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ABBREVIATIONS:

CT-HSQC: Constant Time Heteronuclear Single Quantum Coherence,
DSS: 4,4-dimethyl-4-silapentane-1-sulfonic acid,
DYNLL1/2: LC8 vertebrate LC8 dynein light chain isoforms,
HSQC: Heteronuclear Single Quantum Coherence,

IDP: intrinsically disordered protein,

myo5: myosin 5a,

MES: 2-(N-morpholino)ethanesulfonic acid,

NMR: Nuclear Magnetic Resonance,

NOE: Nuclear Overhauser Effect,

Ri: longitudinal relaxation rate constant,

Ra:transverse relaxation rate constant,

SCS: Secondary Chemical Shift,

STD: Saturation Transfer Difference,

T1: longitudinal relaxation time,

T2: transverse relaxation time.



ABSTRACT: LC8 dynein light chains (DYNLL) are conserved homodimeric eukaryotic hub proteins
that participate in diverse cellular processes. Among the binding partners of DYNLL2, myosin Sa
(myo5a) is a motor protein involved in cargo transport. Here we provide a profound characterization of
the DYNLL2 binding motif of myoSa in free and DYNLL2 bound form by using NMR spectroscopy, X-
ray crystallography and molecular dynamics simulations. In the free form the DYNLL2 binding region,
located in an intrinsically disordered domain of the myo>5a tail, has a nascent helical character. The motif
becomes structured and folds into a B-strand upon binding to DYNLL2. Despite all differences of the
myo5a sequence from the consensus binding motif, it accommodates into the same DYNLL2 binding
groove as all other partners do. Interestingly, while the core motif shows similar interaction pattern in the
binding groove as seen inother complexes, the flanking residues make several additional contacts, thereby
lengthening the binding motif. The N-terminal extension folds back and partially blocks the free edge of
the B-sheet formed by the binding motif itself. The C-terminal extension contacts the dimer interface and
interacts with symmetry related residues of the second myo5a peptide. The involvement of flanking
residues of the core binding site of myo5a could modify the quaternary structure of the full-length myo5a
and affect its biological functions. The presented structural data widen our understanding of the diverse

partner recognition of DYNLL proteins and provide an example of a Janus-faced linear motif.



The LC8 dynein light chains were originally described as the smallest subunit of the microtubule-
associated cytoplasmic dynein motor complex.They show a highly conserved amino acid sequence
throughout evolution and they were later shown to bind to more than 70 other proteins involved in
various biological processes, therefore they are now considered hub proteins (1, 2).Vertebrates contain
two closely related LC8 paralogs, DYNLL1 and DYNLL2 with partially overlapping functions(1). Under
physiological conditions LC8proteins arestable homodimers (3).Atomic resolution structureswere
determined both for the apo and ligand-bound form using X-ray crystallographyand NMR spectroscopy
(4-6). Five B-strands make up two core B-sheets; one sideof each sheet is flanked by two a-helices, and
the otherside forms the dimer interface. The p3-strand of one subunit pairs to thep2’-strandof the other
subunitin an antiparallel mode; and the dimer is stabilized by interface contacts through hydrophobic
interactions and side chain H-bonds. Two equivalent grooves are formed and they represent the target

binding pockets of the dimer.

LC8 binding motifs are usually localized near coiled-coil or other dimerization domains in intrinsically
disordered segmentsof theirinteracting proteins. Unstructured polypeptide regions are often involved in
interactions that are mediated by sequential binding sitesknown as linear motifs (7, 8). The LC8 binding
motif presents a relatively weak consensus sequence [DS].4K.3X o[ TVI].1Qo[TV]1[DE], with a conserved
glutamine in the arbitrary chosen coreposition 0 (9). A few binding motifs differ considerably from the

above consensus sequence; among them is myosin 5a in which position 0 is substituted by a methionine.

Myosin 5a (myo5a) is an intracellular motor protein involved in short-range vesicle transport along
actin filaments playing various roles in different cell types (10, 11). Its structureis divided into three main
parts: (i)the N-terminal motor domain responsible for force generation and ATP hydrolysis; (ii)the long,
helical neck domain stabilized by the binding of six light chains; (iii) the coiled-coil tail ending in two
globular cargo binding domains(12) (Figure 1).Within the long tail domain three coiled-coil segments,
interrupted by flexible non-coiled-coil loops, are responsible for dimerization of the two heavy chains.

The primary transcript of the human MYO5A geneis processed by alternative splicing (13). Three exons



within the tail domain (B, D, and F) are expressed in a cell type-specific manner; the predominant
melanocyte- and brain-specific isoforms contains exons D, F, and exon B, respectively (13). The exon
pattern of myob5a tail likely determines which cargo binds to the motor, because these sequences could
serve as binding sites of adaptor proteins: exon D and F are necessary for the binding of Rab10 and
melanophilin, respectively(14), (15). In a previous study, we identified the DYNLL2 binding motif of
myob5a in a short sequence (11e1280-11e1294) situated between the medial and distal coiled-coils of the tail
(16). The three-residue-long alternatively expressed exon B within the binding motif was shown to be
necessary for the interaction with DYNLL2. Binding of DYNLL?2 stabilizes the flanking coiled-coil
sequences (16, 17). Detailed kinetic and thermodynamic characterization of this interaction using mono-
and dimeric myob5a fragments revealed that the dissociation constant is somewhat weaker than that of the
canonical motifs(~1-5 uM for a monomeric peptide) andbivalency of the ligand leads to pronounced

avidity (18).

LC8 proteinsare subunits not only of the dynein (19), but also of the myo5a motor complex (20), and
they are known binding partners of several proteins transported by these motors (e.g. nNOS (21, 22),
Pakl (23-25), Bmf (26), Bim (27), Bassoon (28), GKAP (29), and viral proteins (30, 31)), it was
hypothesized that DYNLL may provide direct physical linkage between the motor and the cargos (26, 28,
29). However, as the majority of the binding partners (including the motors) are dimeric, and therefore
they are bivalent ligands of LC8 and the formation of highly stable dimer-to-dimer complexes is preferred

(18). Therefore, the validity of the original cargo adaptor hypothesis is questioned.

Here we extend our previous studies (16) and extensively characterize the DYNLL2 binding motif of
myo5a and its complex with DYNLL2. NMR experiments show that the 23-residue-long DYNLL2-
binding region of myo5a is unstructured with a nascent a-helical element in theapo form whichundergoes
a disorder-to-order transitionand folds into a B-sheet upon complex formation. Our results suggest that the
interacting surface in the DYNLL2-myo5a peptide complex is more extended compared to other LC8-
partner complexes. NMR results were supported by molecular dynamics simulations performed on the

free peptide and on the complex. Working with a shorter (14residues) myo5a peptide, we solved the



crystal structure of the DYNLL2 complex at 1.85A resolution. The structure explains the role of the Mg

instead of the canonical Qgresidue in the consensus binding sequence.

MATERIALS AND METHODS

Cloning, protein expression, peptide synthesis and purification. Human DYNLL2 (UniProt
accession number: Q96FJ2) and a fragment of human myoba
(gshmSQKEAIQPKDDKNTMTDSTILLE,UniProt: Q9Y4I1, residues: 1275-1297, referred hereafter as
M_) was cloned, expressed and purified as previously described (16). For NMR experiments isotope
labeled proteins were expressed in minimal media containing **NH.CI and/or **C glucose. The synthetic
peptide (IQPKDDKNTMTDST, N-terminally acetylated, C-terminally amidated; referred hereafter as
Ms) corresponding toresidues 1280-1293 of human myo5a was obtained from Peptide 2.0 Inc. (Chantilly,
USA). The peptides were dissolved in 0.1% TFA/water and further purified by reverse-phase HPLC on a
Jupiter 300 C18 (300 A 10x250 mm) column (Phenomenex, Torrance, USA). Elution was performed
using agradient (0% to 100%; 1%/min) of 0.1% TFA/acetonitrile. Fractions containing the peptide were
pooled and lyophilized. The mass of the lyophilized powder was determined by direct measurement, and
it was used later for concentration calculations. The identity and purity of the peptides were confirmed by

mass spectrometry.

NMR measurements. NMR spectra were collected on a Bruker Avance Il 500 spectrometer operating
at 500.13 MHz for *H and on an Avance IIl 700 spectrometer operating at 700.17 MHz for *H, both
equipped with 5-mm triple-resonance probe-heads with z-axis gradients. Sample temperatures varied in
the 278-303 K temperature range. *H chemical shifts were referenced to the internal DSS standard,
while’*C and *°N chemical shifts were referenced indirectly via the gyromagnetic ratios. Both **N- and
3¢, N-labeled M, samples had the following compositions:~0.8 mM peptide, 20 mM phosphate buffer,

20 mM NacCl, 3 mM NaNs, 3 mM TCEP at pH 7.00, and 10% D-0.

Sequential connectivity, backbone and side-chain resonance assignments were determined from

standard triple resonance HNCA, HN(CO)CA, HNCACB, (H)CC(CO)NH measurements using uniformly
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3C,N-labeled peptide. N T, and T, relaxation times and the 'H-"N NOE were measured using
sensitivity and gradient improved pulse sequences.For T, measurements a series of 9 experiments with
relaxation delay times ranging from 0.011 s to 2.701 s were applied, while for T, measurements
relaxation delay times varied between 0.0 to 0.3 s. Estimation of errors was accomplished by repetition of
measurements with identical relaxation delay. The relaxation time is determined from the decay of the
intensity of the corresponding >N-NH cross peaks taken from the *H-">N HSQC spectra, fitted with a
two-parameter exponential decay in Sparky(32). NOE on/off spectra were recorded in an interleaved
manner with a recycle delay of 6-7 s. The {*H}-">N NOE is calculated as the ratio of peak intensities from

the spectra acquired with and without proton saturation.

Chemical shift mapping was performed by *H->N HSQC measurements. Combined chemical shift

changes were calculated for the non-overlapping residues based on the following equation:

1
Ay = [(AS,,)* +(0.17- A, )?]?

where Adyn and Ady represent differences in the chemical shifts for amide protons and nitrogens both for

the free M and the DYNLL2-M, complex, while 0.17 is the normalizing factor (16).

3C- and N-detected saturation transfer difference (2D STD-HSQC) experiments were acquired on a
sample containing 1.5 mM *3C **N-labeled M, and 40 pM unlabeled DYNLL2. Selective saturation was
achieved by a train of 50 ms E-BURP1 (90°) shaped pulse at -400 Hz (in the aliphatic region of the folded
protein) or at 5500 Hz (the tryptophan indole peak of the protein) for a total saturation time of 2.0 s. The
spectrum was recorded with 400-600 transients, and STD was monitored either by a >N HSQC or a **C
CT-HSQC pulse sequence.Data were processed with TopSpin and resonance assignment was done by the
CARA software (33), while relaxation parameterswere evaluated by the Sparky program (32). Reduced
spectral density mapping analysis was conducted on the basis of Lefevreet al (34, 35). Spectral densities
at given frequencies were calculated from the measured Ty, T, and heteronuclear NOE values for each

amide-N atom.



Protein crystallization, X-ray diffraction, and model building.DYNLL2 was dialyzed twice
against TBS (20 mM TRIS, 150 mM NaCl, 3 mM NaN3, 5mM DTT, pH 7.6) and concentrated using
Amicon Ultra-4 filter with Ultracel-3 membrane (Millipore Corporation, Billerica, USA). The Mgpeptide
was dissolved in the same buffer and subsequently complexed with DYNLL2. DYNLL2 and Ms

concentrations in the final solution of the complex were 1.5 mM and 2.0 mM, respectively.

Crystals were grown using the hanging drop vapor diffusion method at 293 K with a reservoir solution
of 1.8 M (NH,4)2SO,4, 0.02 M CoCl,, 0.1 M MES pH 6.5 and a 3.5 pl drop composed of 1 pl reservoir
solution and 2.5 pl protein solution. Crystals appeared within 2-3 days and reached a maximum size of
0.5 mm x 0.5 mm x 0.2 mm. The crystals were soaked in reservoir solution plus 20% glycerol for 1 min
and subsequently flash frozen in liquid nitrogen.Single-crystal X-ray data were collected at 100 K with an
ADSC Q315R CCD detector at ID29 of the ESRF (A=0.93 A). The oscillation range per image was 0.5°.
Data were indexed, integrated and scaled to a resolution of 1.85 A using XDS and XSCALE (36).
Completeness of the data was 99.72% after merging the low and high resolution datasets. Crystals
belonged to space group P6:22 with unit cell dimensions of a=b=45.2 A, ¢=204.0 A. Data statistics are

summarized in Table S1.

The structure was solved by molecular replacement using the program PHASER (37) of CCP4 6.1.2
Program Suite (38).The structure of the PDB entry 1CMI was used as search model. After rigid body and
restrained refinement with refmac5 (39), automated model building was carried out with Arp/wArp (40).
During the refinement, one cobalt (I1) ion and 134 water molecules were modeled. (The cobalt (I1) ion
was coordinated by four nitrogen atoms and one oxygen atom of DYNLL2. These nitrogens belong to
G.2, S.1, Ho residues, which are cloning artifacts.) The model was then systematically improved using
iterative cycles of manual rebuilding with the program Coot (41). The model building was completed

Wlth Rcryst = 193% and Rfree = 233%

Molecular dynamics calculations.The My peptide was used for the molecular dynamics (MD)

calculations. To gain information on the conformational dynamics, the peptide molecules were calculated

both in unbound and in protein-bound forms using the GROMACS MD software (42). The starting



geometry of DYNLL2homodimer and the core (Q.s-S3) region of the two identical peptides and water
molecules residing at the molecular surfaces were extracted from the crystallographic structure
determined in the present study. The missing, terminal regions of the peptide were modeled using the
TINKER program package (43) and some text editing settingto all-3 backbone conformation. In this way,
the terminal parts of the bound peptide were directed towards the bulk avoiding biased initial interactions
with the protein partner. The AMBERO3 (44) force field was applied along with neutralizing counter-ions
and numerous TIP3P explicit water molecules (45)filling 9 A spacing between the protein parts and the
simulation box edges. The systems were refined with steepest descent and BFGSmolecular mechanics
energy minimizations. The refined systems were subjected to 800-ns-MD simulations. A time step of 2 fs,
constant temperature of 300 K, and LINCS bond constraints were applied. Temperature coupling was
carried out using the v-rescale scheme. Long-range electrostatics was calculated using the particle-mesh
Ewald method, and a van der Waals cutoff of 9 A was used. Neighbor lists wereupdated every 10 fs. The
resulting trajectory files were analyzed with programs of the GROMACS package and the DSSP program

(46). Structural figures and movies were prepared using the PyMol program (47).

RESULTS

Selection of an extended DYNLL?2 binding region of the myo5a heavy chain. We analyzed
the sequence of myo5a by coiled-coil (COILS) (48), disorder (IUPred) (49, 50), and disordered binding
motif (ANCHOR) (51, 52) predicting algorithms. The tail region (V915-V1855) begins just after the last
IQ motif of the neck. As it was expected, COILS predicted three main coiled-coil regions in the tail: the
proximal (V915-V1105), the medial (D1151-A1234) and the distal (V1338-G1446 in isoform 1
containing exons B and D); 11313-G1419 in isoform 2 corresponding to the predominant brain-specific
splice form; 11313-G1471 in isoform 3 corresponding to the predominant melanocyte-specific splice

form) coiled-caoils.

The medial coiled-coil is disrupted by a proline residue (P1194; Figure 1). Similarly, two adjacent

prolines disrupt the distal coiled-coil (P1392, P1393 in isoform 1 and 3; P1365, P1366 in isoform 2).
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Interestingly, these disruptions are almost exactly in the center of their respective coiled-coil regions
(before and after the breaks there are ~40-40 and ~50-50 residues in the case of the medial and distal
coiled-coils, respectively). Moreover, coding sequences of the alternatively spliced exons D (in isoform 1
and 3) and F (in isoform 3) cause only negligible changes in the length of these coiled-coil segments:
exon D extends the C-terminal part of the non-coiled-coil region between the medial and distal coiled-
coils, while exon F introduces a new proline (P1423 in isoform 3) into the sequence, giving chance to the
formation of a new, ~30-residue-long non-coiled-coil region flanked by the two segments of the distal

coiled-coil.

Exon B encodes only three residues (DDK, 1284-1286) within the non-coiled-coil segment between
medial and distal coiled-coils. IUPred predicted both long and short disorder around this region.
Interestingly, while ANCHOR predicts binding sites within exon D and F, there is no binding site
predicted within this disordered region. Taking into account the result of these predictions we have
chosen the long disordered region between S1275 to E1297 as an extended DYNLL2 binding motif

(Figure 1) for further NMR experimental analysis (M peptide, numbered here as: S.14-Es).

NMR characterization of the extended DYNLL?2 binding motif of myo5a.

Resonance assignment. The 27-residue-long M, consists of mainly hydrophilic residues with a
small hydrophobic inner part (A.10l9) and a hydrophobic C-terminus (IsLsL7). Note that the N-terminal
four residues are from the expression vector.Confirming the IUPred analysis no tendency for ordering is
observed. Both *H and *H-">N HSQC spectra have low signal dispersion, most NMR resonances fall close
to the average random coil value, resulting in signal overlap for several residues, as seen on Figure 3A.
>N edited NOESY spectra showed only sequential connectivities, which is clear evidence for lack of
secondary structural elements under the given experimental conditions. Secondary chemical shifts (SCS)
were calculated using temperature and sequence corrected random coil chemical shift values (53, 54).
SCS data for ACa (Figure 2A), A(Ca-CP) and AHa (Supplementary material table), along the amino acid
sequence have values around zero, an indicator for disordered structure. On the other hand, in the D_s-T,4

segment an inherent helical preference is observed: AHa values are slightly negative and the
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corresponding ACa, ACa-Cp values are slightly positive. Compared to the values obtained for a real
helix, the helical tendency of this region is around 10% at 288K. However, this observation is valid for
the M segment, and can not be safely stated for the long intact protein. On the other hand an increase in

temperature causes higher mobility, this

Relaxation Parameters and Reduced Spectral Density Mapping Analysis. **N relaxation rates
(R1 and Rysee Supplementary material table) of the free M show an unsymmetrical bell-like profile with
a plateau decreasing towards the C-terminus. The N-terminus is highly mobile since corresponding peaks
are below detection limit.The R,/R; ratio along the sequence falls in the 1.0-1.4 region (Figure 2B)
indicating that the >N relaxation is mostly dominated by higher frequency motions. Heteronuclear NOE
values are more negative towards both N- and C-termini, showing a variation between —0.90 and —0.03,
in accordance with fast motions and high flexibility. Higher NOE enhancements are obtained for the
D4-T; region and the highest value at lg indicating that slower motions characterize these

residues(Figure 2C).

Our results suggest that the relaxation of the 1.o-T_; region is not influenced, or it is the least influenced
by the segmental motions of the backbone atoms (ps-ns scale). On the basis of these relaxation parameters
the reduced spectral density mapping analysis allows a more direct evaluation of the relative degree of
motion at oy, 0.87wy and zero frequencies (mp=vo2m). Restricted motions towards the ps time scale are
indicated by larger J(0) values, as observed for the K-N_; region with local maximum at N.,, while all
other residues fall in the vicinity of the single motion limit curve (Figure 2D), indicating higher backbone
flexibility. The overall conclusion of the NMR relaxation data is that free My is rather flexible and has a
quite unstructured backbone, however, a weak, but noticeable helical tendency is detected in the central
region accommodating the core recognition motif D_4-T;1. We cannot directly extend this conclusion to the
full length myosin 5a heavy chain, however, these results suggest that the connecting region between the
medial and distal coiled-coil domain is mostly unstructured with some propensity to fold into an a-helix

around D_4-T;.
Complex formation of the extended myoba peptide with DYNLL?2
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Chemical shift mapping.Successive addition of unlabeled DYNLL2 to the *3C,°N-labeled myo5a
fragment results in the formation of a 2:2 complex (consisting of 232 residues in total). A molecule of
such size tumbles slower in solution than does the M partner, and as a consequence it will present
broader peaks in the spectra. Figure 3A shows the overlay of *H-">N HSQC spectra obtained at 288 K for
the free and DYNLL2 bound M. As this complex formation is slow on the NMR time scale, two sets of
peaks appear, the narrow set belongs to the free, while the broad ones to the complexed M. The M.
peaks decrease in intensity while those of the complex increase. Several peaks undergo very large
chemical shift variations; therefore, assignment for the DYNLL2-M, complex peaks had to be obtained
separately from triple-resonance measurements. Regions Kg-K.3 and Mo-T; show the largest shifts
(Figure 3B). *H-3C CT HSQC measurements (Figure S1) reveal the disappearance of Ca, Cp and Cy
carbons in the Q.g-T; region, and decreasing intensities are observed for the 1. environment and the D,-L;
region, while intensities of the G.1g-A.1o and Eg residues remain unchanged. On the other hand, calculated
SCS values for Ca(Figure 2A) and Ca-CB(Supplementary material table) are highly negative for the
K.-T1 region indicating a B-sheet formation upon complexation. This concludes, that the K.s-T1 region is
the primary bindingsite. In parallel, the intrinsic helicity characteristic of the free peptide transforms into

a pronounced secondary structural element, adopting a (3-sheet structure when binding to DYNLLZ2.

Saturation transfer difference (STD) measurements. Ligand-detected STD experiments are one
of the most powerful methods in determining binding sites on the ligand, with best performance for Kq4
values in the uM to mM range (55). Note that the K4 of M| to DYNLL2 was measured to be ~9 uM (18).
As DYNLL?2 is a well folded protein, the region of choice for selective irradiation corresponds to the
strongly shifted methyl resonances situated between —1 and -2 ppm. While the M_ fragment has no
tryptophan residue, DYNLL2 possesses one, enabling selective saturation at around the indole
environment at 10 ppm. Performing both the conventional *H STD and the group-selective STD
experimentsweak STD signals were obtained. However, due to severe signal overlap in the obtained 1D
STD spectra no unequivocal assignment could be assessed for the bound residues. Using **C,**N-labeled

M., the initial'H STD experiment could be appended with 2D N HSQC or 2D ¥C CT-HSQC
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sequences. As shown on Figure 4A STD effects were detected for the Q.s, L, Eg residues and at a lower
extent for the L; backbone NH. The **C STD-(CT)-HSQC was proved to be more informative (Figure
4B), highlighting several affected methyl groups: the overlapping Cy2s for 1.¢/ls; the overlapping Cs1 and
Co2 for Lg/L7; the overlapping Cy2s for T.1/T1/T4; CPB resonances for A_io; Ce for M.35; CB environments
of H.;6 (M.15 and H.;¢ are derived from the expression vector) and K., Cys for E_;; and Eg, and Ca for Lg
and L;. Thus, STD results highlight the M -DYNLL2 interaction at a residue specific manner. Especially
the hydrophobic contacts were revealed covering the T4-Eg and E.j3-1.9 Segments, and some additional
residues (T3, T-1, Ki). The binding seems tighter at the C-terminus of M, and the role of the side-chains

in complex formation will be discussed below.

Crystal structure of DYNLL in complex with the binding motif of myosin 5a. The inherent
flexibility of the N- and C-terminal ends of the M_hindered crystallization of the DYNLL2-M_ complex.
However, removal of several residues from both termini resulted in the shorter Mg peptide (Figure 1) that
proved to be suitable for crystallization and the structure of the DYNLL2-Ms complexcould be solved at

1.85 A resolution.

The overall conformation of DYNLLZ2 in the complex highly resembles those found in other complex
structures of this family (1CMI (5); 3DVP (56); 3E2B, 2P2T (57); 2PG1(58); 3FM7, 3GLW (59); 3P8M,
2XQQ (9)). One Ms peptide is bound to each binding groove of the DYNLL2 (Figure 5A). The walls of
the grooves are defined mainly by side chains of aromatic residues (F62, Y65, H68, F73, Y75 and Y77).
At the bottom of the grooves six hydrogen bonds (Ms-D.5(CO) to DYNLL-H68(NH), Ms-K_3(NH) to
V66(CO), Ms-K_3(CO) to V66(NH), Ms-T.1(NH) to S64(CO), Ms-T.1(CO) to S64(NH), Ms-T1(NH) to
F62(CO)) connect the backbone atoms of Ms with the edge of the outer B-strands of DYNLLZ2, thereby
extending the B-sandwich core by a new antiparallel B-strand (Figure 5B). The core binding motif begins
with three residues corresponding to exon B (D.sD-4K_3). The side chains of these residues make extensive
contacts with DYNLLZ2: the carboxyl group of D.s forms a hydrogen bond with the hydroxyl group of

T70, the carboxyl group of D.4 forms hydrogen bonds simultaneously with the hydroxyl groups of T67
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and Y65 and the methylene groups of K_3 have hydrophobic contacts with the aromatic ring of F73, while

the amino group at the end of this side chain forms a hydrogen bond with N°* of H68 (Figure 5C).

We havepreviously shown that the myo5a splice variant lacking exon B does not bind to
DYNLL2(16). If Ds, D4 and K_3 were missing from Ms, they would be replaced in the complex by Q_g,
P_; and K., respectively. As the exchange of K_3 to another Lys would not cause any difference, the other
two positions must be responsible for the dramatic affinity reduction. As stated above, D.s forms one
hydrogen bond with T70. GIn has a somewhat longer and more flexible side chain compared to Asp.
Because both D_s and T70 are located at the surface of the complex, it seems to be very likely that Gin
could also make a similar hydrogen bond at this position without making significant strains in the
structure due to the longer side chain. However, the exchange of D.4 to a Pro would make it impossible to
form two hydrogen bonds (with the hydroxyl groups of T67 and Y65) and probably would force the N-
terminal end of the peptide (Q.gs in this case) to a conformation where the backbone hydrogen bond at the
preceding position (between Q.g and H68) could not form either. The loss of these hydrogen bonds and
the possible shortening of the B-strand explain why exon B is necessary for binding of myo5a to

DYNLL2.

In addition to the three residues corresponding to exon B, five more (N_z, T.1, Mg, T1, D>) residues of
Ms make direct contacts with DYNLL2 (Figure 5). The side chain of N.; is within hydrogen bonding
distance to two backbone carbonyl groups of DYNLL (K36 and S64) and to the amino group at the side
chain of K36. As it was expected (16), the central TQT motif of the canonical sequences is replaced with
the T.1Mo T, motif at equivalent position. The hydroxyl group of the side chain of T.; plays a special role
in the complex; forms a hydrogen bond both with the hydroxyl group of S64 and with a water molecule
deeply wedged between the peptide and DYNLL2. This water molecule is also within hydrogen bonding

distance to a hydroxyl group (Y75) and a carbonyl oxygen (F62) of DYNLL2 (Figure 5D).

The non-canonical My residue adopts a conformation very similar to the conformation of the typical
Qo, and it is able to participate in similar interactions at the surface of DYNLL2(see Discussion). The

antiparallel B-strand conformation of the peptide ends at T;, because there is a hydrogen bond between
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the backbone nitrogen atom of F62 and the hydroxyl group of the side chain of Ty, instead of the carbonyl
oxygen of Ty(Figure 5B and 5D). At this point the peptide turns outwards from the binding groove.
Interestingly, neither M(CO) nor D,(NH) involved in the B-sheet formation, but make hydrogen bonds
with the hydroxyl groups of Y75 and Y77, respectively. These hydrogen bonds help to hold the planes of
the respective peptide bonds in a “rotated” position, resulting in the side chain of T; to turn towards the
bottom of the binding groove to break the hydrogen bonding network of the antiparallel -strand, and
leading the peptide out from the binding groove. This conformation is further stabilized by a salt bridge

between D, and K9 (Figure 5D).

The most remarkable feature of the complex is the N-terminus of Mg (Q.s, P7 and K). Although the
quality of the electron density map was poor in this region, this short stretch of residues could be
identified in the structure in an unexpected position. The peptide backbone makes a B-turn-like structure
(hydrogen bond between the carbonyl oxygen of P_; and the NH of D), and the N-terminus of Mg folds
back towards the core binding motif, making several favorable interactions with residues corresponding
to exon B. The most important interactions stabilizing this conformation are two additional hydrogen
bonds, one between the carbonyl oxygen of K and the NH of K_;, and another between the carbonyl
oxygen of D4 and the side chain amide nitrogen of Q.g(Figure SD). Although the weak electron density
and high B factors of the atomic model indicate that the positions of these residues are not well-defined,
this conformation is unique among DYNLL-partner complexes and may also have some biological
significance. Atomic details of this “backfolding” of myo5a heavy chain peptide were further investigated

by MD simulations.

Molecular dynamics simulation of the myo5a peptide in free form and in complex with
DYNLLZ2. To complement the results obtained by NMR spectroscopy and X-ray crystallography MD
simulations were completed both with free M and DYNLL2-M_ complex. These simulations provided
more information about the behavior of DYNLL binding motif especially about the N- and C-terminal
extensions, because the quality of the electron density map was poor at the N-terminus of the Msin the

crystal complex, and any attempts to crystallize DYNLL2 with M were unsuccessful. MD is also the best
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suited method to study the role of water molecules mediating the interaction between myo5a and

DYNLL2.

During MD, the unbound M quickly lost its bound (partially B-sheet) geometry observed in the crystal
structure and used as an initial structure for the calculation. After the first 250 ns of the MD simulation, a
bend—turn—a-helix conformational transition of the D_4-T; sequence was observed. After 350 ns, the a-
helical secondary structure is stabilized for the terminal 450 ns of the trajectory (Figure6 and
Movie S1). Remarkably, the stabilization of the o-helical structure for the D.4-T; core region is in
accordance with our NMR spectroscopic analysis, namely, that this region has a propensity to fold into an

a-helix.

As mentioned above the D_4-T; region of the peptide is in an antiparallel B-sheet arrangement in the
crystal structure of the DYNLL2-Ms complex. The MD calculation of the complex also confirms this
finding and emphasizes that the B-sheet is especially stable at the N_,-Mgcore residues, where both copies
of the peptide remained tightly H-bound during the entire simulation time (Figure 6 and Figure S3). For
the second copy (chain D) this region extends to the entire P.7-Mg region whereas for the first copy (chain
B) the appearance of the native-like unbound secondary structure can be observed at the P.;-N_, region .
However, this reduction of the antiparallel B-region does not lead to the dissociation of the peptide.The
N- and C-terminal parts of the bound peptide do not remain in the extended all-B conformation set as
initial conformation (see Methods). Both termini quickly bend over the neighboring parts of the protein
(Movie S2) and occasionally adopt helical and B-turn conformations during the MD calculations (Figure

6 and Figure S3).

DISCUSSION

The unstructured DYNLL2 binding motif of myosin 5a shows a weak helical tendency
and folds into a B-sheet upon interaction with DYNLLZ2. In solution the free M, shows a very

dynamic and highly unstructured nature with a tendency to adopt helices (cca. 10% helicity detected)as
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proved both by NMR spectroscopy and MD simulations. Measured relaxation rates are in the average
range for the whole molecule, showing local minima in the hydrophobic core at the I.¢ residue both for R,
and Ry.1t is known that R; average relaxation rates for disordered proteins do not vary dramatically if
measured at the same field strength. For the 27-residue long M. peptide this value is R;* = 3.03 + 0.54 s
at 280K. It was expected that the K¢-D, region,includingthe exon B coded residues and the core motif,
should be responsible for binding to DYNLL2. In free M, heteronuclear NOE values show the most
positive values in the 1o-T4 region in accordance with increased structural propensity that coincides
perfectly with the indicated inherent helical tendency of the K-T, region indicated by H* SCS data. The
spectral density function at zero frequency reveals regions with restricted motions on the sub-nanosecond
time scale for residues that bear a larger than average J(0) value. In this respect,the Kg¢-K.3 segment

fulfills this criterion, and again it is in full agreement with the inherent helicity of this region.

IDPs and IDP segments have the tendency of showing mostly inherent helical regions (60-62) and the
corresponding segments often bear important functional characteristics or contain the binding motifs to
partner proteins. A consequence of interaction with the binding partner is the folding of the
unstructured region, and formation of all major secondary structure types (helix, sheet, coil) is
possible. There are proteins, likethe disordered C-terminal domain of the p53 hub protein, which
(depending on the binding partner) can fold into all three secondary structure types (63). The disorder-
to-order transition of the M, upon binding to DYNLL2 results in the formation of a B-sheet. Proof is
obtained from calculated SCS data for both C* and (C*-C) resonances: the pronounced negative SCS
values in the Kg-Mg region indicate the presence of a B-sheet. On the other hand, chemical shift
mapping results show that the K.-T; segment is the main binding site. All our results emphasize that
working with a relatively short peptide accommodating the binding sequence it is possible to gather
information about the resulting secondary structure of the folded/complexed state (this one being the

first example for the LC8 protein family).

Benison et al. conducted an NMR study of complex formation between the N-terminal domain of the
dynein intermediate chain (1C84-143) and Drosophila LC8 (64, 65). The 1C84-143 segment contains the

highly conserved ‘TQT box’ and binding to LC8 caused broadening below detection limit of the peaks
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belonging to the residues involved in binding; a similar broadening effect that was observed for M, while
the peaks of the residues outside the binding sequence remained unperturbed and maintained the disorder
state outside the binding region. On the contrary here we show not only the partial folding of the unbound
M., but also the structural transition into a p-sheet upon interaction with DYNLL2, an example of
structural plasticity in a short linear motif (Figure 7).Previously we have shown by kinetic studies that
the binding of DYNLL isoforms to their various partners can be best described by a conformational
selection model (/8). The region of the free myo5a peptide contains an inherent a-helix that should be in
the unfolded state in order to fit into the binding groove of DYNLLZ2; this finding is consistent with a

conformational selection mechanism for the formation of DYNLL complexes.

The non-canonical recognition motif of myoSa binds into the binding groove of DYNLL?2
as other known binding partners. All partners (including the non-canonical myo5a and Pak1) bind to
DYNLL by extending one of the B-sheets in the B-sandwich core of DYNLL by a new, antiparallel strand.
Side chains of adjacent residues in an antiparallel B-strand point into alternating directions (Figure 8A).
This arrangement minimizes the possible side chain to side chain contacts in the motif, and maximizes the
independence of the individual positions. The surface of DYNLL provides different binding pockets for
each position. Close examination of the binding groove reveals that side chains at positions 1, 0, -1 and -3
accomodate into the best defined, deep pockets of DYNLL. Residues in other positions face towards the
solvent and/or acomodate into a more permissive, shallow pocket, therby have less interaction with
DYNLL. These observations are in good agreement with the results of phage display experiments (9) as
well as with in silico analysis of the contribution of key residues and their context to the global binding

energy(66).

The backbone of bound polypeptides in all structures occupy almost the same position within the
groove of DYNLL (Figure (8B). This mainly results from the antiparallel -sheet conformation. The
hydrogen bonding network necessary for antiparallel B-sheet formation usually starts at position —6 and
ends at position 1 (Figure (8B). The DYNLL1-nNOS complex (1CMI) is an exception where the B-sheet

extends to the NH group at position 3 (Figure 8C). All DYNLL recognition motifs, except in nNOS and
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Pakl, have a Thr at position 1 (T1). As we have already discussed, the hydroxyl group of T; of myob5a
makes a hydrogen bond with the backbone NH group of F62. For this interaction the side chain of T;
must turn downwards to the bottom of the groove. The Val innNOS (V1) in the same position is unable to
form hydrogen bonds with the backbone of DYNLLZ; that is why the side chain of V; turns outwards and
forces Y75 and Y77 of DYNLL1 to a distorted position (Figure 8C), preventing thus the interaction.
These changes caused by V; propagate along the backbone of DYNLL, forcing the entire binding groove
to a more open conformation (4). The width of the binding groove (defined as the distance between 63C
to 9C o-carbon atoms of DYNLL (4)) is 12.3 A, 13.4 A and 14.2 A, in the case of free DYNLL, LC8-
Swallow complex (another “T;“-type ligand) and DYNLL1-nNOS complex, respectively (4). This
distance is 13.2 A in the case of DYNLL2-myo5a and DYNLL2-EML3 complexes (9), and indeed both
the peptide backbones and the T;side chains of these ligands superimpose very well as shown in Figure

8D.

Position 0 is the most conserved among the binding motifs. Except myo5a and Pak1, all partners have
a GIn in this position. The side-chain of Qo caps one of the a-helices of DYNLL by making a hydrogen
bond with the backbone NH group of K36 (Figure 8E). Both side chain and main chain atoms of K36,
E35, and 134 participate in the formation of the well-defined pocket accommodating Qo. The volume of
the pocket would allow only residues that are equal in size or smaller than a Gln in this position. The
chemical features of the pocket clearly explain why Glu and Asp, holding a net negative charge are not
allowed in this position (would cause an electrostatic repulsion). On the other hand, small and medium
sized, uncharged, polar (e.g. Asn) or hydrophobic (e.g. Leu) residues are not preferred either in this
position due to the loss of two important intermolecular hydrogen bonds. Such stability loss is somewhat
compensated by Sy in Pakl by forming a side chain H-bond with the amino-group of K36. However, My
in myoba, fits almost perfectly into the binding pocket and its side chain accommodates the same position
as does Qoin other partners (Figure 8E). Although the sulfur atom can form a weak H-bond with the
backbone NH of K36, this residue is clearly suboptimal at this position of the groove. Weaker binding is
evidenced by smaller Ky values: for TQT motifs (e.g.in Bmf) 1 uM, while for the TMT motif in myo5a
the affinity is weaker (9 uM)(18).
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Thr and lle are the most common residues in position —1 of the motifs (9). They are all accommodated
into the deepest pocket formed by Y75, F73, F62, L84 and S64 residues of the binding groove (Figure
8F). Interestingly, all crystal structures with bound peptides having a Thr in this position reveal the same
interaction pattern including the deeply wedged water molecule and the hydrogen bond network
connecting DYNLL and T_; via this water (Figure 5D). This is in good agreement with our conclusions
based on the crystal structure of DYNLL2-Ms complex and with the results of MD simulations presented
here. The contacts of the T_; side chain were detected also by STD NMR experiments. Binding of the
bulkier side chain of I_; in other structures seems to restrict any water molecule to remain in this pocket,
most probably by simply limiting the space available for the water. Loss of the hydrogen bond network
provided by this water is probably compensated by the favorable entropic effect related to the burial of
more hydrophobic surfaces. This is in good agreement with our previous results showing that the entropic

contribution is the highest in the case of the NNOS peptide compared to other partners (18).

Position —2 shows no obvious amino acid preference. However, in vitro evolution showed some
preference for the bulky, aromatic side chain of Trp in this position (9). Based on our structural
comparison, the binding pocket seems to be shallow and relatively permissive here. Side chains in this
position face mostly towards the solvent and make only a few contacts with DYNLL. Myo5a seems to be
a special case according to the importance of position —2. As shown above, the side-chain of N_; is within
hydrogen bonding distance with the backbone carbonyl groups of K36 and S64 residues of DYNLL.
Moreover, the carbonyl oxygen of N_, makes a hydrogen bond with the amino group of K36 (Figure 5D).
As My of myoba is suboptimal residue one would expect a compensatory mechanism with positive
contribution to the binding strength at another site. The observed interactions of N_, may represent this

expected mechanism.

DYNLL?2 binding and folding of the myosin Sa tail. Cargo binding of myo5a has been
shown to be regulated by proteolysis, phosphorylationand Ca**-binding (67). At low levels of Ca*” and in
the absence of cargos the motor adopts a closed, triangle-like conformation. In the inactive conformation

the heads fold back and directly interact with the globular tail domains (GTD) (67). However, if all the
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coiled-coil domains and the inter-coiled-coil regions were in an extended conformation, the length of the
neck domains would not allow the heads to reach the GTDs. Indeed, the GTDs were shown to interact
with the C-terminal part of the proximal coiled-coil region, and this interaction was proved to be
necessary for the binding of the heads in the inactive conformation (68). It is obvious that the direction of
the myosin 5a heavy chains must be totally reversed in this conformation to allow the GTDs to reach the
proximal coiled-coil. The tail reversal most likely occurs in a non-coiled-coil region harboring the binding
motif of DYNLL2 flanked by the medial and distal coiled-coils. Theoretically, the GTDs can fold back in
a symmetric or in an asymmetric fashion. Detailed analysis of pictures obtained by electron microscopy
indicates that the rotational symmetry of the dimeric myosin molecule is not preserved in the inactive
conformation (69). This strongly supports the second model. If we suppose thatthe medial and distal
coiled-coils remain intact and they are roughly equal in length, than the inter-coiled-coil region with the
DYNLL2 binding site seems to be the only probable “breakpoint” in the inactive conformation in the
myoSa tail (Figure 9). The resulting asymmetry must influence the conformation of the whole myo5a
molecule (at least in the inactive state), because each GTD is oriented differently relative to the proximal

coiled-coil.

In this work we have shown by X-ray crystallography, NMR spectroscopy and MD simulations that
the unstructured fragment of myoSa tail corresponding to the DYNLL2 binding site and flanking
sequences tends to fold upon the binding of the tail light chain. As it was revealed by our crystal
structure, the N-terminal extension (Q.s-P.7-K ¢) tends to fold back and interact with the free f-edge of the
bound sequence itself. STD NMR measurements and MD simulations also showed this tendency. These
findings are in good agreement with our theoretical considerations: not only the position relative to the
medial and distal coiled-coils, but also the inherent malleability of the unstructured DYNLL2 binding site
makes this sequence to the most probable site of chain reversal in the myo5a tail (Figure 9)and binding of
DYNLL?2 might be important role in stabilizing the reversed conformation. Nevertheless, one should keep
in mind that the tail light chain could be involved in the regulation only of the myosin 5a isoforms that
contain the exon B coded sequence, e.g. in the neuronal-specific isoform. To our knowledge there was

only one report addressing the role of the tail light chain in regulation of myo5a (70). The authors
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concluded that binding of DYNLL2 is apparently not required for adopting the inhibitory folded
conformation of the motor protein. However, we noted that a full-length myo5a heavy chain clone lacking
exon B was used in those experiments therefore the recombinant protein could not bind the tail light
chain. In light of our results it would worth reexamining the role of DYNLL?2 in regulation of this myosin

motor.

The function of the C-terminal extension (D,-Eg) seems to be much simpler. Our STD measurements
and MD simulations showed that this sequence not only interacts with the side of the canonical binding
groove (side of the dimer interface) but also weakly dimerize. Hydrophobic contacts and backbone
hydrogen bonds in the region of Is-Le-L; play key role in the dimerization tendency (Movie S1). These
results suggest that DYNLL?2 can promote the stabilizationof the N-terminal part of the distal coiled-coil
by holding the heavy chains of the full-length myosin in close proximity (especially in isoforms where
exon D is not present). Such “molecular glue” stabilization function of DYNLL has been previously

shown in the case of myoSa (/6) and other binding partners (71, 72).

Interestingly, myo5a heavy chain has two known ubiquitination sites within the N-terminal extension
of the DNYLL binding region (K, K_i;) (found in the PhosphoSite database,(73)). Ubiquitination is an
important post-translational modification regulating degradation, cellular localization and interactions of
many proteins (74). The unstructured and flexible DYNLL2 binding site may be easily accessible for
ubiquitin ligases. On one hand, binding of DYNLL?2 promotes the folding of this region, and the resulting
stability (decreased flexibility) may affect the activity of ubiquitin ligases on residues K. and K_j;. On the
other hand, ubiquitination may also influence DYNLL binding and/or the conformation of this region.
Consequently, both DYNLL binding and also ubiquitination could have important roles in the regulation

of myo5a.

CONCLUSION

In this work we found that the DYNLL recognition motif of the myosin 5a motor protein, despite
deviations from the consensus motif, accommodates into the same binding groove of this eukaryotic hub
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protein as do all its other partners. Moreover the binding motif is extended towards both termini
compared to the core consensus sequence. The binding motif of the “tail light chain” (DYNLL2) of
myosin 5a is embedded in an intrinsically disordered segment of the tail, between the medial and distal
coiled coil domains. Interestingly, the DYNLL recognition segment has a nascent helical tendency in the
free form and undergoes an a-helix to B-chain transition (apparently via a random coil state) upon
complex formation, i.e. it is a sequence within the myosin 5a tail that shows high malleability, a general
feature of linear motifs and molecular recognition elements in IDPs (75). Finally, we suggest that the
bound DYNLL could be involved in the stabilization of the folded off state of myosin 5a isoforms (e.g. in

brain cells) that contain the exon B coded sequence.
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FIGURE LEGENDS:

Figure 1: Bar representation of human myosin 5a (UniProt: Q9Y411-3).The schematic view depicts
the N-terminal motor domain (red, residues: 1-765), the neck domain (residues: 766-914) with six
individual 1Q motifs (yellow and green), the tail domain (residues: 915-1880). The latter is divided into
five putative coiled-coil (“CC”; orange) sequences (residues: Proximal: 915-1105, Mediall: 1151-1193,
Medial2: 1195-1234, Distall: 1338-1391, Distal2: 1427-1471) interrupted by non-coiled-coil regions
(gray; residues: 1106-1150; 1235-1338; 1392-1426) and ends in the C-terminal globular tail domain
(blue; residues: 1472-1880). The region of the medial and distal CCs (enlarged) is subjected to alternative
splicing. Three short exons (referred to as exon “B”, “D”, and “F”; residues: 1284-1286, 1321-1347 and
1414-1438, respectively) are expressed alternatively in different isoforms of myosin 5a; the predominant
brain-specific isoform contains exon B, while the melanocyte-specific contains isoform exons D and F.
Prolines interrupting the medial and distal coiled-coils are also shown (black). Myosin 5a tail sequences
used in this work (referred here as M| and Ms) are also depicted. Numbering of residues is according to
UniProt entry Q9Y411-3 and is shown between M and Ms (orange numbers). Subscripts of the residues
refer to the consensus position of the DYNLL binding motifs. Note that four residues at the N-terminus of

My (gshm) are cloning artefacts.

Figure 2:NMR characterization of the extended DYNLL2 binding peptide (M_) of myo5a. (A)
Secondary chemical shiftvalues for Ca along the amino acid sequence for free (black) and DYNLL2-
bound My (gray). (B) Variation of the R,/R; ratio and (C)of the heteronuclear NOE enhancement along

the M amino acid sequence. (D) J(wn) variation with J(0) forMresidues.

Figure 3: Chemical shift mapping of complex formation of the M_ peptide with DYNLL2.

(A)Overlap of the 700 MHz *H-'"N HSQC spectra for the free (black) and DYNLL2 bound (red) M, at
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288 K. (B) Combined chemical shift changes (ppm) along the sequence, missing values are due to spectra

overlap, or peaks broadened below baseline.

Figure 4:STD-HSQC measurements.(A) Overlap of the 500 MHz H-">N HSQC (black) and STD-
HSQC (red) spectra at 290 K (protein irradiation at 5500 Hz). (B) Overlap of the 500 MHz *H-'*C CT-
HSQC (black for CH, CHj3, blue for CH,) and STD-(CT)-HSQC (green for CH, CHj3, red for CH,) spectra

at 290 K (protein irradiation at -400 Hz).

Figure 5:Structure of the DYNLL2-Ms complex at 1.8 A resolution. (A) Binding groove with Mg
peptide (DYNLL2: gray, myo5a: green) (B) B-sheet formation (main chain H-bonds: yellow, side chain
H-bonds: black) (C): Interactions of Q.s-K3: K3, D4 and D.s (corresponding to exon B) are involved in
multiple interactions with DYNLL2. Three residues (Ks, P.7 and Q.g) turn back toward the binding
groove and make multiple interactions with residues K.3-D.s. These interactions block the potential
hydrogen-bond donor and acceptor groups of the peptide backbone around the -4™ position. (cross-eye
stereo) (D) Interactions of N,-D,: Helix-capping by My; One water molecule (directly beneath My; shown
here asred sphere) forming hydrogen bonds simultaneously with the peptide and DYNLL2 can be found

in the majority of other known crystal structures (cross-eye stereo)

Figure 6:Time-evolution of the secondary structure of Mypeptide in free state (A) and bound to
DYNLL2 (B and C). The partially B-sheet (DYNLL2-bound) backbone conformation of the Mg crystal
structure was used as a starting (t = 0 ns) geometry for all molecular dynamics calculations. The -sheet
quickly disappeared in free solution (A) and it is practically not visible in this plot. In the DYNLL2-
bound forms the B-sheet remained stable for short (B: chain B) and large (C: chain D) sections of My,

respectively.

Figure 7: Conformational transition of the M, peptide between the free and the DYNLL-bound
form. A large structural transition of M, (green) could be observed upon complex formation to DYNLL2
(grey) by MD simulation. The transient a-helix of unbound M, disappeared and a 3-strand was
developed in both chain B (green) and chain D (red) copies of the peptide. The N-terminal end of the
peptide was found to be in a bend/turn region with high curvature (see also Figure 6 for a detailed per-
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residue analysis of the secondary structures of both chains). In the case of chain B, the N-terminal end of
the peptide bent over the C-terminal region. Only one M chain is shown in the free form. The C-terminal

ends of the peptides in the complex tend to interact via hydrophobic residues.

Figure 8: Structural comparison of the DYNLL2-Ms complex with other known DNYLL-peptide
complexes.(A) Individual binding pockets of DYNLL (positions are numbered according to the arbitrary
numbering of residues within bound motifs). All known crystal structures (3P8M, 2XQQ, 2P2T, 3ZKE,
1CMI, 4DS1, 4HT6, 3DVP, 3E2B) were superimposed. Binding motifs are represented by sticks. For
simplicity, only the surface of the DYNLL2-Ms complex is shown. (B) Backbones of the bound peptide
motifs within the groove of DYNLL show very similar conformation. Surface of the two subunits of
DYNLLZ2 is blue and white. Note that uniquely among the binding motifs the backbone conformation of
Ms (green) at position =5 folds back on itself. (C) Binding pocket 1 for Ms (T4, green) and for nNOS (V1,
orange, 1CMI) is compared. The side chain of T, turns downwards and forms a hydrogen-bond with the
backbone of DYNLL2. The side chain of Viin nNOS protrudes bellow the rings of Y77 and Y75, thereby
forces the whole binding groove to open more widely (indicated by orange arrows). (D) Binding pocket 1
for Mg (T1, green) and for EML3 (Ty, cyan) is compared (2XQQ). Conformation of both the peptide
ligands and DYNLLZ2 are highly similar. (E) The Met (Mp) in Ms (green) and the conserved GIn (Qp) in
EML3 (cyan) adopt similar conformation in the binding pocket of position0. GIn is involved in capping
of helix2 (at the backbone NH group of K36) and also forms a hydrogen bond with the side chain of E38
(white and cyan in the DYNLL2-M; and DYNLL2-EML3 complex, respectively). The sulfur atom of Met
can only form a weak interaction with the backbone NH group of K36. The hydrogen bond to the side
chain of E38 is missing in this case. (F) Binding pocket —1 for Ms (T.1, green) with a water mediated
interaction and for NUP159 (I.;, magenta) is compared (4DS1). lle is too bulky to allow the incorporation

of a water.

Figure 9: Hypothetical model of the asymmetric folding of myosin 5a. Structure of the DYNLL2-M_

complex determined in this work is shown above the medial and distal coiled coils of the tail region

26



(DYNLLZ2: surface, green; M_: cartoon, orange). Blue arrows represent the movement of the motor

domains required for the formation of the off-state, where the heads directly interact with the GTDs.
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Figure 3

8.8 8.6 8.4 8.2 8.0 78
", ,l‘]
T
1161 :
T{ 1 116
118 S D, H18
k 3 \ 2 1\[0 D S T1
£ 1204 r120
Q
& 9
P
w0 ”
= K,
= 122 L122
=1
I
124 = 0 F124
L,
126 L
0, . 126
D W
E,
oL,
128 H128
8.8 8.6 8.4 8.2 8.0 7.8

30

0.7 5
0.6 -
0.5

0.4

ppm

< 0.3+

0.2+

0.1+

0.0 <

gshmSQKEAITQPKDDKNTMTDSTILLE



Figure 4
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Figure 5
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Figure 6.
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Figure 9.
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