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Abstract

The human light chain of the motor protein dynein, Dnlc2A, is also a novel TGF-b-signaling component, which is altered with high
frequency in epithelial ovarian cancer. It is an important mediator of dynein and the development of cancer, owing to its ability to bind
to the dynein intermediate light chain (DIC) IC74 and to regulate TGF-b-dependent transcriptional events. Here we report the 2.1-Å crys-
tal structure of Dnlc2A using single anomalous diffraction. The proteins form a homodimer in solution and interact mainly through the
helix a2, strand b3, and the loop following this strand in each protein to generate a 10-stranded b-sheet core. The surface of the
b-sheet core is mainly positively charged and predicted (by software PPI-Pred) to be the site that interacts with other partners. At the same
time, the residues 79–82, 88, and 90 of each molecule formed two holes in the core. Residue 89 of each molecule, which is crucial for the DIC
binding function of Dnlc2A, is within the holes. On the basis of these observations, we propose that the homodimer is the structural and
functional unit maintained by hydrogen bonding interactions and hydrophobic packing, and that the patch of the surface of the b-sheet
core is the main area of interaction with other partners. Furthermore, the two holes would be the key sites to interact with IC74.
� 2006 Elsevier Inc. All rights reserved.
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Cytoplasmic dyneins are microtubule-based motor pro-
teins, moving to the minus end of microtubules, and are
involved in various types of intracellular transport. They
are large protein complexes consisting of heavy chains,
and various intermediate and light chain subunits [1].
Three distinct classes of light chains (LCs), LC8, Tctex1/
Tctex2, and Roadblock/LC7, have been shown to bind to
distinct regions of IC74 [2].

As with other motor protein subunits, the roadblock
light chain is crucial for the proper functioning of the Cyto-
plasmic dynein complex [3]. Roadblock/LC7 sequences
from most species share more than 50% identity. These
proteins belong to an ancient protein superfamily that is
widely represented in archaea and bacteria, and may be
involved in regulation of NTPase activity [4].
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A human homologue of robl/LC7, Dnlc2A, has been
identified, and its changes in expression in hepatocellular
carcinoma have been recorded [5]. Dnlc2A is also a novel
TGF-b-signaling component (termed km23), a protein that
interacts with TGF-b receptor II [6]. Km23 mutations were
detected in eight of 19 patients with ovarian cancer, repre-
senting an overall mutation rate of 42.1%. Such a high
mutation rate suggests that km23 may play an important
role in either TGF-b resistance or tumor progression in this
disease [7]. The structure of Dnlc2A will give information
on the ways that it interacts with its partners such as
IC74 and TGF-b receptor II.

Three Dnlc2A NMR structures (two from human and
one from mouse) that were solved recently all belong to
the structure superfamily of Roadblock/LC7 [8,9]. The spe-
cific functions of these proteins vary substantially, but they
have at least one feature in common, namely their involve-
ment in multiple protein–protein interactions. Therefore,
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Table 1
Data collection and refinement statistics

Data collection

Wavelength (Å) 1.5418
Resolution (Å) 10.0–2.10
Redundancy 275601 (12.5)
Unique reflections 21991
Completeness (%) 99.5 (98.6)
I/r(I) 28.6 (7.1)
Rmerge (%) 0.083 (0.428)

Phasing and refinement

Maximum resolution (Å) for phasing 2.1
Space group P61

No. of Ce atom in asu 1
FOM after density modification 0.845
Refinement statistics
Resolution (Å) 10.0–2.1 Å
Unique reflections 21991
R factor 0.203
Rfree 0.230
No. of atoms

Protein 1376
Water 146
Ce 1

r.m.s. deviation
Bond distance (Å) 0.013
Angle distance (�) 1.368
Overall average B factor (Å2) 29.9

Residues in most favored region 156 (89.5%)
Residues in additional allowed regions 21 (10.5%)

Fig. 1. The dimer structure of Dnlc2A. Illustration prepared with Pymol
[20].
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this fold seems to be common to proteins that have a vari-
ety of dissimilar functions but are all involved in protein–
protein interactions. The crystal structure of Dnlc2A will
give information on the ways it and other members of
the superfamily interact with its partners.

We now report the three-dimensional structure of the
homodimeric Dnlc2A at 2.1-Å resolution using single
anomalous diffraction. This report is the first to present
the crystal structure of Dnlc2A and lays the foundation
for understanding how this small scaffold protein mediates
several interactions with proteins that are important com-
ponents of dynein function and cancer development.

Materials and methods

Cloning, expression, and purification. The expression vector pET-
Dnlc2A was constructed by the Shanghai Institute of Hematology. The
protein was produced in an Escherichia coli strain, BL21 (DE3), that was
transformed with the expression vector. Cells were grown on LB media
containing 100-lg/ll ampicillin at 37 �C to an A600 of 0.6 and then
induced with 1 mM isopropyl b-D-thiogalactoside for 3 h. Cells were
harvested by centrifugation, resuspended in buffer (500 mM NaCl, 50 mM
Tris–HCl, pH 8.0), and disrupted by sonication. The extract was centri-
fuged for 15 min at 10,000g. The protein was purified by column chro-
matography in two steps using a Ni-affinity column and a Superdex 75 gel-
filtration column (Amersham Pharmacia Biotech).

SDS–PAGE showed one band around 12 kDa corresponding to the
molecular mass of Dnlc2A, and gel-filtration column analysis confirmed
this by showing a monodisperse peak of the dimer size.

Crystallization and data collection. Crystallization experiments were
performed using the hanging-drop vapor diffusion method. Crystallization
conditions were screened using the sparse-matrix sampling [10]. Crystals
were obtained in a system using PEG4000 as a precipitant. After opti-
mization of the crystallization conditions, crystals were obtained by
mixing 2 ll protein solution (10 mg/ml, 0.5 mM DTT, 500 mM NaCl, and
50 mM Tris, pH 8.0) with 2-ll reservoir solution at 291 K. The reservoir
solution was 28% PEG 4000, 0.1 M CeCl, and 0.1 M Tris, pH 7.6.

The X-ray diffraction data were collected from a single flash-frozen
(100 K) crystal at a resolution of 2.1 Å. The data were processed with
DENZO and SCALEPACK software [11]. The crystal belonged to the
space group P61, with unit-cell parameters of a = b = 83.1 Å, and
c = 98.1 Å. There were two molecules in the crystallographic asymmetric
unit. The statistics are listed in Table 1.

Structure determination and refinement. The program Phenix [12] was
used to locate the cesium sites in the crystal and to calculate initial phases.
Using the improved phases and the structure factors from the SAD data
set, automated model building was initialed with ARP/Warp [13] and the
calculated map was good enough to trace most of the protein’s main
chains and side chains. Further model adjustment was performed by using
the program Coot [14]. The structural refinement was carried out with the
program refmac [15,16]. After several cycles of refinement and model
rebuilding, as well as B factor refinement, a final model consisting of 177
residues and 146 water molecules with an R-factor of 0.203 and an R free
of 0.235 was obtained. Assessment of the final model using the program
PROCHECK [17] showed that 89.6% of the residues were in the most
favorable region and no residues were in the disallowed region. The
refinement statistics are shown in Table 1.

Results and discussion

Description of the structure

The crystal structure of Dnlc2A reveals a homodimer
with a non-crystallographic twofold axis of symmetry
(Fig. 1). Each of the monomers of Dnlc2A folds as a com-
pact domain and consists of a central five-stranded antipar-
allel b-sheet, b1 (18–23), b2 (30–32), b3 (67–73), b4 (77–81),
and b5 (86–92) sandwiched between a-helix a2 (36–60) on
one side and the terminal helices a1 (6–13) on the other
side. The strand order is 2 1 5 4 3. The electron density
for the N terminal (the His tag, residues A1–8 and B1–5),
residues A83–85, B84–85, and the C terminal (residues
A96 and B96) is not well defined and should be considered
as very flexible.
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Characterization of the dimer interface

The two molecules in the asymmetric unit are related by
a non-crystallographic twofold axis and are superimpos-
able with a root mean square deviation of 0.41 Å over all
C atoms of residues 8–95.

The dimer of Dnlc2A associates to form a continuous,
antiparallel 10-stranded sheet with strand order 2 1 5 4 3
3* 4* 5* 1* 2* (the asterisk denotes molecule B). One side
of the central b-sheet is covered by a2-helix bundles, a2 and
a02, whereas the other side is covered by the a1=a01 two-helix
bundle (Fig. 1).

The residues that form the interface are primarily
within a contiguous stretch encompassing helix a2, strand
b3, and the loop following this strand. The homodimer is
Fig. 2. Apparent networks of hydrogen bonds at the interface of monomer–mo
bonds are denoted with dots (� � �) and the distance (dH) in Å is indicated. The

Table 2
The potential interaction pockets of Dnlc2A

Chain Patch Number Residue

A I 18 67T,68F
II 16 52K,53A
III 13 60I,59D

B I 17 8L,11L,
II 18 34M,18
III 14 68F,67T
maintained by hydrogen bonding interactions and hydro-
phobic packing. The intermolecular hydrogen bonds are,
to a large extent, between the backbone atoms and side
chains of the two-strand b3, and the loop following this
strand. Twenty intermolecular hydrogen bonds between
them are formed, in the two monomers, respectively.
Residues 61, 64, 65, 67, 68, 70, 72, and 74–76 in strand
b3 and the loop are involved in the interface formation
(Fig. 2). A network of hydrogen bonds pointing towards
this interface strongly stabilizes the interaction between
monomers.

There are two layers in the dimer structure
(52 · 25 · 22 Å). One layer is formed by the two a2=a02,
and the other by the continuous, antiparallel 10-stranded
sheet.
nomer interactions of Dnlc2A (residues from 60 to 78). Apparent hydrogen
illustration was prepared with Pymol [20].

s

,70R,82P,81A,79M,88L,80V,92Q,22V,8L,11L,90V,14Q,31K,7T,15K,17V
,70R,69L,49F,71I,48S,72R,73S,78I,46M,45L,44S,76N,42Y,41Q

,61D,62A,64N,56T,65D,67T,66L,57V,52K,53A,69L

88L,90V,86Y,14Q,17V,92Q,79M,80V,81A,83D,68F,67T,82P,70R,69L72R
Q,70R,42Y,91I,,41Q,76N,75K,69L,48S,45L,78I,73S,74K,71I,49F,46M
,66L,65D,69L,64N,62P,59D,52K,53A,57V,61D,56T,60I



Fig. 3. The map of the potential interaction pockets of Dnlc2A and the
dimer interface formed by them. (IA and IB:red; IIA and IIB: brown).
(a) The residues to form the holes of the potential interaction pockets
(IA and IB) and the dimer interface formed by IIA and IIB (on the site
of sheet); (b) the dimer interface formed by IIA and IIB (on the site of
helix); (c) the electrostatic surface potential of hole in the patch of IB.
The molecular surface was created by the program APBS (red, negative;
blue, positive; white, uncharged). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version
of this paper.)
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Structural alignment

A DALI [18] search found similarities to numerous pro-
teins with a Profilin-like fold (SCOP 55769). A structural
superposition of these structures clearly shows that all
three structures represent the same fold.

The top DALI hits are from the Roadblock/LC7
domain (Protein Data Bank code 1SKO-B, Z-score 11.3,
r.m.s.d. for 89 Ca atoms = 2.5 Å, sequence identity 12%)
and (Protein Data Bank code 1J3W-A, Z-score 10.2,
r.m.s.d. for 90 Ca atoms = 2.2 Å, sequence identity 10%)
and (Protein Data Bank code 1SKO-A, Z-score 9.4,
r.m.s.d. for 86 Ca atoms = 2.4 Å, sequence identity 9%).
Besides overall deviation between the structure of Dnlc2A
and other known structures of the proteins with a Profilin-
like fold, there is a significant difference at the C terminus.
In this region, structures other than Dnlc2A have an addi-
tional C-terminal a-helix.

There are also considerable structural similarities to
other proteins. They are Profilin (actin-binding protein)
(Protein Data Bank code 3NUL, Z-score 7.6, r.m.s.d. for
81 Ca atoms = 2.5 Å, sequence identity 6%) and (Protein
Data Bank code 1PNE, Z-score 6.5, r.m.s.d. for 83 Ca

atoms = 3.4 Å, sequence identity 10%).
These structures belong to the two superfamily of Road-

block/LC7 domain [103196] and Profilin [55770].The differ-
ence between them is that Profilin has two additional b
sheets in the middle of the structure, which block the for-
mation of the normal monomer–monomer interaction
surface.

The crystal structure of Dnlc2A was compared with the
ten conformers of the NMR-derived solution structure of
human Dnlc2A deposited in the PDB with the Accession
code 1Z09 [8].

The secondary-structure elements assigned to the struc-
tures of Dnlc2A in the crystalline state and in solution are
not in good agreement. The r.m.s.d values of the main
chain of 8 out of 14 are greater than 3.0 Å. This may be
why the solution could not be obtained by molecular
replacement using homology models from NMR.

At the same time, there are a number of hydrogen bonds
that are present only in the X-ray structure. For example,
residues 64, 67, 74, and 75 interact, respectively, with resi-
dues 73, 72, 65, and 64 in the crystal, whereas these inter-
actions do not occur in the solution structure.

Implications for protein–protein interactions

The specific functions of these proteins of the Roadblock/
LC7 domain vary substantially, but they have at least one
feature in common, namely their involvement in multiple
protein–protein interactions. Therefore, this fold seems to
be common to proteins that have a variety of dissimilar func-
tions but are all involved in protein–protein interactions.
The PPI-Pred was used to predict the potential protein-bind-
ing pocket [19]. Table 2 lists the residues that make up the
three highest-scoring patches of molecules A and B (patch
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IA, IIA, IIIA, IB, IIB, and IIIB) (Fig. 3a and b). Fourty-nine
residues involved the interaction between Dnlc2A and its
partner (Table 2 and Fig. 3a). The highest-scoring patches
(IA and IB) are linked together to form a large patch that
covers nearly the entire continuous, antiparallel 10-stranded
sheet. There is a small wide hole in the center of each binding
patch, which is formed by residues 68, 69, 79–81, and 88–90
from three-b sheet (b3, b4, and b5). The holes are only about
5 Å in depth and their radius is about 3 Å, into which a res-
idue can fit (Fig. 3a and c). This surface has a positive electric
charge, which may interact with other proteins by means of a
salt bridge.

Through an NMR titration experiment, the residues on
the b3 and b4 strands of Dnlc2A all have the largest chem-
ical shift perturbations when IC74 is added [8]. All these
residues are in the patches (IA and IB) involving the pro-
tein–protein interaction predicted on the basis of the crys-
tal structure (Table 2 and Fig. 3a). In addition, I89 is
crucial for the DIC binding function of km23 [9]. I89 is
in a positively charged hole formed by the residues besides
I89 such as 79–82, 88, and 90 (Fig. 3c). These residues are
all predicted to interact with other proteins based on the
crystal structure solved here.

In summary, the 10-stranded sheet formed by the two
patches (IA and IB) is the main area that may be a likely
site for additional protein–protein interactions. Two small
holes, surrounded by residues 79–82, 88, 90, and with res-
idue 89 within, are the key areas for the binding of IC74.
That homodimer is the structural and functional unit main-
tained by hydrogen bonding interactions and hydrophobic
packing.
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