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The dynein and myosin V motor complexes are multi-protein
structures that function to transport molecules and organelles
within the cell. DLC (dynein light-chain) proteins, found as com-
ponents of both dynein and myosin V motor complexes, connect
the complexes to their cargoes. One of the roles of these motor
complexes is to selectively sequester the pro-apoptotic ‘BH3-
only’ (Bcl-2 homology 3-only) proteins, Bim (Bcl-2-interacting
mediator of cell death) and Bmf (Bcl-2-modifying factor), and
so regulate their cell death-inducing function. In vivo DLC2
is found exclusively as a component of the myosin V motor
complex and Bmf binds DLC2 selectively. On the other hand, Bim
interacts with DLC1 (LCS), an integral component of the dynein
motor complex. The two DLCs share 93 % sequence identity
yet show unambiguous in vivo specificity for their respective
BH3-only ligands. To investigate this specificity the three-

dimensional solution structure of DLC2 was elucidated using
NMR spectroscopy. In vitro structural and mutagenesis studies
show that Bmf and Bim have identical binding characteristics to
recombinant DLC2 or DLCI1. Thus the selectivity shown by
Bmf and Bim for binding DLC1 or DLC2, respectively, does
not reside in their DLC-binding domains. Remarkably, mutational
analysis of DLC1 and DLC2 indicates that a single surface residue
(residue 41) determines the specific localization of DLCs with
their respective motor complexes. These results suggest a mole-
cular mechanism for the specific compartmentalization of DLCs
and their pro-apoptotic cargoes and implicate other protein(s) in
defining the specificity between the cargoes and the DLC proteins.
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INTRODUCTION

Pro-apoptotic Bcl-2 family proteins, particularly the ‘BH3-only’
(Bcl-2 homology 3-only) members, are essential inducers of pro-
grammed cell death and stress-induced apoptosis [1-3]. In mam-
mals, eight BH3-only proteins, including Bik/Blk/Nbk, Puma/
Bbc3, Noxa, Bim (Bcl-2-interacting mediator of cell death)/Bod,
Bid, Hrk/DP5, Bad and Bmf (Bcl-2-modifying factor), have been
identified [3,4]. These molecules share a short BH3 domain
required for binding their cognate pro-survival Bcl-2 partners.
Strict regulation of these proteins is essential to rein in their potent
cell death-inducing capacity. A multiplicity of mechanisms has
evolved to keep these molecules in check. For example, Hrk, Noxa
and Puma [5-7] are transcriptionally regulated whereas Bad, Bid,
Bim and Bmf are predominantly subject to post-translational con-
trols that include phosphorylation (Bad), enzymic cleavage (Bid)
and sequestration (Bim, Bmf), or a combination of these methods.
In general, these pro-apoptotic proteins are kept inert and primed
to sense distinct forms of cellular stress. Once activated, the BH3-
only proteins are released to trigger apoptosis by binding to pro-
survival Bcl-2 proteins. Since the BH3-only proteins are critical
initiators of apoptosis, understanding how they function at the ato-
mic level is a key step in elucidating the molecular events that lead
to apoptosis. Of particular interest are the specificities of interact-
ions between the BH3-only proteins and their cognate regulators.

Bim [8] and Bmf [9] are two pro-apoptotic BH3-only proteins
that signal to the cell death machinery by sensing cellular dam-
age that affects the cell cytoskeleton. In healthy cells both Bim
and Bmf are sequestered away from the sites where pro-survival
Bcl-2 family members reside (cytoplasmic face of the nuclear,
endoplasmic reticulum and mitochondria membranes), through

interaction with DLC (dynein light-chain) proteins. The light
chains have a molecular mass less than approx. 22 kDa, associate
with the intermediate chains, and are integral components of
motor complexes. There are three molecular mass ranges for the
light chains, approx. 8, 14 and 22 kDa, and the 8 kDa family are
referred to as either light chains or DLC and bind proteins such
as Bim and Bmf. Specifically, the light-chain component of the
myosin V motor complex, known as DLC2, binds Bmf, while
the equivalent component of cytoplasmic dynein known as either
DLC1, LCS, cytoplasmic DLC or PIN [protein inhibitor of nNOS
(neuronal nitric oxide synthase)] [10], referred to here as DLCI,
binds Bim in healthy cells. In response to apoptotic stimuli that
impact upon the motor complexes, Bim or Bmf, in complex with
their respective light chains, are released into the cytoplasm where
they can interact with pro-survival Bcl-2 proteins, via their BH3
domains [11].

Interaction of Bim and Bmf with the DLCs appears to have a
critical role in regulating their pro-apoptotic activites. Mutations
in the LBD (light-chain-binding domain) of Bim or Bmf, that
disrupt binding to the respective DLCs [8,9], enhance the death-
promoting activity of these proteins, and cells expressing such
mutant proteins are considerably more susceptible to death stimuli
than those expressing their wild-type counterparts. Furthermore,
analysis of the three Bim splice variants, Bimg; , Bim; and Bimg,
also suggests an important regulatory role for DLC interaction.
Bimg, which lacks the LBD-containing exon present in the
longer Bim isoforms, is the most potent apoptosis inducer, prob-
ably because it is not restrained through interaction with DLC1
[8]. Phosphorylation of residues in the LBD of Bim and Bmf
may also regulate the release of these molecules from their motor
complexes [12].

Abbreviations used: Bim, Bcl-2-interacting mediator of cell death; BH3, Bcl-2 homology 3; Bmf, Bcl-2-modifying factor; DLC, dynein light chain; HSQC,
heteronuclear single-quantum coherence spectroscopy; nNOS, neuronal nitric oxide synthase; rmsd, root mean square deviation; LBD, light chain-binding
domain; GST, glutathione S-transferase; 3D, three-dimensional; NOESY, nuclear Overhauser enhancement spectroscopy; NOE, nuclear Overhauser effect.
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The highly conserved homodimeric DLCs function to tether
their payloads on to the motor complexes for transport along
either actin filaments or microtubules. Many cargoes have been
reported to bind DLCs, including cellular proteins [13,14], mRNA
[15], organelles [16], viral proteins [17,18] and particles [19]. A
combination of biochemical and mutational studies has identified
a conserved (K/R)XTQT consensus sequence within these pro-
teins that is required for binding DLC1 [8,13]. This motif is found
in both Bim and Bmf. A second sequence motif, G(I/V)QV(D/E),
was identified by a peptide-scanning approach seeking DLC-
targeted proteins [14].

Three-dimensional structures have been determined for DLC1
alone [20,21], and in complex with peptide fragments from nNOS
[22] and from Bim; [21]. The crystal structure of DLC1 bound
to a 13-residue peptide fragment from nNOS showed that the
peptide-binding site is a deep hydrophobic cleft formed by strands
B3, 4 and B5 from one protomer and o2 from the other. The
peptide interacts extensively, via backbone hydrogen bonds, and
side-chain hydrophobic and hydrophilic interactions, with strand
B3 in an anti-parallel manner, extending the central S-sheet
of DLCI to six anti-parallel B-strands. The ligand specificity of
DLCI is determined by a combination of main-chain and side-
chain hydrogen bonds, together with the steric complementarity
between the ligand and DLC1. In summary, structural and muta-
genesis studies have provided the molecular basis for the binding
specificity of the LBD recognition sequence to DLC1 [22].

Whereas the interactions between Bim and DLC1 have been
investigated in detail, less is known about the interaction be-
tween Bmf and DLC2. Significantly, it is unknown as to why,
in vivo, Bmf binds specifically to DLC2. We report here the struc-
ture of DLC2, and compare the binding of DLC2 and DLC1 to
both Bim and Bmf peptides. In addition, the specific localization
of Bim and Bmf was probed using both in vitro experiments to
define, if any, the specificity between the light chains and the BH3-
only proteins; and in vivo experiments involving transfection of
mammalian cells with wild-type and mutant DLCs to determine
the specificities with the motor complexes.

Our data show that binding of Bmf to DLC2 is similar to
Bim, binding to DLC1 and that the recombinant C-terminally
truncated Bim and Bmf proteins bind both the DLCs with equal
avidity. Hence, the in vivo specificity of Bmf for DLC2 must be
due to other as-yet-unidentified molecules influencing the form-
ation of the Bmf—~DLC2 complex. We also show that unlike the
promiscuous interactions between Bim or Bmf and DLC1 or
DLC2, the specific interactions of DLC1 with the dynein V motor
complex, and of DLC2 with the myosin V motor complex, appear
to be largely mediated by residue 41 of the DLCs.

EXPERIMENTAL

Protein expression and purification

Murine DLC1, DLC2, C-terminally truncated Bim; AC27 (Bim,,
truncated by 27 residues) and BmfAC25 (Bmf truncated by
25 residues) were expressed as GST (glutathione S-transferase)
fusion proteins in Escherichia coli BL21 (DE3) using established
protocols [23]. Proteins were purified by affinity chromatography
using glutathione—Sepharose (Amersham Biosciences), cleaved
with PreScission protease (Amersham Biosciences) and further
purified by size-exclusion chromatography using Superdex 75
(Amersham Biosciences). DLC1 prepared by this method con-
tained two additional vector-derived N-terminal residues (GS)
while DLC2 had five additional N-terminal residues (GPLGS).
Isotopically labelled proteins were prepared as described pre-
viously [23]. NMR samples contained approx. 1 mM protein in
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50 mM sodium phosphate (pH 6.7), 70 mM NaCl, 2 mM TCEP
[Tris-(carboxyethyl) phosphine hydrochloride] and 0.04 %
sodium azide in H,O/H,0 (95:5 v/v). Site-specific mutants of
Bim,; , Bmf and DLC were generated using a PCR-based strategy
as described previously [23]. The sequence of all clones was
confirmed by DNA sequencing.

Peptides corresponding to the LBDs of mouse Bmf (re-
sidues 64-80, SQEDKATQTLSPASPSQ) and mouse Bim,
(residues 48—64, MSCDKSTQTPSPPCQAF) were purchased
from Auspep. Peptide purity was confirmed by electrospray MS.
DLC1- or DLC2-peptide complexes were formed by addition of
equimolar solutions of LBD peptide to DLC protein and the mix-
ture concentrated to a final protein concentration of approx.
1 mM.

Binding studies

Direct interactions between DLC1 or DLC2 and Bim; or Bmf
were monitored using GST pull-down experiments. These were
performed in 100 ul of PBS (pH 7.3) containing 2 mM dithio-
threitol. Typically, excess soluble protein was then added to
equivalent amounts of resin-bound protein. After incubation at
room temperature for 30 min the resin was pelleted, washed twice
with 200 ul of PBS containing 0.2 % Tween 20 and 10 ul of
2 x SDS sample buffer was added to each sample. The samples
were boiled, loaded on to 16 % acrylamide gels, electrophoresed
and then stained with Coomassie Blue. The staining intensity of
the bound soluble protein indicated the strength of the interaction
between the two proteins.

Yeast reverse two-hybrid screens

To identify the DLCI residues required for Bim; binding, a yeast
reverse two-hybrid screen was undertaken as outlined by our
earlier studies [8]. Random mutations of DLC1 were subcloned
into pGAD 424 EGFP and the clones were screened for loss
of binding to Bim,;, as indicated by growth in 0.2 % 5-fluoro-
orotic acid. Non-interacting clones were viable. To confirm this, a
B-galactosidase assay was performed [8,9,24]. The plasmids that
encode non-interacting DLC1 clones were rescued and sequenced
[9,25].

NMR spectroscopy and spectral assignments

A series of two-dimensional and 3D (three-dimensional) hetero-
nuclear NMR spectra were acquired on free DLC1 or that bound to
Bim, -LBD, and free DLC2 or that bound to Bmf-LBD, at 25 °C on
a Bruker DRX 600 spectrometer equipped with triple-resonance
pulsed-field gradient probe. Sequential resonance assignments
of unbound DLC2 and the complexes of DLC1 studied here
were made, in part, by comparison with those of DLC1 and its
complex with nNOS (I. Barsukov and L.-Y. Lian, unpublished
work). Additional experiments using a series of triple resonance
spectra were acquired on either uniformly “N-labelled or *C-/
1N-labelled protein [26]. Exchange properties of the HN protons
were monitored by CLEANEX-PM HSQC (heteronuclear single-
quantum coherence spectroscopy) spectra [27]. "N-DLCI and
SN-DLC2 were titrated with aliquots of Bim and Bmf peptides.
Spectra were processed using XWIN-NMR (Bruker AG) and
analysed using XEASY [28].

Structure calculation

Approximate inter-proton distances were derived from
two-dimensional NOESY (nuclear Overhauser enhancement
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spectroscopy) and 3D "C- and "*N-edited NOESY spectra with
150 ms mixing times. Backbone-¢ constraints were determined
from *Jywua coupling constants obtained from a HNHA spectrum.
Y angles were restricted according to the value of the chemical
shift of their Ca resonance [29]. Remaining residues were re-
stricted in their ¢ angle according to Luginbiihl et al. [29] or to
negative ¢ angles where the condition for a positive ¢ angle was
not met [30]. A positive ¢ angle for residue Asp-51 was charac-
terized by both an intense intra-residue Hoe-HN NOE (nuclear
Overhauser effect) and a weak sequential He-HN NOE in
conjunction with a *Jyyy, coupling constant of 6 Hz. The ¢ angle
of residue Asp-51 was restricted to a range of 60+ 30° in the
structure calculation [30]. Hydrogen-bond constraints were
applied at a late stage of the structure calculation where there
existed the characteristic NOE patterns observed for «-helices or
B-strands and slow-exchanging HN protons [23].

A total of 99 inter-protomer distance constraints were applied
for the calculation of the dimer; these constraints were classified
as being between the protomers as they could not be satisfied in
a monomer structure alone. The dimer structure was calculated
according to the protocols of O’Donoghue et al. [31] for deter-
mining structures of symmetrical multimeric proteins. Briefly,
the crystal structure of DLC1 (PDB code 1CMI) [22] was used
as a guide in the location of cross-protomer NOEs in DLC2. Two
symmetrically arranged protomers were generated by duplication
and rotation of the monomer structure to form an initial dimer that
satisfied the inter-protomer distance restraints. Further constraint
was applied in the form of non-crystallographic symmetry re-
straints to maintain the 2-fold symmetry of the molecule [31]. In-
itial structure calculations were performed using DYANA [32]
and once the final set of restraints had been obtained a new family
of structures was refined using CNS (1.0) [33]. Non-crystallo-
graphic symmetry restraints were applied to residues 5-89 to
maintain the dimer symmetry. Structures with the lowest penalty
function were minimized using the OPLSX non-bonded para-
meters [34] while maintaining the 2-fold symmetry. Structural
analysis was performed on the 20 structures with the lowest
stereochemical energies and PROCHECK_NMR [35] was used
for assessment of their stereochemical quality. The structures
had no experimental distance violations greater than 0.3 A or
dihedral angle violations greater than 5°. Structural figures were
created using MOLMOL [36]. The atomic co-ordinates have been
deposited in the Protein Data Bank, Research Collaboratory for
Structural Bioinformatics, Rutgers University, New Brunswick,
NJ, U.S.A. (http://www.rcsb.org), under PDB code 1RE6.

Mammalian expression vectors, transient transfection
and subcellular fractionation

Mammalian expression vectors for DLC1 and DLC2 have been
described previously [8,9], as has liposome-mediated transient
transfection of HEK-293T cells [37,38]. Mutants of DLC1 and
DLC2 were generated by PCR using proofreading Pfu polymerase
(Stratagene) and the constructs verified by automated sequencing.
Details of the oligonucleotides and the constructs are available
from the authors.

Equivalent cell numbers from parental or transiently transfected
HEK-293T cells were lysed in 500 u1 of extraction buffer [0.05 M
Pipes/NaOH, 0.05 M Hepes, pH 7.0,2 mM MgCl,, 1 mM EDTA,
protease inhibitors (Complete™ tablets; Roche) and 1 % Triton
X-100] on ice for 30 min. Cellular debris was removed by
centrifugation (10000 g, 4 °C) and the resultant supernatant was
centrifuged at 125000 g for 1 h at 4 °C in a Beckman bench-top
ultracentrifuge. The pellet (P1) is enriched for the myosin V motor
[39]. Paclitaxel (final concentration, 20 ©M; Taxol, Sigma) and

4 units of apyrase (Sigma) were added to the remaining super-
natant, which was incubated at 37 °C for 12 min with occasional
swirling. This extract was then loaded on to a 7.5 % sucrose
cushion made in the extraction buffer (500 ul of cushion, pre-
warmed to 37 °C) and spun at 125000 g for 1 h at 30 °C. The
microtubule-enriched pellet was saved as P2 [40]. Pellets P1 and
P2 were boiled in SDS sample buffer before electrophoresis.

Antibodies

The antibodies used in this study are mouse monoclonal anti-
bodies anti-FLAG M2 (Sigma) and anti-(dynein intermediate
chain 74) (IC74) clone 70.1 (Sigma), and rabbit polyclonal anti-
body anti-myosin V (a gift from Professor R. Cheney, University
of North Carolina at Chapel Hill, NC, U.S.A.).

RESULTS
Solution structure of the DLC2 dimer

Almost complete, sequence-specific, backbone and side-chain
assignments for the 'H, *C and "N resonances of double-labelled
DLC2 were determined using a series of heteronuclear 3D NMR
methods [26]. Structures were calculated using earlier protocols
[23]. The parameters characterizing the final 20 structures, and
structural statistics summarized in Table 1, demonstrate that the
ensemble of NMR structures is energetically reasonable and
has acceptable covalent geometry. Figure 1(A) shows the super-
position of the final structures over the backbone atoms (N, Co, C')
of residues 5-89 and 5'—89’ of the dimer.

The 3D structure of the DLC2 monomer subunit comprises a
short N-terminal strand followed by two helices (a1, «2) that are
connected by a tight turn (Figure 1B). These helices are packed
against a five-stranded B-sheet that is formed by the N-terminal
strand and four additional strands, one of which is derived from
the adjacent monomer. Close contacts between residues of 52, the
second B strand of one subunit, and B3, the third strand of
the adjacent subunit, extends the S-sheet formed by strands 81,
B2, B4 and B5 creating the five-stranded contiguous sheet (Fig-
ure 1B). The structure of DLC2 (Figure 1B) is similar to the
structure of DLC1 (Figure 1C). As in DLC1, DLC2 includes a
non-prolyl cis-peptide bond at Thr-53 [21,22] and additionally
a positive ¢ angle is present at Asp-51. The positive ¢ angle at
residue Asp-51 reflects its location, together with Pro-52, in a
compact turn that links the C-terminus of helix o2 to strand B2.
The observation of positive ¢ angles is known to be associated
with tight turns in proteins [30]. Backbone angular-order para-
meters were well defined [S(¢) and S(¢) > 0.9] for residues 7-49,
52, 68, 70-75 and 77-88. The N-terminal 10 residues, including
the five cloning artifacts (GPLGS), are disordered in solution and
lack any long-range distance constraints.

There are six sequence differences between DLC2 and DLC1
[S2C (where the S is DLC2 and the C is DLC1), DI6E, A21S,
D23E,M29L and Y41H; Figure 2A]. All are distal from the known
ligand-binding site [22] and, with the exception of A21S, are
conservative in nature. Tyr-41 is located near the dimer interface
although it is not known to be involved in inter-protomer contacts.
Ala-21 and Ser-21 are buried and occupy similar positions in the
interface between helices a1 and «2 in both DLC2 and DLC1
respectively. Of the remaining differences, Ser-2 is located in the
unstructured N-terminal tail, Asp-16 and Asp-23 together with
Met-29 are located on the solvent-exposed face of helix ol in
close proximity to Tyr-41 on helix o2 (Figure 2B). However, both
Met-29 in DLC2 and Leu-29 in DLC1 are largely buried, forming
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Table 1

Procheck analysis [35] of Ramachandran regions: numbers in parentheses refer to those residues
that have both ¢ and v angular order parameters > 0.9. S(¢) and S(v/) are the angular order
parameters for ¢ and . Co-ordinate precision indicates rmsd (root mean square deviation)
over backbone (N, Ce, C) and all heavy atoms. 5-89 and 5'-89' refer to residues 5-89 of one
protomer and 5'-89’ are the residue numbers of the adjacent protomer in the dimer. o1 and 2
refer to «-helical residues and B1-85 are the B-strand residues (see Results section). £y,
Lennard-Jones potential.

Structural statistics for the 20 lowest-energy structures of DLC2

Experimental constraints

Total angle and distance constraints (per monomer) 1602
Distance constraints:

Sequential (i — j|=1) 487
Shortrange (1 < |i — j| <5) 285
Long range (|i — j| >5) 546
Hydrogen bonds 29
Inter protomer 99
Dihedral angles (83 ¢, 44 ) 127
rmsd from experimental distance 0.028 4 0.001
restraints (A)
rmsd from experimental dihedral 0.2440.05
restraints (°)
rmsd from idealized covalent geometry
Bonds (A) 0.0075 +0.0001
Angles (°) 0.68 4 0.02
Impropers (°) 0.40+0.02
Measures of structural quality
Epy (kJ-mol=) —832+40
Procheck % residues in region of
Ramachandran plot [residues with
S(p) and S(y) >0.9]
Most favourable 75.9(81.6)
Additionally allowed 21.8 (17.5)
Generously allowed 1.6(0.8)
Disallowed 0.7(0.1)
Angular order: residues with S(¢) > 0.9 63/monomer
and S(y) >0.9
Co-ordinate precision
Mean pairwise rmsd (&) N, Ca, C All heavy
Dimer
Residues 5-89, 589 0.96+0.27 1.784+0.24
al, a2, p1-5, a1, a2’, p1-B5' 0.81+0.26 1504019
Protomer
Residues 5-89 0.67+0.15 159+0.27
al, a2, p1-B5 0.50+0.12 1.30+0.24

part of the hydrophobic core and therefore exposing only a small
percentage of their available surface area to solvent.

The residues in Bim and Bmf required for binding the DLCs
are conserved

The very high sequence identity between DLC1 and DLC2,
including residues involved in ligand binding means that the
structure itself was insufficient to provide information on binding
specificity. Site-directed mutagenesis of residues within the LBDs
of Bim; and Bmf (Figure 3A), which were required for binding
DLC1 and DLC2 (Figure 3B), was used to characterize the nature
of this interaction. A series of single and double mutants across
the binding site shows the essential nature of GIn-55 in Bim,
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and its equivalent, GIn-71, in Bmf (Figure 3B). Mutation of the
preceding threonine also reduces binding of both Bim and Bmf
to their respective DLCs. The binding domains we have mapped
for Bim and Bmf are in agreement with earlier studies on Bim;
[13,14]. In the crystal structure of the DLC1/nNOS-LBD peptide
complex [22], GIn-234 of nNOS, the equivalent residue of GIn-55
and GIn-71 in Bim; and Bmf respectively, makes cross-dimer
contacts with Ile-34 via hydrophobic interactions and contacts
Glu-35 and Lys-36 via hydrogen-bond interactions between side
chains. Other mutations have less impact. For example, mutation
of Asp-51 or Thr-56 alone in Bim; was not sufficient to abolish
binding (Figure 3B) but the double mutant DS1A/T56A greatly
diminished binding.

Binding of LBD peptides induces similar changes in DLC1 and DLC2

To further characterize the interaction between Bmf and DLC2,
the solution properties of a complex (formed with Bmf-LBD
residues 64—80, SQEDKATQTLSPASPSQ) was investigated us-
ing NMR. Tight binding of Bmf-LBD to DLC2 was demonstrated
by its ability to compete with Bmf AC25 for DLC2 binding (results
not shown). At sub-stoichiometric amounts of Bmf peptide, more
than two sets of resonances were observed; of these, one set was
from the free DLC2, another was from the complexed form (indi-
cating the complexes are in slow exchange on the NMR time scale)
and the remaining resonances were from the non-symmetrical
partially complexed DLC2 dimer. Addition of two equivalents
of Bmf-LBD to DLC2 generated a single set of resonances in
the "H-/">'N-HSQC spectrum. These data, in conjunction with re-
sults from size-exclusion chromatography, suggest that a tightly
bound symmetrical dimer of dimers ([DLC2—-peptide],) forms
when stoichiometric amounts of Bmf—-LBD peptide are added.
Furthermore, the 'H-/'N-HSQC spectrum for DLC2, in the pre-
sence and absence of Bmf-LBD, revealed that the largest chemical
shift changes on ligand binding occur for residues located in the
B3—p4 region of DLC2 and smaller changes are observed in o2
and B2 [22] (Figure 3C). Residues located in these regions form
part of the LBD-binding interface. Comparison of similar ligand-
binding studies using Bim peptides and DLC1 suggests that Bim
and Bmf-LBD peptides bind DLC1 and DLC2 in a similar way
(Figure 3C).

The determinants of specific binding for DLC1 or DLC2 are not
present in Bim or Bmf

When isolated from cells Bmf is found to only associate with
DLC2, while Bim is primarily found in association with DLCI,
yet the studies with peptides suggest that the binding sites are
highly conserved. Binding studies using purified recombinant
Bim; AC27 and BmfAC25 also indicated that the binding sites
are equivalent since both proteins could bind DLC1 and DLC2
(Figure 4A). Indeed, when Bim and Bmf were added together
with either DLC1 or DLC2 preferential binding was not observed
(Figure 4A, lanes 5 and 6). Although hydrophobic C-terminal
residues are missing from the recombinant forms of Bim and Bmf
used here, this experiment suggests that sequences outside of their
LBDs do not confer the binding specificity.

The identity of the LBD binding sites was further demonstrated
by mutagenesis of the DLCs. Some of the residues, identified by
NMR as the binding region of Bim; peptide on DLC1, namely
Glu-35, Thr-67, His-68 and Phe-73 [13] were mutated to Ala in
DLC1 and DLC2. Mutations of Thr-67 or Phe-73 in DLC1 almost
completely abrogated binding to both Bim; AC27 and BmfAC25
(Figure 4B), emphasizing the similarity in the interactions
between DLC1 and Bim; or Bmf. Likewise, the disruptive
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Figure 1  Structure of DLC2

(A) Stereo view of the family of 20 structures of DLC2 superimposed over the backbone atoms (N, Cer, C) of residues 5-89. Residues 5-89 are shown and one subunit is coloured orange. B-Strands
are labelled 1-5 and -helices o1 and 2 are also shown; on the adjacent subunit g-strands 1—5’ and «-helices e 1” and 2’ are shown. (B) Ribbon diagram of the structure closest to the mean for
DLC2. The secondary structure of each monomer subunit consists of two a-helices, a1 (residues 15-31) and 2 (35—49) and five B-strands, 1-5 (81, 8-12; B2, 54-59; B3, 63-66; B4, 72-18;
B5, 82-87; strands are numbered according to the DLC1-nNOS crystal structure [22]). Four of these strands, 81, 82, 84 and 85, form an extended sheet with B3’ from the adjacent monomer. A
bulge (residues 8-11) is present in 1. Side-chains are shown for Thr-67 and Phe-73, key determinates of ligand binding. (C) Backbone ribbon of DLC1 (LC8) bound to nNOS peptide (yellow; PDB

code 1CMI [22]).

mutations T67A and F73A in DLC2 also reduced binding of both
Bim; and Bmf. Surprisingly, mutation of Glu-35 in DLC1 does
not appear to affect binding, although this residue contacts the
highly conserved glutamine (Glu-55 in Bim; and Glu-71 in Bmf).
Likewise, the mutation H68A has little effect on the binding of
Bim; or Bmf. In the published structures His-68 contacts the main
chain and the less highly conserved Thr-231 of nNOS (Lys-52 of
Bim,;, Lys-68 of Bmf), and this may account for the tolerance at
this position.

When a reverse two-hybrid screen of 5000 mutated clones
was carried out to search for residues in DLC1, besides Phe-73
and Thr-67, that are required for binding to Bim, [5—7], Tyr-75 and
Phe-76 were found to be disruptive (Figure 4C). These two
residues are in close proximity to the identified binding site and
suggest that the contacts required for complex formation are con-
fined to this region. Collectively, these data demonstrate that the
binding sites within DLC1 and DLC2 are conserved and that

recombinant Bim and Bmf cannot discriminate between these two
proteins. In cells the specific compartmentalization of these pro-
teins is probably mediated by other protein components that
results in specific binding of DLC1 to Bim, and DLC2 to Bmf.

Mapping the interaction of DLC1 and DLC2 with their respective
dynein and myosin V motor complexes

When isolated from cells DLC1 co-purifies with the dynein motor-
enriched fraction, whereas DLC2 purifies mainly with the myosin
V motor [9] (Figure 5). To investigate how this specificity might
be defined, we swapped residues that differ between DLC1 and
DLC2. Interestingly, replacement of the most divergent surface
residue in DLC1 (His-41), with the corresponding residue in
DLC2 (Tyr), significantly abrogated its localization with the
dynein motor (Figure SA). The corresponding mutation in DLC2
(replacing Tyr-41 with His) displaces DLC2 from the myosin
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Figure 2 Sequence differences in DLCs map to the surface

(A) Alignment of the sequences for DLC1 and DLC2 (shading indicates the differences).
(B) Surface diagram highlighting the residues (green) that differ between DLC2 and DLC1, using
the structure of DLC2 (residues 5-89). The left-hand view is the same molecular orientation
as the ribbon in Figure 1(B), the middle view a 180° rotation about the vertical axis and the
right-hand view is a 90° rotation about the horizontal axis.

V motor whereas mutations to other surface residues that differ
between the two molecules had no impact (Figure 5B). Thus,
His-41 of DLCI1 and Tyr-41 of DLC2 probably make critical
contacts that are responsible for bringing these polypeptides to
the dynein and myosin V motors respectively.

DISCUSSION

One of the main objectives of these studies was to elucidate the
mechanism behind the in vivo specificity shown by DLC2 for
the pro-apoptotic BH3-only protein Bmf. The solution structure
of DLC2 was found to be well defined, with the exception of a few
N-terminal residues that lack long-range constraints (Figure 1).
Two well-ordered monomers form a symmetrical dimer that is
created by sharing of a strand from the adjacent subunit (Figure 1).
DLC?2 has the greatest structural similarity to the crystal structure
of the DLC1-nNOS complex (PDB code 1CMI) [22] with a rmsd
(root mean square deviation) of 1.34 A when superimposed over
the backbone (N, Ca, C') of residues 5-89 of the dimer. The
same superimposition with the NMR-determined structure of apo-
DLC1 (PDB code 1F3C) [13] gives a rmsd of 2.70 A. Similarly,
the NMR structures of DLC1 bound to Bim; (PDB code 1F95) or
nNOS (PDB code 1F96) peptides have rmsd values of 1.77 and
1.49 A respectively when compared with that of DLC2.

The majority of sequence differences between DLC2 and DLC1
(Figure 2A) map to a distinct surface on DLC2 (Figure 2B), which
is remote from the LBD-binding site and therefore precluded
from having any direct involvement in ligand binding. Moreover,
identical residues on DLC1 and DLC2 form the LBD-binding
site and the LBD peptides bind in a groove formed between helix
a2 of one monomer and the third and fourth B-strands of the
other monomer (Figure 1B), with hydrophobic residues projecting
from the B-strands forming a hydrophobic surface for peptide
binding. In the DLC1/nNOS-LBD and DLC1/Bim; —-LBD struc-
tures the LBD peptide forms an anti-parallel strand adjacent to the
third B-strand of DLC1 [21,22], extending the 8-sheet. The hydro-
phobic side chains projecting from the peptide strand form
hydrophobic contacts with residues in the groove. One of the
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residues within both DLC1 and DLC2 whose mutation abrogates
peptide binding, F73A, lies on strand 84 and forms part of this
hydrophobic pocket while the other residue shown to be required
for binding, Thr-67, is located in the B3—84 binding region.
Thr-67 in DLC1 makes hydrogen bonds with Asp-51 in Bim,,
[21] and Asp-230 in nNOS-LBD [22]. Asp-67 in Bmf would be
expected to fulfil this role although, as seen for Bim; , mutation of
this residue to alanine only results in a slight decrease in binding
(Figure 3B). Surprisingly, mutation of Glu-35 in DLC1 does not
disrupt binding to either Bim; or Bmf, although in both published
complex structures [21,22] this residue interacts with the highly
conserved glutamine that is required for binding (Figure 3B).

Analysis of the Bmf~-LBD mutants suggests that cells may
be sensitive to small amounts of free Bmf. The mutants D67G/
K68A/T70A and A69P reduced survival in FDC-P1 cells exposed
to apoptotic stimuli and the same mutations abrogate DLC2
binding in vivo [9]. However, both mutants still showed some
residual DLC2 binding in vitro (Figure 3B). Mutation of Ala-69
to proline, but not to aspartic acid, in recombinant Bmf disrupted
binding (Figure 3B), suggesting that the side chain does not make
important contacts but instead proline distorts the conformation
of the main chain to reduce binding.

The pattern of chemical shift changes in 'H-/*N-HSQC spectra,
induced upon binding of Bmf-LBD to DLC2, are similar to those
we observed for DLCI and those reported by Zhang and co-
workers [41], when an equivalent peptide from Bim; (Bim—LBD)
was bound (Figure 3C). In addition the changes in 'H-/"N-
HSQC spectra of DLC1 when Bmf-LBD peptide is titrated into
5N-labelled DLC1 protein are similar to those observed when
Bim-LBD is added to the same protein (results not shown).
Furthermore, NOEs observed during the current studies, in the
5N- and "C-edited NOESY spectra of DLC2/Bmf-LBD and
DLC1/Bim-LBD show essentially identical patterns, and these,
coupled with the chemical shift changes (Figure 3C) indicate
that both LBDs interact in a similar manner with their respective
DLCs. In conjunction with the mutational mapping analysis
and the high level of sequence identity (93 %) between DLC1 and
DLC2, our data suggest that Bmf binds to DLC2 in an extended
conformation, adjacent to 83, and analogous to that seen for Bim,
and nNOS peptides bound to DLC1 [21,22]. These short Bim; and
Bmf LBDs are shown in Figure 3(A) and the sequence motif
XKXTQT is consistent with many other DLC-binding sequences
[13,42].

It has been observed that, in vivo, Bmf is found to associate only
with DLC2 [9] whereas Bim, is associated mostly with DLC1
[8]. Neither the short LBD sequence motif alone nor the struc-
tures of the DLCs explains this specific localization. The small
number of differences between the DLCs are confined to solvent-
exposed regions remote from the LBD-binding surface that do not
appear to make direct contact with the ligand (Figure 2B). Ad-
ditionally, residues outside the short binding domain on Bim; and
Bmf do not apparently confer this specificity. Both Bim; AC27
and BmfAC25 (two recombinant molecules with their putative
membrane-binding domains truncated) bind either DLC1 or
DLC2 and can be competitively displaced by the other ligand
(Figure 4A). These results suggest that other components within
the cell must interact with the DLC complexes and confer specific
binding.

In the assembled motor complexes, it is likely that a given DLC
dimer binds to two different molecules. It has been proposed that
one site is loaded with the cargo, while the other binds a com-
ponent of the motor complex. For instance, DLCs are known to
bind IC74, the dynein intermediate chain [9,13,43], and the re-
cognition sequence in IC74 suggests that binding to DLC occurs in
a similar manner as seen for Bim; and nNOS [13]. Asin the case of
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Figure 3 Identification of the interaction interfaces

(A) LBD sequence motifs for Bim_ and Bmf. Residues in bold are those that are conserved over a
range of DLC-binding proteins [13,14]. For reference, the nNOS peptide is shown with residues
that correspond to the second conserved binding motif highlighted in bold. (B) Mutagenesis
of the LBDs within Bim and Bmf. Purified GST fusion proteins of Bim  AC27 and BmfAC25
were expressed and purified as described in the text. Approximately equivalent amounts of the
resin-bound GST fusion proteins were mixed with soluble DLC1 or DLC2 as indicated. Gels were
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Figure 4 Bim and Bmf can both bind to DLC1 and DLC2 in vitro

(A) The ability of DLC1 and DLC2 to discriminate between Bim and Bmf was assessed. Soluble
Bim, AC27 and BmfA C25 were mixed with resin bound GST-DLC1 and GST-DLC2 in isolation
(lanes 1-4) or together (lanes 5 and 6). Samples were analysed as described for Figure 3(A).
(B) Identification of residues required for binding Bim or Bmf within the DLC binding groove.
Experiments were carried out as in Figure 3(A) except in this instance the GST-DLC was
attached to the resin and soluble Bim_ AC27 or BmfAC25 was added. The lanes are labelled
according to the site of the mutated residue on DLC1 or DLC2. For example, E35A corresponds
to GST-DLC1 (E35A). WT, wild type. (G) Alignment of the sequences corresponding to the
five clones obtained using the reverse yeast two-hybrid screen. The differences relative to
wild-type DLC1 are indicated. Clone 44 and clone 52 also had D37V and V22A mutations
respectively.

stained with Coomassie Blue. The intensity of the band corresponding to the soluble protein was
used to estimate the relative strength of binding. The lanes are labelled according to the mutation,
WT corresponds to wild-type Bim or Bmf. Mr refers to the molecular-mass markers indicated
in kDa. (C) Histogram showing the chemical shift differences between amide resonances of
free and bound DLC complexes induced by ligand binding. Chemical shift differences between
DLC2 — DLC2/Bmf-LBD and DLG1 — DLC1/Bim-LBD are plotted as weighted average chemical
shift differences to take account of both "H and ™®N resonance perturbations according to the
equation A8 =[A8% +0.17A8215,]'/2 where Adyy and Adqsy are the chemical shift
changes of the HN and N resonances on binding ligand respectively [44]. The position of the
secondary structure elements indicated for DLC1 are from Liang et al. [22] and those for DLC2
are as determined in this study.
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Figure 5 Localization of DLC1 and DLC2 is primarily determined by
residue 41

(R) His-41 of DLC1 promotes its interaction with the dynein motor complex. Parental HEK-293T
cells or those transiently expressing FLAG-tagged wild-type or the H41Y mutant DLC1 were frac-
tionated into P1 (myosin V motor-enriched) and P2 (dynein motor-enriched) fractions. (B) Tyr-41
of DLC2, but not the other residues that differ from DLC1, promotes DLC? binding to the myosin
V motor complex. HEK-293T cells expressing FLAG-tagged wild-type or mutant forms of
DLC2 were fractionated as in (A). Equivalent P1 and P2 fractions, and total cell lysate before
fractionation (T), were probed with the anti-FLAG M2 monoclonal antibody. WT refers to wild-
type DLC1 or DLC2. (C) Confirming purity of the myosin V (P1) or dynein (P2) motor-enriched
fractions. Equivalent HEK-293T lysates fractionated (as described in the Experimental section)
were probed with antibodies recognizing anti-myosin V (left) or an anti-(dynein intermediate
chain) (anti-IC74; right). Unlike myosin V or dynein intermediate chain IC74, FLAG-tagged DLC1
or DLC2 was readily detected in the total cell lysate because these proteins were overexpressed.

many multiprotein complexes, we expect the nature of the first
protein bound would influence those that can bind at the second
site. The exact mechanism by which this could arise, like other
systems, requires a detailed analysis of the kinetics and thermody-
namics of the protein—protein interactions, preferably using com-
plexes of full-length proteins. To date, all binding and structural
studies have used purified DLCs that have the same molecule
bound in both binding sites.

How do DLC1 and DLC2 compartmentalize to the dynein- and
myosin V-based motors respectively? As most of the differences
between DLC1 and DLC2 mapped on to their surfaces (Fig-
ure 2B), we speculated that some of these differences may allow
their unique localization within cells. Indeed, replacing His-41 in
DLCI1 with tyrosine (residue 41 in DLC?2) appears to divert DLC1
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away from the dynein to the myosin V motor complex (Figure SA).
As expected, the complementary mutation in DLC2 changed its
location to the dynein motor (Figure 5B). Thus mutational studies
suggest that residue 41 (histidine in DLC1 and tyrosine in DLC2)
is responsible for the specific localization of DLC1 and DLC2 in
mammalian cells. However, the direct target for their binding at
these locations is currently not known.

We have established that the 3D structures of DLC2 and DLC1
are essentially identical, yet their ‘BH3-only’ partners, Bim; and
Bmf, are found associated in a specific manner in cells. Bim;,
and Bmf have equal avidity for either DLC, suggesting that the
elements required for specific binding to their respective DLCs lie
outside these proteins, although a role for the C-terminal residues
cannot be excluded. The DLCs are in turn sequestered to particular
cellular compartments and as a result their ligand preference may
be determined by other components of their compartment. A
molecular basis for the specific sequestration of DLC1 and DLC2,
to their dynein and myosin V motors respectively, is provided
by our demonstration that residue 41 plays a critical role in
determining their location. This suggests that a molecular surface
centred on residue 41 may make contacts with other components
of their respective motor complexes, ensuring the specificity of
their compartmentalization. Given their conserved sequence,
structural and ligand-binding characteristics it is remarkable that
the DLCs specifically compartmentalize their ligands.
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