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ABSTRACT: The myosin Va light chain DYNLL2 has been proposed to function as an adaptor to link the
myosin to certain cargo. Here, we mapped the binding site for DYNLL2 within the myosin Va heavy
chain. Copurification and pull-down experiments showed that the heavy chain contains a single DYNLL2
binding site and that this site resides within a discontinuity in the myosin’s central coiled-coil domain.
Importantly, exon B, an alternatively spliced, three-amino acid exon, is a part of this binding site, and we
show in the context of full-length myosin Va that this exon is required for DYNLL2-myosin Va interaction.
We investigated the effect of DYNLL2 binding on the structure of a myosin Va heavy chain fragment
that contains the DYNLL2 binding site and flanking sequence, only parts of which are strongly predicted
to form a coiled coil. Circular dichroism measurements revealed a DYNLL2-induced change in the
secondary structure of this dimeric myosin fragment that is consistent with an increase inR-helical coiled-
coil content. Moreover, the binding of DYNLL2 considerably stabilizes this heavy chain fragment against
thermal denaturation. Analytical ultracentrifugation yielded an apparent association constant of∼3 × 106

M-1 for the interaction of DYNLL2 with the dimeric myosin fragment. Together, these data show that
alternative splicing of the myosin Va heavy chain controls DYNLL2-myosin Va interaction and that
DYNLL2 binding alters the structure of a portion of the myosin’s coiled-coil domain. These results suggest
that exon B could have a significant impact on the conformation and regulatory folding of native myosin
Va, as well as on its interaction with certain cargos.

Mouse myosin Va is an actin-based motor protein that is
capable of walking processively along actin filaments and
that functions in the transport of membrane-bound organelles
(1-3). The myosin consists of two identical heavy chains
and as many as 12 calmodulin light chains (although
polypeptides resembling conventional myosin light chains
may substitute for some of the calmodulins in certain myosin
V homologues). The N-terminal approximately half of the
myosin Va heavy chain is composed of a motor domain
followed by six IQ motifs that serve as the binding sites for
calmodulin or related light chains. The remainder of the
heavy chain consists of a centralR-helical coiled-coil stalk
domain that mediates heavy chain dimerization followed by
a C-terminal globular tail domain that has been implicated
in cargo attachment (1, 4). Alternative splicing of three exons
(exons B, D, and F), all of which are inserted at sites in the
central stalk domain where the coiled-coil structure is
predicted to be disrupted (5), conveys at least in part cell
type-specific functions on myosin Va. For example, the

myosin Va isoform responsible for melanosome transport
in melanocytes, which contains exons D and F but lacks exon
B, requires exon F for its interaction with melanosomes (6).
Interestingly, the myosin Va isoform that is widely expressed
in brain lacks exons D and F but contains exon B (5). The
specific function of exon B, which consists of only three
amino acid residues (DDK), is unknown.

Unlike other myosins characterized to date, myosin Va
purified from chicken and mouse brain also contains an∼10
kDa protein of the dynein light chain LC8 (DYNLL)1 family
(7-9). As the name implies, DYNLL proteins were origi-
nally identified as light chains for the microtubule-based
motor protein dynein (7, 10-12). DYNLL proteins have been
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highly conserved throughout evolution (>94% sequence
identity betweenDrosophila melanogasterand mammalian
orthologs) (13). Mammals express two closely related
isoforms: DYNLL1 (formerly called dynein LC8a, DLC1,
or PIN) and DYNLL2 (formerly called dynein LC8b or
DLC2), which is 93% identical to DYNLL1 (12-16).
Microsequencing of the DYNLL isoform that is copurified
with chicken brain myosin Va (8), analyses of myosin Va
purified from mouse spleen and chicken brain using a
DYNLL1-specific antibody (17), and analysis of myosin Va
purified from cells overexpressing tagged versions of DYN-
LL1 and DYNLL2 (18) all argue that only DYNLL2 acts as
a light chain for myosin Va, although both DYNLL isoforms
interact with myosin Va tail fragments robustly in yeast two-
hybrid assays and myosin Va binds equally well to recom-
binant DYNLL1 and DYNLL2 (16).

Numerous targets for DYNLL other than dynein and
myosin Va have been identified, including neuronal nitric
oxide synthase (nNOS) (14), the postsynaptic scaffolding
proteins gephyrin and GKAP (16, 19-21), the pro-apoptotic
proteins Bim and Bmf (17, 22), and swallow and egalitarian,
two proteins required for mRNA localization inDrosophila
(23, 24). The identification of the DYNLL binding site in a
number of these proteins has led to the formulation of two
distinct consensus sequences for binding DYNLL: (1)
G(I/V)QVD, which is present for example in nNOS and
GKAP, and (2) (K/R)XTQT (X is any amino acid), which
is present for example in swallow, Bim, Bmf, and intermedi-
ate chain 1 (DYNC1I1) of cytoplasmic dynein 1 (25-28).

Physical and structural analyses have shown that DYNLL
exists under physiological conditions as a dimer, including
when bound to dynein and myosin Va (7, 26, 28-31).
Moreover, crystal and NMR structures of DYNLL in a
complex with target peptides have shown that the DYNLL
homodimer possesses two identical target binding grooves
on opposite faces of the dimer and that the peptides bound
to each face are oriented parallel to each other (18, 26, 28,
32). Strikingly, both types of target peptide, one from nNOS
and one from Bim, bind to DYNLL in an essentially identical
manner wherein they assume aâ-strand conformation that
is antiparallel to aâ-strand in DYNLL (26, 28). In both cases,
the glutamine in the target peptide [i.e., G(I/V)QVD and (K/
R)XTQT] makes hydrogen bonds with residues Glu35 and
Lys36 at the start of helixR2 of DYNLL (26, 28). The
importance of this glutamine residue for DYNLL binding
has been demonstrated by mutational studies (18, 27, 33).
Notably, a sequence that conforms to either of these two
DYNLL recognition consensus motifs (including the highly
conserved glutamine) does not exist in the myosin Va heavy
chain.

Initial efforts to identify the DYNLL binding site in
myosin Va employed protease digestion of tissue-purified
chicken brain myosin Va (8). This study showed that
DYNLL associates with an∼80 kDa C-terminal fragment
of the myosin that contains much of its central coiled-coil
stalk domain and all of its globular tail domain. Consistent
with this, yeast two-hybrid analyses and pull-down experi-
ments revealed the presence of a DYNLL binding site in a
fragment of the brain-spliced isoform of mouse myosin Va
that spans residues 1236-1420, which corresponds to a
C-terminal portion of the stalk domain (16).

In a more general effort to identify and characterize
binding sites for DYNLL1, Lajoix et al. (33) probed arrays
of peptides immobilized on cellulose membranes for their
ability to bind DYNLL1. Extensive mutational analyses of
the peptides that bound DYNLL1 led to the definition of a
refined, loosely conserved, seven-residue DYNLL1-binding
consensus motif (DKXTQTD) where the glutamine at
position 5 is the most conserved residue, being present in
18 of 19 target peptides. Surprisingly, Lajoix et al. (33) also
identified peptides from chicken brain myosin Va that bind
to DYNLL1. A minimal myosin Va peptide that was able
to bind to DYNLL1 was EDKNTMTD, which corresponds
to residues 1286-1293 in chicken brain myosin Va, and is
homologous to residues 1284-1291 in mouse brain myosin
Va. Although this peptide resembles the DKXTQTD con-
sensus identified in their peptide array screen, the highly
conserved glutamine is replaced with a methionine in the
myosin Va peptide (33). Mutational analyses of this myosin
Va peptide revealed that five residues (those shown in bold;
EDKNTMTD ) are crucial for binding DYNLL1 and indi-
cated that changing the methionine at position 6 to a
glutamine increases the affinity of the peptide for DYNLL1
(33). While these studies point to residues 1284-1291 in
mouse myosin Va as a possible binding site for DYNLL,
they do not show that this sequence binds DYNLL2, the
isoform that appears to serve as the myosin Va light chain
in vivo, nor do they show that this sequence serves as the
binding site for DYNLL2 in the context of native, full-length
myosin Va. Moreover, it is not clear from their work if there
is more than one DYNLL binding site within the myosin
Va heavy chain.

The pro-apoptotic protein Bmf, as well as the postsynaptic
scaffolding protein GKAP, has been shown to interact with
myosin Va. Given that all three of these proteins interact
with DYNLL2 and that the DYNLL2 homodimer possesses
two identical surfaces for binding target proteins, it has been
proposed that DYNLL2 serves to link Bmf and GKAP to
myosin Va by binding to both proteins simultaneously (16,
17). Similarly, Bim is thought to associate with dynein via
their shared interaction with DYNLL1 (22), and aDrosophila
DYNLL isoform has been proposed to bridge the interaction
between dynein and the swallow protein by binding to both
proteins simultaneously (23). These and other studies (21,
24, 34) suggest that one general function of DYNLL proteins
may be to link motor proteins and their cargo.

While DYNLL proteins may well serve as cargo adaptors,
the fact remains that many DYNLL target proteins are
themselves homodimeric molecules. This fact raises the
possibility that a single DYNLL homodimer may in some if
not most cases bind simultaneously to identical DYNLL
binding sites in its homodimeric target (e.g., each of the two
identical heavy chains in native myosin Va, each of the two
identical∼74 kDa polypeptides that comprise DYNC1I1).
Such an interaction could serve to alter and/or stabilize a
particular conformation in the target protein. Consistent with
this idea, the binding of DYNLL to an unstructured segment
within the Drosophila homologue of DYNC1I alters the
conformation of the intermediate chain, inducing the forma-
tion of R-helical structure in that segment (35). Similarly,
the interaction of DYNLL with the swallow protein favors
the assembly in swallow of a stable, dimericR-helical coiled
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coil located immediately N-terminal of its DYNLL binding
site (36).

In this study, we show that the myosin Va heavy chain
contains a single binding site for DYNLL2 and that exon B,
an alternatively spliced exon present in the brain-spliced
isoform of myosin Va, constitutes an essential part of this
binding site. Moreover, our data demonstrate that DYNLL2
binding alters the conformation of a portion of the myosin’s
coiled-coil domain, causing an increase in localR-helical
coiled-coil content and thermal stability. These results expand
our knowledge of the functional consequences of alternative
splicing of the myosin Va heavy chain mRNA.

MATERIALS AND METHODS

Plasmids.The construction of the baculovirus vectors for
expression in Sf9 insect cells of full-length, FLAG-tagged
mouse myosin Va [brain-spliced isoform (br), melanocyte-
spliced isoform (mc), and mc myosin Va lacking exon D or
F] was described previously (37). To create vectors express-
ing br myosin Va lacking exon B and mc myosin Va
containing exon B, an∼2.5 kbBglII fragment that includes
the alternatively spliced region of myosin Va was released
from the br and mc myosin Va vectors, blunt-ended by
Klenow fill-in, and ligated withSalI-digested pBluescript
SK+ that had been blunt-ended by Klenow fill-in. Exon B
was then removed or introduced using a QuikChange II SDM
kit (Stratagene) and the following oligonucleotides: CCAAA-
AAGAAGCCATCCAACCCAAGGATGACAAGAATAC-
AATGACAGATTCCAC (for deletion of exon B) and
CCAAAAAGAAGCCATCCAACCCAAGAATACAAT-
GACAGATTCCACAATTC (for insertion of exon B), along
with their reverse complements. The modifiedBglII fragment
was then released from these plasmids and used to replace
the correspondingBglII fragment in full-length, FLAG-
tagged br or mc myosin Va cDNAs present in Bluescript
(37), thereby generating br myosin Va lacking exon B and
mc myosin Va containing exon B. These FLAG-myosin Va
cDNAs were released byNotI digestion and ligated with
NotI-digested pVL1392 (Invitrogen). A similar strategy was
used to create a baculovirus vector expressing br myosin Va
lacking residues 1316-1319 (KETN), except that these
residues were deleted using the following oligonucleotide
and its reverse complement: GGTGAAATAGCACAAG-
CATATATTGGTTTGAGGCTCTTAGAATCCCAGCTA-
CAG. The baculovirus vector for the expression of HA-
tagged DYNLL2 was created by ligatingEcoRI- andBamHI-
digested pVL1392 with anEcoRI- andBamHI-digested PCR
fragment containing the mouseDynll2 open reading frame
(ORF) amplified from plasmid DLC8B-pCMVsport using
primers CTAGAATTCGCCACCATGGCTTACCCATAC-
GACGTCCCAGACTACGCTTCTGACCGGAAGGCAG-
TGATCAAGAACGC and ACTGGATCCCTAGCCCGACT-
TGAAGAGGAGGATTGCAACTTGACC. The baculovirus
vector for the expression of myc-tagged DYNLL1 was
created by ligatingEcoRI- and BamHI-digested pVL1392
with anEcoRI- andBamHI-digested PCR fragment contain-
ing the mouseDynll1 ORF amplified from plasmid DLC8A
using primers CTAGAATTCGCCACCATGGAGCAAAA-
GCTCATTTCTGAAGAGGACCTGTGCGACCGGAAG-
GCGGTGATCAAAAATGC and CATGGATCCTTAAC-
CAGATTTGAACAGAAGAATGGCCACC. Plasmid pHIS-
TEV-DYNLL2, which was used for the expression in

Escherichia coliof DYNLL2 with an N-terminal six-histidine
tag (His tag) spaced from DYNLL2 by a tobacco etch virus
(TEV) protease cleavage site, was created by ligatingNdeI-
and EcoRI-digested pHIS-parallel 1 (38) with an EcoRV-
and EcoRI-digested PCR fragment containing the mouse
Dynll2 ORF (amplified from plasmid DLC8B-pCMVsport
using primers GATTACGATATCCCAACGACCGAAAA-
CCTGTATTTTCAGGGCATGTCTGACCGGAAGGCAG-
TGATC and ATCGTAGAATTCACACCTTCGCCTCGGC-
CACCTAG) and with anNdeI- and EcoRV-digested DNA
linker created by annealing two complementary oligonucle-
otides (forward oligonucleotide, GATATACATATGGC-
ACATCACCATCACCATCACGATTACGATATCCCAA-
CG). The following plasmids, which were used for the
expression of myosin Va fragments fused to GST, were
generated by ligatingNcoI- andSpeI-digested PCR fragments
of mouse brain myosin Va withNcoI- and SpeI-digested
pGST-parallel 1 (38) (numbers indicate the residues of brain
myosin Va; primers used for PCR amplification are denoted
in parentheses): pGST-MVa-911-1194 (TAGCATCCATG-
GAGGCTCGCTCTGTGGAACGCTACAAGAAG and TAG-
CATACTAGTCATGGCCTTTCTTCTTCCTTTGCCTTGC-
TGC), pGST-MVa-1194-1316 (TAGCATCCATGGCGC-
CACAGATAAGAGGAGCTGAACTAG and TAGCATAC-
TAGTCATTTCAAACCAATATATGCTTGTGCTATTTCA-
CC), and pGST-MVa-1311-1422 (TAGCATCCATGGC-
ATATATTGGTTTGAAAGAAACAAACAG and TAG-
CATACTAGTCACTCCATCTGCCCCACTTCTAGTT-
CACC). pGST-MVa-1194-1316-B was constructed as pGST-
MVa-1194-1316, except that the br myosin Va cDNA
lacking exon B was used as the template. pGST-MVa-1282-
1291 was created by ligating anNcoI- and SpeI-digested
pGST-parallel 1 with anNcoI- andSpeI-digested linker that
was generated by annealing two complementary oligonucle-
otides (forward oligonucleotide, TAGCATCCATGGCTC-
CCAAGGATGACAAGAATACAATGACAGATTG-
ACTAGTATGCTA). GST-GTD was cloned as described
previously (39). PCR-amplified or mutagenizedDynll and
myosin Va DNA fragments were verified by DNA sequenc-
ing.

Expression of Proteins in Sf9 Insect Cells and Copurifi-
cation Experiments.Recombinant baculovirus stocks were
produced by transfecting the baculovirus vectors into Sf9
cells as described previously (9). For protein expression, 100
mL cultures of Sf9 cells were co-infected for 3-4 days with
viruses encoding calmodulin (9) and the indicated myosin
Va heavy chain and DYNLL proteins. FLAG-tagged myosin
Va was isolated from cell extracts using anti-FLAG M2
affinity gel (Sigma) as described previously (9). Cleared cell
extracts, as well as the proteins eluted from the M2 beads
using the FLAG peptide, were analyzed by SDS-PAGE,
Western blotting, and immunodetection with anti-FLAG
(Sigma M2), anti-HA (Zymed catalog number 32-6700), and
anti-c-Myc (Zymed catalog number 13-2500) antibodies.

Purification of DYNLL2 and Myosin Va Fragments from
E. coli. To produce DYNLL2 protein, BL21 Star (DE3)E.
coli cells (Invitrogen) were transformed with pHIS-TEV-
DYNLL2, grown to mid-logarithmic phase at 37°C, and
incubated for 8 h at 30°C following addition of isopropyl
â-D-thiogalactopyranoside (IPTG, final concentration of 1
mM) to induce expression. All protein purifications were
carried out at 4°C. For DYNLL2, cells from a 1 L culture
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were resuspended in 16-20 mL of 50 mM Tris-HCl, 500
mM NaCl, 5 mM imidazole, and 5 mMâ-mercaptoethanol
(pH 8.0) containing 10µg/mL leupeptin, 2µg/mL pepstatin
A, and 5 µg/mL aprotinin and lysed with a French press.
The lysate was cleared by centrifugation (14500g for 30 min),
and the supernatant was incubated on the rotating wheel for
2 h with 2.5 mL of Ni-NTA agarose (Qiagen). The Ni-
NTA agarose was then washed with buffer A [50 mM Tris-
HCl, 500 mM NaCl, and 20 mM imidazole (pH 8.0)] and
the bound protein eluted with buffer B [50 mM Tris-HCl,
500 mM NaCl, and 350 mM imidazole (pH 8.0)]. When
DYNLL2 was purified for the pull-down experiments used
to estimate its affinity for myosin Va, buffers A and B were
supplemented with 5 mMâ-mercaptoethanol. After overnight
dialysis against HIS-TEV buffer [50 mM Tris-HCl, 100 mM
NaCl, and 1.0 mM DTT (pH 8.0)], the His tag was removed
from DYNLL2 by incubation with 300-600 units of
recombinant TEV protease. To separate DYNLL2 from the
cleaved His tag and the TEV protease, the digested protein
was incubated with Ni-NTA resin, yielding in the flow-
through the untagged DYNLL2 modified only with an
additional glycine, N-terminal to the first DYNLL2 residue
(Met). DYNLL2 was either used directly in the in vitro pull-
down assay shown in Figure 2 or dialyzed as described below
for all other experiments.

To produce GST and various fragments of myosin Va
fused to GST, BL21 Star (DE3)E. coli cells were trans-
formed with pGST-parallel 1 or with pGST-parallel 1
harboring a myosin Va insert, grown to mid-logarithmic
phase at 37°C, and incubated for 2-4 h at 30°C following
addition of 1 mM IPTG. Cells from 130 mL cultures were
resuspended in 10 mL of PBS containing a tablet of pro-
tease inhibitors (Complete Mini, Roche catalog number
11836153001) and lysed as described above. The lysate was
cleared by centrifugation (12 000g for 10 min) and the
supernatant incubated on a rotating wheel for 2 h with 0.45
mL of glutathione-Sepharose 4B beads (Amersham). Sub-
sequently, the beads were washed with PBS and used directly
in the in vitro pull-down assay shown in Figure 2. For the
pull-down experiments designed to estimate the affinity of
DYNLL2 for myosin Va (Figure 4A), the GST-tagged
myosin Va fragments corresponding to brain myosin Va
residues 1194-1316 (GST-MyoVa1194-1316) and residues
1194-1316 lacking the three residues of exon B (GST-
MyoVa1194-1316∆ExonB) were purified as described above
except that the PBS contained 1 mM DTT, and the GST
fusion proteins were eluted with 100 mM NaCl, 200 mM
Tris-HCl (pH 8.0), 1 mM DTT, and 20 mM glutathione.

To obtain MyoVa1194-1316and MyoVa1194-1316∆ExonB for
analytical ultracentrifugation, circular dichroism (CD) mea-
surements, and cross-linking experiments, the glutathione-
Sepharose beads charged with these proteins were incubated
overnight with 100 units of TEV protease in 0.8 mL of HIS-
TEV buffer. Myosin fragments modified by four additional
residues (GAMA) at their N-terminus were recovered in the
flow-through. After the flow-through was adjusted to 300
mM NaCl and 5 mM imidazole, the TEV protease was
removed by incubation with 45µL of Ni-NTA resin, which
yielded TEV-free myosin Va fragments.

For ultracentrifugation, CD, and cross-linking experiments,
purified MyoVa1194-1316, MyoVa1194-1316∆ExonB, and DYN-
LL2 were dialyzed against CD buffer [10 mM sodium

phosphate and 100 mM NaCl (pH 7.8)]. For the pull-down
experiments used to estimate the affinity of DYNLL2 for
myosin Va, GST-MyoVa1194-1316, GST-MyoVa1194-1316-
∆ExonB, and DYNLL2 were dialyzed against CD buffer
containing 1 mM DTT. The purity of the DYNLL2 and
myosin Va protein preparations was evaluated by SDS-
PAGE and Coomassie Blue staining. For ultracentrifugation,
CD, and cross-linking experiments, the dialysate was used
for protein dilutions, and protein concentrations were deter-
mined by measuring the UV absorption spectra with a diode
array Hewlett-Packard 8453 spectrophotometer equipped
with a Peltier temperature control device for maintaining a
constant temperature of the cell holder. Spectra were recorded
at 20 °C using a 600µL volume and a 1 cmpath length
quartz cell. Protein spectra were corrected for buffer absor-
bance. The absorbance at 340 nm was used to correct for
light scattering at other wavelengths. Specific absorption
coefficients at 280 nm (20°C) of 0.281 and 1.34 cm2/mg
for MyoVa1194-1316 (or MyoVa1194-1316∆ExonB) and DYN-
LL2, respectively, were calculated.

In Vitro Pull-Down Assays for Mapping the DYNLL2
Binding Site in Myosin Va.GST and GST-myosin Va fusion
proteins bound to glutathione-Sepharose beads were incu-
bated for 2 h at 4°C with 17.8µg (Figure 2A, left panel) or
8.9 µg (Figure 2A, right panel) of DYNLL2 in 600µL of
PBS containing 0.3% NP-40. After an aliquot (Input) was
removed from the binding reaction mixture, the beads were
washed four times with PBS containing 0.3% NP-40,
resuspended in SDS loading buffer, and boiled (Pull-Down).
In Figure 2A, left panel, input fractions corresponding to
2% of the total binding reaction mixture and pull-down
fractions corresponding to 15% of the total binding reaction
mixture were subjected to SDS-PAGE and Coomassie Blue
staining (Figure 2A, right panel, fractions of 4 and 30%,
respectively). Pull-down fractions corresponding to 0.5% of
the total binding reaction mixture were analyzed by SDS-
PAGE, Western blotting, and immunodetection using an
affinity-purified anti-DYNLL antibody (generous gift of S.
M. King).

Cross-Linking Assay.For chemical cross-linking, purified
MyoVa1194-1316at a concentration of 5µM was incubated at
24 °C in CD buffer containing the zero-length cross-linker
5 mM 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hy-
drochloride (EDC) and 10 mMN-hydroxysulfosuccinimide
(S-NHS) for 0-120 min. Aliquots of the reaction mixture
were removed at the indicated time points and analyzed by
SDS-PAGE and Coomassie Blue staining.

Estimation of the Affinity of DYNLL2 for GST-Myo-
Va1194-1316 with an in Vitro Pull-Down Assay.Solutions
containing the purified myosin Va fusion proteins GST-
MyoVa1194-1316 or GST-MyoVa1194-1316∆ExonB and DYN-
LL2 at equimolar concentrations of 0.5, 1.0, 2.0, and 5.0
µM in CD buffer containing 1 mM DTT were incubated for
3 h at 4°C on the rotating wheel. Glutathione-Sepharose
beads were then added; the sample was mixed for 1 h, and
the beads were sedimented by low-speed centrifugation.
Identical volumes of the binding reaction mixture, removed
before starting the incubation (input), and the supernatant
after the pull-down assay were separated by SDS-PAGE.
The gels were stained with Coomassie Blue, and the
intensities of the GST-MyoVa1194-1316, GST-MyoVa1194-1316-
∆ExonB, and DYNLL2 bands were quantified using an
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Odyssey scanner. The percentage of DYNLL2 not bound to
the myosin Va-coated beads was calculated by comparing
the amounts of DYNLL2 in the input versus the supernatant.

Analytical Ultracentrifugation.Beckman Optima model
XL-A and XL-I analytical ultracentrifuges equipped with
absorption optics and four-place AN-Ti rotors were used for
sedimentation equilibrium experiments at 20 and 4°C. Cells
with carbon-filled six-channel centerpieces (12 mm) and
plane quartz windows were employed. Proteins were loaded
into the right side of each channel: 0.090 mL at relative
concentrations of∼1/3 (inner), 2/3 (middle), and 1.0 (outer)
with an absorbance of∼0.33 in the outer channel; 0.105
mL of reference dialysate buffer was placed in each left
channel. At the beginning of each run, scans at 280 or 230
nm were made in the continuous mode (0.003 cm steps) with
three averages at 3000 rpm to establish solvent and protein
meniscii, plateau absorbances, and bottom radial positions
for each channel. After rotors were accelerated to a higher
speed for sedimentation equilibrium (19 000 rpm for DYN-
LL2, 24 000 rpm for MyoVa1194-1316, and 12 000 rpm for a
1:1 mixture of MyoVa1194-1316 and DYNLL2) at 4.0 or 20.0
°C, auto scans at 2 h intervals were made in 0.001 cm steps
(step mode) with seven averages for a total of∼42 h before
ending centrifuge runs. Sedimentation equilibrium was
attained within 24-32 h, as evidenced by no time-dependent
changes in gradients. Identical samples of freshly prepared
and dialyzed MyoVa1194-1316were loaded into two cells and
run at the same time in the two ultracentrifuges at 20.0 and
4.0 °C. Freshly prepared and dialyzed DYNLL2 and a 1:1
mixture of MyoVa1194-1316 and DYNLL2 were also run
simultaneously in the two ultracentrifuges at 4°C. The
density of the CD buffer was determined to be 1.0053 g/mL
using the Anton-Paar model DMA-58 densitometer at 4.00
( 0.01 °C. Protein-specific volumes were calculated to be
0.720 and 0.715 mL/g for MyoVa1194-1316 and DYNLL2,
respectively, from the amino acid compositions derived from
DNA sequences and the values of Zamyatnin (40). Global,
weighted fits of sedimentation equilibrium data obtained at
three concentrations of MyoVa1194-1316 to a model of
reversible monomer-dimer association (with fully competent
species present) were made using software provided by A.
P. Minton (National Institute of Diabetes and Digestive and
Kidney Diseases, National Institutes of Health). Baselines
were held constant at zero absorbance at 280 or 230 nm (as
predetermined by buffer-buffer runs). Trimers and tetramers
were not detectable. For the 1:1 mixture of MyoVa1194-1316

and DYNLL2, a heterologous association constant was
determined using the program of J. L. Cole (University of
Connecticut, Storrs, CT), which can be downloaded from
the RASMB web site. For all accepted data, residuals from
observed data and fits of data as a function of radial distance
from the center of rotation to a monomer-dimer equilibrium
(in the case of MyoVa1194-1316) or to a dimer-dimer
association (in the case of the MyoVa dimer association with
dimeric DYNLL2) were randomly distributed around zero
(0.00 ( 0.01 absorbance). For conversion of absorbance
values of apparent association constants (Kobs) to the true
concentration-dependent association constants,K1,2′ values
(expressed per molar concentration of monomer) for
MyoVa1194-1316, it was assumed that the extinction coefficient
at 230 nm of the monomer does not change upon dimeriza-
tion. Thus,Kobs) A2/A2 ) (2/ε)K1,2′, whereA is the specific

absorbance of the monomer and the molar extinction
coefficient (ε) is for a 1.2 cm path length. A monomerMr

value of 14 285 for MyoVa1194-1316 was used to calculateε,
resulting in the equation logK1,2′ ) 4.400+ log Kobs. For
the association of dimeric MyoVa1194-1316with the DYNLL2
dimer, the molar extinction coefficient of each dimer at 230
nm with a 1.2 cm path length was estimated to be 100 500
cm2 M-1.

Circular Dichroism. Far-UV circular dichroism (CD)
measurements were performed with a Jasco-710 spectropo-
larimeter using a water-jacketed (1 mm path length) cylindri-
cal quartz cell. The temperature of the cell was controlled
by an external programmable water bath (Neslab RT-110).
Proteins [MyoVa1194-1316, MyoVa1194-1316∆ExonB, DYNLL2,
and 1:1 (mole) mixtures of MyoVa1194-1316 and DYNLL2
and of MyoVa1194-1316∆ExonB and DYNLL2] were assessed
at protein monomer concentrations of 5µM with mixtures
containing each of the component proteins in CD buffer at
5 µM. CD spectra were recorded from 260 to 195 nm at 0.5
nm resolution and a scanning speed of 10 nm/min at 5, 20,
and 25 °C. Each spectrum was an average of four ac-
cumulated spectra and was corrected for the solvent CD
signal. The data were expressed as mean residue molar
ellipticity units (degrees square centimeters per decimole)
where the mean residue molecular weights of the proteins
were 112.3 for MyoVa1194-1316, 112.2 for MyoVa1194-1316-
∆ExonB, and 115.4 for DYNLL2. In the cases of
the MyoVa1194-1316/DYNLL2 and MyoVa1194-1316∆ExonB/
DYNLL2 mixtures, the observed CD spectrum of DYNLL2
was subtracted from each observed spectrum and the
resulting data were transformed to mean residue ellipticity
values using the corresponding mean residue molecular
weights for MyoVa1194-1316 and MyoVa1194-1316∆ExonB,
respectively. We note that the subtracted spectra contain the
noise from both measured spectra, that we did not smooth
the spectra, and that similar results were obtained in two
independent experiments. The helical content was estimated
as described previously (36, 41). The thermal unfolding of
the proteins was studied by increasing the temperature of
the samples (after measuring CD spectra) from 10 to 65°C
at a rate of 60°C/h while recording the ellipticity value at
222 nm at 30 s intervals with a time constant of 16 s. Progress
ellipticity curves for MyoVa1194-1316or MyoVa1194-1316∆ExonB
were analyzed by a two-state dissociation model as described
previously (42).

Structure Prediction.Coiled-coil propensities were ob-
tained with Coils (43) using a window width of 28, the
MTIDK matrix, and weighting of heptad positions a and d
by 2.5. Paircoil and Paircoil2 (44, 45) gave similar results
(not shown). Secondary structure prediction was performed
using PSIPRED (46) and PredictProtein (47).

RESULTS

Exon B, an AlternatiVely Spliced Exon in the Myosin Va
HeaVy Chain, Is Required for DYNLL2-Myosin Va Interac-
tion. To examine the interaction of DYNLL with myosin
Va, we expressed a full-length, FLAG-tagged version of the
brain-spliced heavy chain isoform of mouse myosin Va (see
Figure 1A for a schematic of splice isoforms) together with
calmodulin and DYNLL in insect cells and analyzed the
ability of DYNLL to copurify with the myosin from cell
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extracts. We initially determined which of the two highly
related mammalian DYNLL proteins bind to the myosin in
this context. As shown in Figure 1B, HA-tagged mouse
DYNLL2 (lane 2), but not myc-tagged mouse DYNLL1 (lane
1), copurifies efficiently with the brain-spliced myosin
isoform. These results are consistent with previous studies
(8, 17, 18) showing that myosin Va purified from brain
contains DYNLL and that the myosin preferentially binds
DYNLL2.

In contrast to these results using the brain-spliced isoform,
which contains exons A-C and E within the region of
alternative splicing (Figure 1A), neither DYNLL isoform
copurified with the melanocyte-spliced isoform (Figure 1B,
lanes 3 and 4), which contains exons A and C-F within the
same region (Figure 1A). These results suggest that exons
B, D, and/or F, which distinguish the brain- and melanocyte-
spliced isoforms from each other, dictate in some way the
ability of myosin Va to bind DYNLL2. To address this issue,
we performed copurification experiments with insect cells
expressing different splice or mutant variants of the myosin
Va heavy chain (Figure 1A,C). Theoretically, exon D (27
residues) or exon F (25 residues), each of which is present
in the melanocyte-spliced isoform but not the brain-spliced
isoform (Figure 1A), could act as a negative regulator of

DYNLL2 binding. However, the omission of either exon D
or exon F from the melanocyte-spliced isoform is not
sufficient to induce its copurification with HA-DYNLL2
[Figure 1C; compare mc∆Exon D (lane 4) and mc∆Exon
F (lane 3) to mc (lane 5) and br (lane 1)]. Moreover, the
deletion from the brain-spliced isoform of four residues
(KETN, residues 1316-1319), which fall at the exon D
integration site (Figure 1A) and that contribute to what could
be a consensus DYNLL binding site that would be disrupted
by the insertion of exon D (LKETNR [exon D]L , where the
bold residues denote the putative consensus site), does not
abolish the ability of DYNLL2 to copurify with the myosin
[Figure 1C; compare br∆KETN (lane2) to br (lane1)].

Given these results, our attention turned to exon B as a
possible positive regulator of DYNLL2 binding. As stated
previously, this three-residue exon (DDK; residues 1284-
1286) is specific to the brain-spliced isoform, where it falls
within an ∼25 residue discontinuity in the central stalk
domain that divides the second and third major sections of
the predicted coiled coil (i.e., between CC2 and CC3; Figure
2B). Moreover, exon B constitutes part of a motif (DDKNT-
MTD, residues 1284-1291; see Figure 1A) that resembles
other DYNLL-binding sites and that is homologous to the
peptide from chicken myosin Va that binds DYNLL1 in vitro

FIGURE 1: Mapping of the binding site for DYNLL2 within the heavy chain of mouse myosin Va. (A) The top part shows a schematic
representation of the domain organization of the mouse myosin Va heavy chain. The heavy chain is drawn as an empty bar with the motor
domain, IQ motifs, coiled-coil domain, globular tail domain, and approximate positions of the three alternatively spliced exons (B, D, and
F) indicated. All full-length heavy chain constructs were tagged with the FLAG epitope tag at their N-termini. The middle part shows the
region of alternative splicing within the heavy chain, which falls entirely within its central stalk domain, and which spans exons A-G,
magnified and depicted by black horizontal bars (br, brain-spliced isoform; mc, melanocyte-spliced isoform). The various alternatively
spliced versions of the myosin Va heavy chain used in this study are shown, and their ability to be copurified with DYNLL2 is summarized
at the left. The bottom part shows the amino acid sequence of the portion of the brain-spliced heavy chain isoform of myosin Va that
contains motifs that are similar to known DYNLL-binding sites (underlined). Exon B is in bold. (B) DYNLL2 copurifies with the brain-
spliced heavy chain isoform but not with the melanocyte-spliced heavy chain isoform. Full-length, FLAG-tagged brain (br) or melanocyte
(mc) heavy chain isoforms were coexpressed in Sf9 cells with calmodulin and either myc-tagged DYNLL1 or HA-tagged DYNLL2 as
indicated. Myosin Va was purified from cell extracts using beads coated with anti-FLAG antibodies and the eluted fraction analyzed by
SDS-PAGE, Western blotting, and immunodetection using the indicated antibodies (Co-Purify). Similar analyses of the extracts before
purification are also shown (Input). (C) Exon B is required for the binding of DYNLL2 to myosin Va. The indicated full-length, FLAG-
tagged versions of the myosin Va heavy chain were coexpressed in Sf9 cells with calmodulin and HA-tagged DYNLL2. Extracts (Input)
and bound fractions (Co-Purify) were analyzed as described for panel B.
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(33). Figure 1C shows that the deletion of exon B from the
brain-spliced isoform completely abrogates its interaction
with HA-DYNLL2 [Figure 1C; compare br∆Exon B (lane
8) to br (lane 7)]. Even more strikingly, the insertion of exon
B into the melanocyte-spliced isoform is sufficient to confer
on it the ability to copurify with DYNLL2 [Figure 1C;
compare mc+ Exon B (lane 10) to br (lane 7)]. We
conclude, therefore, that exons D and F do not block
DYNLL2 binding and that exon B is required for DYNLL2
binding.

Exon B and SeVen Adjacent Residues Are Sufficient To
Bind DYNLL2.The results given above suggest that the
DYNLL-binding consensus motif that contains exon B
(residues 1285-1291) is an essential part of a DYNLL-
binding site in the myosin Va heavy chain. To verify this,
we performed pull-down assays using GST fusion proteins
containing portions of the tail domain of the brain-spliced
isoform (see Figure 2B) together with recombinant, His-
tagged DYNLL2 (from which we first removed the His tag).
Figure 2A shows that while purified DYNLL2 binds to a

GST fusion protein containing the central portion of the
coiled-coil stalk domain that includes exon B (residues
1194-1316, lanes 1 and 6), it does not bind to GST alone
(lanes 4 and 9) or to GST fusion proteins containing the first
portion of the coiled-coil stalk domain (residues 911-1194,
lane 7), the last portion of the coiled-coil stalk domain
(residues 1311-1422, lane 5), or the globular tail domain
(residues 1415-1828, lane 8). Moreover, the deletion of exon
B from the GST fusion protein containing residues 1194-
1316 abolishes its ability to bind DYNLL2 (Figure 2A;
compare lane 2 to lane 1). Finally, we found that a GST
fusion protein containing just residues 1282-1291 (PKD-
DKNTMTD), which include exon B (DDK) and five
following residues that together resemble the DYNLL
binding site in other proteins (27, 33), is sufficient to bind
DYNLL2 (Figure 2A, lane 3). We conclude, therefore, that
the myosin V heavy chain contains a single DYNLL binding
site, that this site resides in a relatively short stretch of
sequence that falls within a discontinuity in the central coiled-
coil stalk domain, that it resembles other DYNLL binding

FIGURE 2: Identification of the DYNLL2-binding site in the myosin Va heavy chain. (A) In vitro pull-down assays. Various fragments of
the tail domain of the brain-spliced heavy chain isoform (residue numbers at the top) were expressed as GST fusion proteins and, along
with GST alone as a control, incubated with pure DYNLL2. The binding reaction mixture (Input) and the bound fraction obtained by
pull-down using glutathione-Sepharose beads (Pull-Down) were analyzed by SDS-PAGE and Coomassie Blue staining (CB). DYNLL2
was also detected in pull-down samples by Western blotting using the anti-DYNLL antibody (RDYNLL). (B) Schematic representation of
the tail domain of the brain-spliced heavy chain isoform of myosin Va (residue numbers are indicated; CC1, CC2, and CC3 indicate the
three major sections of predicted coiled coil in the central stalk domain). The GST fusion proteins used in the pull-down experiments in
panel A are depicted below, and their ability to bind DYNLL2 is summarized at the right. The middle graph shows the probability of
forming anR-helical coiled coil for the tail domain of mouse brain myosin Va (residues 900-1828), while the bottom graph shows the
probability of forming a coiled coil for MyoVa1194-1316, the fragment of the brain isoform used in Figures 3-6 (residues 1194-1316, black
line). For comparison, the bottom graph also shows the probability of forming a coiled coil for the fragment of the swallow protein used
by Wang et al. (36) (GenBank entry NP_511060, residues 199-297, red line). The respective amino acid residues are indicated (myosin
Va, black numbers; swallow, red numbers). The binding of DYNLL is known to promote the dimerization and coiled-coil assembly of this
swallow fragment (36). Coiled-coil predictions were performed using Coils as described in Materials and Methods. A score of 1.0 indicates
100% probability of forming a coiled coil. The coiled-coil predictions for the fragment of myosin Va used here and the fragment of
swallow used in ref36 are aligned in the bottom graph so that their DYNLL-binding sites are at the same position. These binding site
sequences are written in black for myosin Va (residues 1284-1291, exon B underlined) and red for swallow (residues 289-296).
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sites, and that it requires the presence of exon B.
A Fragment of Myosin Va Containing Residues 1194-

1316 Is a Dimer at 4°C and Binds DYNLL2 with an Affinity
of ∼3 × 106 M-1. As in the swallow protein, the DYNLL2-
binding site in myosin Va resides in a region that is not
predicted to form anR-helical coiled coil but that is located
immediately C-terminal of regions predicted to form a coiled
coil, albeit with variable probability (Figure 2B). As de-
scribed in the introductory section, the binding of DYNLL
to the swallow protein promotes the formation of anR-helical
coiled-coil structure in a region of swallow immediately
N-terminal of its DYNLL binding site (36). Similarly, the
dynein intermediate chain IC74 gainsR-helicity and possibly
R-helical coiled-coil structure upon binding DYNLL (35).
Together, these observations prompted us to investigate
whether the binding of DYNLL to myosin Va alters the
supersecondary structure of its heavy chain in regions
immediately adjacent to its DYNLL binding site. To test this
possibility, we used purified DYNLL2 and a purified
fragment of the brain myosin Va heavy chain containing
residues 1194-1316. This portion of myosin Va, shown in
detail in the bottom part of Figure 2B and hereafter
designated MyoVa1194-1316, contains from the N- to C-
terminus 38 residues with 100% probability of forming an
R-helical coiled coil (approximately five heptads), a stretch
of 11 residues containing three helix-breaking proline
residues, 30 residues with∼50% probability of forming an
R-helical coiled coil (approximately four heptads), a stretch
of nine residues containing a proline, the DYNLL binding
site (underlined), and 23 C-terminal residues with an
increasing probability of forming a coiled coil. Figure 2B
also shows (red) that the region of swallow containing its
DYNLL binding site is very similar to MyoVa1194-1316 with
regard to predictedR-helical coiled-coil content. The region
of swallow between residues 206 and 275 is thought to
assume a stableR-helical coiled-coil structure upon DYNLL
binding (36).

We first characterized the self-association status of the
MyoVa1194-1316fragment. Unless stated otherwise below, the
protein was used following cleavage of the GST moiety and
purification of the myosin fragment. Preliminary evidence
that MyoVa1194-1316 readily forms a dimer came from cross-
linking experiments using the zero-length cross-linker EDC/
S-NHS, where the monomeric fragment was seen to convert
rapidly into a protein species with twice the mass (Figure
3). More importantly, sedimentation equilibrium centrifuga-
tion of MyoVa1194-1316 showed that this fragment exhibits a
temperature-dependent monomer-dimer equilibrium with
self-association constants of∼2 × 106 (M subunit)-1 at 20
°C (i.e., aKD of ∼0.6 µM) and∼3 × 107 (M subunit)-1 at
4 °C (i.e., aKD of ∼0.03µM; Table 1). Global analysis of
the data obtained from sedimentation equilibrium centrifuga-
tion of DYNLL2 at 4 °C also indicated that DYNLL2 is a
dimer with anMr of 20 800 at concentrations of 1-3 µM
(Table 1).

To estimate the affinity of DYNLL2 for MyoVa1194-1316,
we performed both pull-down assays and sedimentation
equilibrium centrifugation. For the pull-down assays, equimo-
lar mixtures of MyoVa1194-1316 (used here as an uncleaved
GST fusion protein) and DYNLL2 (5, 2, 1, and 0.5µM)
were incubated at 4°C for 3 h. The mixtures were then
incubated with an excess of glutathione-Sepharose beads,

and GST-MyoVa1194-1316 together with any associated DYN-
LL2 was pelleted by low-speed centrifugation of the resin.
To calculate the percentage of DYNLL2 bound, the amount
of DYNLL2 remaining in the supernatant was determined
by quantitative laser densitometry following SDS-PAGE
[Figure 4A (b)]. The finding that only∼30% of the total
DYNLL2 in the binding reaction mixture remained in the
supernatant when both proteins were used at a concentration
of 0.5 µM suggests that the dissociation constant (KD) for
the interaction between DYNLL2 and MyoVa1194-1316 is
tighter than 0.5µM. As expected, omission of exon B from
GST-MyoVa1194-1316 greatly reduced its affinity for DYN-
LL2; at 0.5 µM for both proteins,∼90% of the total
DYNLL2 in the reaction mixture remained in the supernatant
using GST-MyoVa1194-1316∆ExonB [Figure 4A (O)]. Con-
sistent with these results, sedimentation equilibrium cen-
trifugation of mixtures containing equimolar concentrations
of both MyoVa1194-1316 and DYNLL2 at 4 °C yielded a
heterologous association constant of∼3 × 106 M-1 for
formation of the complex between MyoVa1194-1316 dimers
and DYNLL2 dimers (i.e., aKD of ∼0.4µM; Table 1). Figure
4B shows a representative global fit of the data to a model
for the heterologous association of dimeric MyoVa1194-1316

and DYNLL2 to form the complex [(MyoVa)2-(DYN-
LL2)2]. The residuals of the fit (Figure 4B, top panel) are
well within (0.01 absorbance unit at 230 nm. Together, these
data argue that DYNLL2 binds MyoVa1194-1316 with a
submicromolar affinity.

Circular Dichroism Spectroscopy ReVeals a Structural
Change in MyoVa1194-1316 upon DYNLL2 Binding.We used
far-UV circular dichroism (CD) measurements to investigate
the possibility that the binding of DYNLL2 to MyoVa1194-1316

alters its structure. We first determined the CD spectrum of
MyoVa1194-1316 alone at 5°C and at a concentration of 5
µM, conditions where sedimentation equilibrium centrifuga-
tion shows that MyoVa1194-1316is essentially entirely dimeric.
The resulting spectrum shows double minima at 208 and 222
nm, consistent with the presence ofR-helical structure
(Figure 5, black line). We note that the value of the ratio
[θ222]/[θ208] for MyoVa1194-1316 is 0.86. Regions of proteins
that areR-helical but not coiled coil typically have a [θ222]/

FIGURE 3: Detection of MyoVa1194-1316 dimerization by chemical
cross-linking. MyoVa1194-1316 (5 µM) was incubated at 24°C with
5 mM EDC and 10 mM S-NHS in 10 mM sodium phosphate and
100 mM NaCl (pH 7.8) for the time (minutes) indicated. The
samples were then analyzed by SDS-PAGE and Coomassie Blue
staining. The molecular weights of the standard proteins loaded in
the first lane are given at the left. Protein species corresponding in
molecular weight to monomeric (Monomer) and dimeric (Dimer)
forms of MyoVa1194-1316were detected. We note that species larger
than the dimer were not detected, suggesting that cross-linking is
detecting a physiological species.
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[θ208] ratio of 0.83, whereas regions that areR-helical and
also form coiled coils typically exhibit a [θ222]/[θ208] ratio
of 1.03 (35, 36, 48-50).

To obtain the spectrum of MyoVa1194-1316 in the presence
of DYNLL2, the CD signal measured for 5µM DYNLL2
alone (Figure 5, green line) was subtracted from the CD
signal measured for the mixture of DYNLL2 and Myo-
Va1194-1316 (each protein at 5µM). In doing this, we are
assuming, as have others (35, 36), that the structures of free
DYNLL and DYNLL bound to its target protein are the
same. This assumption seems reasonable because DYNLL
is a stably folded protein (29) and because NMR studies have
shown that the secondary structure of DYNLL remains
unchanged upon the binding of target peptides (28, 32).

As shown in Figure 5 (red line), the ellipticity of
MyoVa1194-1316 around 222 nm becomes more negative in
the presence of DYNLL2, indicating a slight increase in
helical content (from 37% of MyoVa1194-1316 residues in the
R-helical conformation in the absence of DYNLL to 40%
in the presence of DYNLL2; calculated as described in
Materials and Methods). Moreover, the value of [θ222]/[θ208]
for MyoVa1194-1316 increases from 0.86 in the absence of
DYNLL2 to 1.01 in the presence of DYNLL2. This change
is consistent with the introduction of coiled-coil structure
into the MyoVa1194-1316 fragment upon DYNLL2 binding or
with an increase in its content of coiled coil upon DYNLL
binding (see Discussion for details).

To determine if the observed effects of DYNLL2 on the
structure of MyoVa1194-1316 depend on the ability of DYN-
LL2 to bind MyoVa1194-1316, we determined the CD spectrum
of MyoVa1194-1316∆ExonB in the presence and absence of
DYNLL2 (Figure 5, dashed red and black lines, respectively).
As demonstrated above, DYNLL2 has little if any ability to
bind to a MyoVa1194-1316 when the three amino acids
corresponding to exon B have been deleted. Consistent with
this, the spectrum of MyoVa1194-1316∆ExonB remains es-
sentially unchanged after the addition of DYNLL2. Specif-
ically, the [θ222]/[θ208] values for MyoVa1194-1316∆ExonB are
0.86 and 0.89 in the absence and presence of DYNLL2,
respectively, and theR-helical content is 37% in both cases.
We conclude, therefore, that the observed effects of DYNLL2
on the structure of MyoVa1194-1316 are specific and depend
on the ability of DYNLL2 to bind to this segment of the
myosin Va coiled-coil domain.

The Binding of DYNLL2 Stabilizes MyoVa1194-1316against
Thermal Unfolding.To obtain further evidence that the
binding of DYNLL2 to MyoVa1194-1316 alters the structure
of MyoVa1194-1316, we monitored changes in the CD signal

of MyoVa1194-1316during thermally induced unfolding in the
presence and absence of DYNLL2 (Figure 6). While no
transition is observed for DYNLL2 alone (]), the progress
curve at 222 nm for MyoVa1194-1316 alone (O) shows a loss
of secondary structure as the temperature is increased [in
Figure 6, the solid lines indicate the fits of the data to a
two-state unfolding model with a linked dissociation of the
dimer and the arrows indicate the transition midpoints or
Tm values; Table 2 lists theseTm values, as well as the van’t
Hoff enthalpies (∆H) for the fitted curves]. Strikingly, the
Tm value for MyoVa1194-1316 increases from 34.7°C in the
absence of DYNLL2 (O) to 42.1°C in the presence of an
equimolar amount of DYNLL2 (4). Because no significant
thermal unfolding is observed for DYNLL2 alone at tem-
peratures up to 65°C, we conclude that this increase inTm

is due to the stabilization of MyoVa1194-1316. Importantly,
the Tm value for MyoVa1194-1316∆ExonB alone (0), which
has little if any ability to bind DYNLL2, does not increase
upon addition of an equimolar amount of DYNLL2 (3)
(Figure 6). We conclude, therefore, that the binding of
DYNLL2 to MyoVa1194-1316 stabilizes the myosin fragment
to thermal denaturation. These results are consistent with the
idea that this interaction introduces (or increases the amount
of) coiled-coil structure in MyoVa1194-1316, since coiled coils
are typically more stable to thermal denaturation than regions
that are simply helical.

DISCUSSION

The functional significance of the variability generated in
the myosin Va heavy chain protein sequence by the alterna-
tive splicing of exons B, D, and F is only partially
understood. Previous work has shown that exon F is required
for the interaction of the melanocyte-spliced isoform of
myosin Va with melanophilin, an essential component of the
melanosome receptor for myosin Va (6, 37, 51-53).
Consistent with this, the ability of myosin Va to influence
the distribution of melanosomes in living melanocytes is
absolutely dependent on the presence of exon F (6, 37, 54-
57). In the study presented here, we show that the heavy
chain of the brain-spliced isoform of myosin Va possesses
a single binding site for DYNLL2 and that this site resides
within a discontinuity in the myosin’s central coiled-coil stalk
domain. Importantly, exon B constitutes an essential part of
this DYNLL2 binding site. Omission of exon B from the
brain-spliced isoform abrogates its interaction with DYNLL2,
while introduction of this three-residue exon into the mel-
anocyte-spliced isoform confers on it the ability to bind
DYNLL2. In vivo, therefore, the spliced isoform expressed

Table 1: Sedimentation Equilibrium Resultsa

sample species present T (°C) λ (nm) association constant,KA′ (M-1)

DYNLL2b dimer 4 280 108 [5]
MyoVa1194-1316 c monomer/dimer 20 230 (1.7( 0.1)× 106 [8]
MyoVa1194-1316 c monomer/dimer 4 230 (3.1( 0.5)× 107 [4]
1:1 mixture of MyoVa1194-1316and DYNLL2d dimer+ dimer/tetramer 4 230 (2.6( 0.4)× 106 [5]
a Global analyses of sedimentation equilibrium data obtained at either 280 or 230 nm after equilibrium were obtained for proteins in 10 mM

sodium phosphate and 100 mM NaCl (pH 7.8) using six-channel centerpieces for three concentrations of protein (see Materials and Methods). The
numbers in brackets after theKA′ values are the number of global fits of data analyzed at 2 h intervals; the mean values ofKA′ with standard mean
deviations are given.b For DYNLL2 (Mr ) 10 400 subunit), only the dimer was detected; 108 for KA′ is the limit of the method.c For MyoVa (Mr

) 14 285 subunit), global analyses showed a monomer-dimer equilibrium withKA′ values (expressed per molar subunit) given for both 4 and 20
°C. d For the 1:1 equimolar mixture of dimeric MyoVa (Mr ) 28 600) and dimeric DYNLL2 (Mr ) 20 800), the heterologous association constant
was determined from global fits of data obtained after 34-40 h at 12 000 rpm (4°C); see Figure 4B.
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in brain (exons ABCE), but not the spliced isoform that
functions in melanosome transport (exons ACDEF), associ-
ates with DYNLL2. Together with previous work (6, 37),

our results show that alternative splicing controls the
interaction of myosin Va with DYNLL2 (via exon B) as well
as with melanophilin (via exon F). Given that DYNLL
probably serves to link myosin Va with certain cargo
molecules (16, 17), the results presented here represent a
second example of how the alternative splicing of myosin
Va is used to specify its interaction with cargo. Phospho-
rylation of DYNLL and/or the DYNLL-binding site in
myosin Va might also regulate DYNLL-myosin Va interac-
tion, as it does for other DYNLL-target protein interactions
(58, 59).

We used DYNLL2 rather than DYNLL1 in our experi-
ments with MyoVa1194-1316because only DYNLL2 copurified
efficiently with full-length myosin Va in our assays. This
result is consistent with sequence analyses of tissue-purified
myosin Va, which indicated that DYNLL2 is the predominant
DYNLL isoform bound to myosin Va in vivo (8, 17). That
said, we did see a very weak interaction of DYNLL1 with
myosin Va, and we cannot rule out the possibility that in
certain cellular contexts (e.g., high-level expression of
DYNLL1 and no expression of DYNLL2) myosin Va may
be associated with significant amounts of DYNLL1. Our
findings do not agree, however, with previous observations
made using yeast two-hybrid assays and in vitro pull-down
experiments where both DYNLL isoforms appeared to
interact equally well with myosin Va (16).

It has been suggested that DYNLL may serve to link
myosin Va to other DYNLL-interacting proteins such as Bmf
and GKAP, i.e., that DYNLL may serve as a cargo adaptor
for myosin Va (16, 17). This proposal is based on the fact
that the DYNLL homodimer possesses two identical target

FIGURE 4: Determination of the affinity of DYNLL2 for
MyoVa1194-1316. (A) GST pull-down assay. Equimolar mixtures of
DYNLL2 and GST-MyoVa1194-1316or GST-MyoVa1194-1316∆ExonB
were incubated for 3 h in 10 mMsodium phosphate and 100 mM
NaCl (pH 7.8) at 4°C before the GST-tagged protein and bound
DYNLL2 were collected using glutathione-Sepharose beads (see
Materials and Methods). The graph shows the percentage of total
DYNLL2 added to the assay that remained in the supernatant after
bead pull-down for equimolar mixtures containing DYNLL2 and
GST-MyoVa1194-1316 (b) or DYNLL2 and GST-MyoVa1194-1316-
∆ExonB (O) at the indicated concentrations. (B) Sedimentation
equilibrium of a 1:1 mixture of a MyoVa1194-1316 dimer and a
DYNLL2 dimer after 36 h at 12 000 rpm in 10 mM sodium
phosphate and 100 mM NaCl (pH 7.8) at 4°C, using a six-channel
centerpiece (12 mm) with loading concentrations for inner, middle,
and outer channels of∼0.6, 1.2, and 1.8µM, respectively, for each
dimeric protein. The data in the bottom panel are the absorbance
at 230 nm (O) in the outer channel, and the solid line shows the
global fit of the three concentrations to a heterologous association
model for (MyoVa1194-1316)2 + (DYNLL2)2 T (MyoVa1194-1316)2-
(DYNLL2)2 with a KA′ of (3.9 ( 1.4) × 106 M-1. Residuals are
shown in the top panel.

FIGURE 5: Binding of DYNLL2 causes a change in the far-UV
CD spectrum of MyoVa1194-1316. Shown are the far-UV CD spectra
at 5 °C for 5 µM MyoVa1194-1316 alone (black line), 5µM
MyoVa1194-1316∆ExonB alone (dashed black line), 5µM DYNLL2
alone (green line), 5µM MyoVa1194-1316 and 5µM DYNLL2 (red
line), and 5 µM MyoVa1194-1316∆ExonB and 5µM DYNLL2
(dashed red line) in 10 mM sodium phosphate and 100 mM NaCl
(pH 7.8). The spectra for the latter two mixtures were calculated
as described in Materials and Methods by subtracting the spectrum
obtained for 5µM DYNLL2 alone from the spectra of the mixtures
of DYNLL and either MyoVa1194-1316 or MyoVa1194-1316∆ExonB.
The change in the MyoVa1194-1316 spectrum after the addition of
DYNLL2 was observed in two independent experiments. The graph
shows the unsmoothened spectra from a representative experiment.
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binding sites (26), thereby making it capable in principle of
cross-linking two different proteins that contain a DYNLL
binding site (16, 17, 21-24, 28, 34). To serve as a cargo
adaptor, then, one face of the DYNLL dimer would bind to
one of the two myosin Va heavy chains, while the other face
would bind to the cargo molecule. While such an interaction
is certainly possible, in the absence of negative cooperativity,
the kinetically favored interaction of DYNLL bound to one
of the two myosin Va heavy chains would most likely be to
bind to the other heavy chain rather than to a cargo molecule.
The resulting cross-link that would be generated between
the two myosin Va heavy chains by this favored reaction

could have important consequences for the conformation of
the heavy chains in the vicinity of the DYNLL binding site.
Consistent with this idea, we found that the binding of
DYNLL2 to MyoVa1194-1316, a fragment of the myosin’s
central stalk domain that contains its DYNLL2 binding site
(1285DKNTMTD) preceded by two putative coiled coils (one
predicted with high probability, the other with low prob-
ability), results in the stabilization of MyoVa1194-1316against
thermal denaturation and an increase in itsR-helical coiled-
coil content. We assume that these effects result from one
DYNLL2 homodimer binding simultaneously to both heavy
chain strands in MyoVa1194-1316.

A previous study showed that the binding of DYNLL to
a fragment of the swallow protein promotes the dimerization
of the fragment and the formation of anR-helical coiled coil
within it (36). The size, predicted content of theR-helical
coiled coil, and domain organization of this swallow fragment
are very similar to those of MyoVa1194-1316 (i.e., a DYNLL
binding site C-terminal of two short segments of predicted
coiled coil, with only the more N-terminal one being strongly
predicted to form a coiled coil; see Figure 2B, bottom). One
apparent difference between that study and ours is that while
the swallow fragment is only a weak dimer in the absence
of DYNLL [ KD ∼ 4 µM at 20°C (36)], MyoVa1194-1316forms
a tight dimer in the absence of DYNLL, especially at lower
temperatures (KD ∼ 0.6 µM at 20°C, andKD ∼ 0.03µM at
4 °C). Importantly, the far-UV CD spectra of MyoVa1194-1316

measured at 5°C and at a concentration of 5µM, conditions
where it is essentially entirely dimeric before the addition
of light chain, showed that its structure is changed signifi-
cantly upon binding of DYNLL2. We believe, therefore, that
this observed structural change is not a consequence of
DYNLL2 promoting the dimerization of MyoVa1194-1316(see
the model in Figure 7). Rather, we think that the binding of
DYNLL2 alters the structure of MyoVa1194-1316 even when
it is already dimeric, as it certainly is in the context of native,
full-length myosin Va.

In terms of the structural change induced in MyoVa1194-1316

upon DYNLL binding, we found that the value of [θ222]/
[θ208] for MyoVa1194-1316 increases from 0.86 in the absence
of DYNLL2 to 1.01 in the presence of DYNLL2. Typical
non-coiled-coilR-helical proteins show a [θ222]/[θ208] value
of 0.83, while this value is 1.03 for typical coiled-coil
R-helices (35, 36, 48-50). If we adhere to these guidelines,
then the change in the far-UV CD spectrum of MyoVa1194-1316

upon DYNLL2 binding indicates the introduction ofR-helical
coiled-coil structure within it, i.e., that MyoVa1194-1316 lacks
coiled coil in the absence DYNLL2 and possesses coiled
coil in the presence of DYNLL2. While certainly possible,
the fact remains that MyoVa1194-1316 is essentially entirely
dimeric prior to the addition of DYNLL. Given this, and
the fact that the only obvious way for MyoVa1194-1316 to
homodimerize on its own is via the formation of a coiled
coil by its N-terminal 38 residues, which have a 100%
probability of forming a coiled coil, we favor the idea that
the increase in the value of [θ222]/[θ208] upon DYNLL2
binding actually reflects an increase in theR-helical coiled-
coil content of MyoVa1194-1316due to the DYNLL-dependent
assumption of coiled-coil structure in the central, 30-residue
segment of MyoVa1194-1316 (residues 1246-1275, which
exhibit a 50% probability of forming a coiled coil on their
own). This scenario is presented schematically in the model

FIGURE 6: Binding of DYNLL2 stabilizes MyoVa1194-1316 against
thermal unfolding. Shown from top to bottom are the changes in
ellipticity at 222 nm as a function of an increasing temperature
(60°C/h) for 5µM MyoVa1194-1316alone (O), 5 µM MyoVa1194-1316

and 5 µM DYNLL2 ( 4), 5 µM DYNLL2 alone (]), 5 µM
MyoVa1194-1316∆ExonB alone (0), and 5µM MyoVa1194-1316∆ExonB
and 5µM DYNLL2 ( 3). All assays were performed in 10 mM
sodium phosphate and 100 mM NaCl (pH 7.8). Fits of the data to
a two-state unfolding model coupled to dissociation of MyoVa1194-1316

or MyoVa1194-1316∆ExonB (see Materials and Methods) are shown
as solid lines, while a linear regression fit to the data for DYNLL2
alone is shown as a dashed line. Each data set is shifted along the
Y-axis with the units between the major tick marks equal to-2
mdeg. Plateau values at 65°C are-1.7 mdeg for MyoVa1194-1316

and MyoVa1194-1316∆ExonB and-6.6 mdeg for DYNLL2. Deter-
mination of the CD spectrum before and after heating showed full
reversibility of the unfolding in all cases. Arrows indicate the
positions of the transition midpoint temperatures obtained from the
fitting procedure (summarized in Table 2).

Table 2: Transition Midpoint Temperatures and van’t Hoff
Enthalpies of Unfolding for MyoVa1194-1316,
MyoVa1194-1316∆ExonB, and 1:1 Mixtures of MyoVa1194-1316 and
DYNLL2 and of MyoVa1194-1316∆ExonB and DYNLL2 (each
component at 5µM)a

protein Tm (°C)
∆HvH

(kcal/mol)

MyoVa1194-1316 34.7 63
MyoVa1194-1316∆ExonB 35.7 63
MyoVa1194-1316and DYNLL2 42.1 87
MyoVa1194-1316∆ExonB and DYNLL2 35.8 69

a For each experiment, the transition midpoint temperature (Tm (
0.3 °C) and van’t Hoff enthalpy of unfolding (∆HvH ( 5%) were
obtained by fitting the progress ellipticity data at 222 nm shown in
Figure 6 to a two-state unfolding model coupled to dissociation (see
Materials and Methods).
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in Figure 7. We note that dimerization via a predicted coiled-
coil domain in the absence of a [θ222]/[θ208] ratio typical for
the presence of coiled coil has been observed also in the
case of the kinesin Kar3p (60). Interestingly, the swallow
fragment shows a [θ222]/[θ208] ratio characteristic of the
presence of coiled-coil structure even in the absence of
DYNLL2 and under conditions where the fragment is largely
monomeric (36). In the case of the dynein IC74 intermediate
chain fragment, the far-UV CD spectrum indicates a prima-
rily unfolded protein in the absence of DYNLL and a protein
with significant R-helical content and possibly coiled-coil
structure in the presence of DYNLL (35). Thus, the structural
effects of binding DYNLL, at least as inferred from far-UV
CD spectra, are somewhat different for myosin Va, swallow,
and IC74.

Thermal denaturation experiments showed a striking effect
of DYNLL2 on the stability of the MyoVa1194-1316 fragment
in the physiological temperature range. Specifically, theTm

increased from 34.7°C for MyoVa1194-1316 alone to 42.1°C
for the mixture of MyoVa1194-1316 and DYNLL2. Because
no such change was observed using MyoVa1194-1316∆ExonB,
which does not bind DYNLL2, and because DYNLL2 itself
does not unfold in the observed temperature range, the results
with MyoVa1194-1316 indicate that its interaction with DYN-
LL2 dramatically stabilizes its secondary structure.

To further characterize the interaction of DYNLL2 with
myosin Va, we determined the affinity of the DYNLL2 dimer
for the dimeric MyoVa1194-1316 fragment under solution
conditions using analytical ultracentrifugation. While the
value we obtained (KD ∼ 0.4 µM at 4 °C) may differ from
the affinity of DYNLL2 for full-length myosin Va, it is
similar to the value obtained for the interaction of DYNLL
with a fragment of IC74 (KD ) 0.09 ( 0.2 µM) (35).

The structural effects exerted by the binding of DYNLL2
on the region of the myosin Va heavy chain surrounding its
DYNLL binding site might have significant consequences
for the function of native myosin Va given that this myosin
exists in an equilibrium between a folded, compact, 14S
conformation that is enzymatically and mechanically inactive
and an extended 11S conformation that is enzymatically and
mechanically active (39, 61-66). The transition from the
inactive 14S conformation to the active 11S conformation
is thought to be induced by the binding of cargo to the
myosin’s tail domain (39, 61-66). A DYNLL-dependent
change in the coiled-coil content and/or the stability of the
coiled coil in the region of the central stalk domain just
N-terminal of the DYNLL2 binding site could affect the
ability of myosin Va to assume either conformation, thereby
influencing directly the activity of the native molecule. This
possibility, together with the likelihood that the binding of
myosin Va to DYNLL-interacting proteins like Bmf and
GKAP is exon B-dependent, argues that the alternative
splicing of this small exon has a significant impact on the
function of myosin Va in vivo.
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