-terminal
regions of LIC1 and LIC2 reveals that the two regions which comprise helical propensity in
LIC1-C are conserved in LIC2-C (Figure 1).
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Figure 1. Sequence alignment between LIC1-C (residues 381-523) and LIC2-C (375-492). These
regions exhibit ~47% sequence similarity, but the regions harboring helix 1 and helix 2 in LIC1-C
are highly conserved in LIC2-C. Residue colors indicate side-chain chemistry: yellow, proline; blue,

hydrophobic; red, positively charged; magenta, negatively charged; green, polar uncharged; orange,
glycine; cyan, aromatic.

A comprehensive understanding of LIC2-C’s mechanism underlying intracellular
transport and specific differences with LIC1 is critical to rationalize the implications of
dysfunctions and mutations in various diseases [13,14]. In this article, we take the first steps
towards the characterization of the C-terminal region of LIC2-C using NMR, by assigning
the chemical shifts of the backbone and deciphering secondary structure features.

2. Methods and Experiments
2.1. Protein Expression and Purification

(A) Construction Design and Cloning:

To obtain the LIC2-C construct (residues 375-492 of LIC2), we introduced an additional
tryptophan residue at the N-terminus for convenient measurement of protein concentration
using absorbance at 280 nm. Furthermore, a C-terminal (6x::His) tag was incorporated. The
construct was successfully cloned into the pGEX-6p-1 expression vector, which contained
an N-terminal GSTag fused to a preScission protease cleavage site. The plasmid was
transformed into Escherichia coli strain BL21 (LEMO21-DE3).

(B) Media Preparation and Induction:

For protein expression, M9 media was prepared, containing 1 g/L ’N-ammonium
chloride and 2 g/L '*C-glucose. The expression was induced with 0.4 mM isopropyl-1-thio-
d-galactopyranoside when the optical density at 600 nm (A600) of the culture reached 0.6.
The induced culture was incubated overnight at 20 °C.

(C) Cell Harvesting and Lysis:

The cells were harvested by centrifugation at 4 °C for 10 min at 5000 x g. Subsequently,
the cell pellet was resuspended in low-imidazole binding buffer (20 mM HEPES, 200 mM
NaCl, 1 mM EGTA, 1 mM MgCl,, 1 mM NaN3, 20 mM imidazole, pH 7.3), subjected to
sonication for cell disruption, and the lysate was clarified by centrifugation at 30,900 g.

(D) Protein Purification:

The clarified lysate was purified using a HisTrap FF column (Cytiva). The protein
of interest was eluted using high-imidazole buffer (20 mM HEPES, 200 mM NaCl, 1 mM



Magnetochemistry 2023, 9, 166

30f7

EGTA, 1 mM MgCl,, 1 mM NaNj3, 200 mM imidazole, pH 7.3). Subsequently, the eluted
protein was dialyzed in preScission protease cleavage buffer (50 mM Tris-HCI, 150 mM
NaCl, 10 mM EDTA, 1 mM DTT, pH 8.0, 20% glycerol). The protein was incubated with
the protease overnight at 4 °C, and the cleavage efficiency was assessed by analyzing the
cleaved product on a 4-12% gradient SDS-PAGE gel.

The cleaved protein was concentrated to a final volume of 4 mL. Further purification
was performed using a size-exclusion HiL.oad 16/600 Superdex 75 pg column (Cytiva)
in NMR buffer (50 mM NaP, 150 mM NaCl, 1 mM DTT, 0.02% NaN3, pH 6.5). The
relevant fractions were concentrated using a 3000 MWCO concentrator to achieve a final
concentration of 840 uM for subsequent NMR measurements.

2.2. NMR Spectroscopy

13C- and >N-labeled NMR sample of LIC2 was prepared in the NMR buffer at a
concentration of 840 pM and measured in a 5 mm Shigemi tube. NMR spectra were
acquired on BRUKER Avance NEO 600 MHz triple-resonance cryoprobe spectrometers
at 25 °C. Backbone assignment was accomplished using 'H-1°N HSQC, 3D HNCACB,
HN(co)CACB [15,16], and HNN pulse sequences [17]. The 3D spectra were obtained using
a nonuniform sampling (NUS) scheme generated by the NUS@HMS scheme generator [18].
In the direct dimension, 2048 complex data points were acquired, while the indirect 1>C
and °N dimensions were subsampled by 25-30% from the original 256 and 92 points,
respectively. The spectral widths used for all experiments were 8196 Hz ('H), 2129 Hz
(*™N), and 12,076 Hz (13Cx/13Cp). The number of scans was set to 16 and 32 for 3D
experiments and 2D HSQC, respectively, with an interscan delay of 1.0 s. Reconstruction of
the 3D NUS spectra was performed using the hmsIST software [18], while linearly acquired
2D spectra were zero-filled using NUS as an alternative to linear prediction. A solvent
subtraction function was applied in the direct dimension. Further data processing and
visualization were conducted using NMRpipe/NMRDraw [19] and NMRFAM Sparky [20].
The resonance assignment was carried out using the CCPNmr analysis software v2.5.1 [21].

3. Assignment and Data Deposition

We confirmed our prediction [12] that the LIC2-C protein is disordered through the
narrow peak dispersion observed in the 'H-1>N HSQC spectrum (Figure 2). Because of the
combination of overlapping peaks, including the disorder of the protein and the existence
of numerous redundant charged regions, we incorporated an HNN experiment into our
standard backbone experiments. This additional experiment offers orthogonal connectivity
information. (Figure 2A). Thus, we were able to obtain a near-complete backbone assign-
ment (93.3%) (Table 1; Figure 2B). The missing residues are either heavily overlapped or in
a sequence-redundant region. We have deposited the backbone assignment for LIC2-C in
the BMRB under the accession code 51890.

Table 1. Backbone assignment statistics of LIC2-C.

Construct

% Backbone Resonances
Assigned (Number of
Assigned Backbone Atoms)

Total Number of Relevant Total Number of Relevant
Residues * Non-Proline Residues

LIC2-C (LIC residues 375-492)

118 106 93.3% (99 19N, 99 13Ce, 87 13Cp)

* The construct has 14 additional non-relevant residues from cloning (preScission protease cleavage site; His-tag).
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Figure 2. Assignment of LIC2-C 375-492 using 3D backbone NMR and HNN experiments. (A) F3-F2
plane displaying 'H-'>N correlations through the 3D HNN spectrum at the F1-1°N chemical shift
of 119.9 ppm (orange) superimposed on the 2D 'H-1°N HSQC spectrum (blue). Off-diagonal peaks
(circles) indicate the N chemical shifts of the preceding and succeeding residues relative to the
diagonal peak (square; V428). (B) TH-15N HSQC spectrum demonstrating peak assignment.

4. Chemical Shift Analysis

We analyzed LIC2-C and compared it to LIC1-C by calculating the Secondary Structure
Propensity (SSP) score [22] using HN, N, Ce, and Cp chemical shifts. The SSP score varies
between +1, representing a fully formed helix, and -1, indicating a fully formed p-strand.
Generally, loops and disordered residues have an SSP score of around 0. The majority of
the LIC2-C residues have a negative score, mostly more negative than —0.2 (Figure 3). This
is indicative of structural disorder. However, we found two regions, residues 423-439 and
468477, show a positive score, usually between 0 and +0.2, but peaking at ~0.3. These
values are indicative of moderate helical propensity and, thus, of transiently formed helices.
Interestingly these regions coincide with those that also show helical structure in LIC1 [12].
Of note, the scores for LIC2 are generally larger than for LIC1, suggesting a higher helical
propensity. Following the nomenclature used for LIC1, we designate these LIC2 regions
helix 1 (423-439) and helix 2 (468-477).
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Figure 3. Secondary structure propensities for LIC2-C in comparison to LIC1-C. Data are derived
from chemical shift values of 'HN, N, Ce, and Cf. An SSP score of +1 indicates a fully formed
a-helix, while -1 indicates a fully formed (3-strand. Top: LIC2-C, regions 423-439 and 468—477 show
helical propensity (helix1 and helix2) and are separated by more disordered parts. Bottom: LIC1-C,
regions 442453 and 493-502 have been shown to have helical propensity (helix 1 and helix2) [12].

In LIC1, helix 1 constitutes the main interaction site for all tested dynein adaptors
thus far and appears as a fully formed helix in dynein-dynactin-adaptor complexes in
X-ray crystallography and cryo-electron microscopy images [23,24]. On the other hand,
helix 2 is a secondary binding site for these adaptors except for Rab interacting lysosomal
protein (RILP). Considering the conservation of both helix 1 and 2 in LIC2, it is reasonable
to hypothesize that they may have a similar functional role in LIC2 as observed in LIC1.
These findings are in agreement with our previous prediction of the presence of helical
content, also based on the high amino acid conservation of these residues between LIC1
and LIC2 [12]. The results are also in line with our previous pulldown experiments, where
we narrowed down the main adaptor interaction site to lie within residues 375 and 450,
including L436 and L437.

The similarity of the helices stands in strong contrast to the fact that the phosphory-
lation sites on LIC1 are very different from those in LIC2 [25]. The C-terminal segment
(LIC-C) is a hotspot for phosphorylation, and there is increasing evidence that LIC-adaptor
interactions are spatiotemporally regulated by phosphorylation [26]. In contrast to the
diverse range of kinesin transporters involved in plus-end directed intracellular transport,
there is only one dynein available for many different types of transport, engaging many
cargo-specific adaptors. Our results suggest that the multifunctionality of the dynein
complex is neither facilitated by interaction sites that would be in different regions of LIC1
and LIC2, but more likely by post-translational modifications. The resonance assignment
of LIC2, in combination with the previously published assignment of LIC1, serves as a
foundation for future investigations into these unknown mechanisms.
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