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Summary

Tctex1 is a light chain found in both cytoplasmic and
flagellar dyneins and is involved in many fundamental
cellular activities, including rhodopsin transport within
photoreceptors, and may function in the non-Mende-
lian transmission of t haplotypes in mice. Here, we
present the NMR solution structure for the Tctex1 di-
mer from Chlamydomonas axonemal inner dynein
arm I1. Structural comparisons reveal a strong sim-
ilarity with the LC8 dynein light chain dimer, including
formation of a strand-switched � sheet interface.
Analysis of the Tctex1 structure enables the dynein
intermediate chain binding site to be identified and
suggests a mechanism by which cargo proteins might
be attached to this microtubule motor complex. Com-
parison with the alternate dynein light chain rp3 re-
veals how the specificity of dynein-cargo interactions
mediated by these dynein components is achieved. In
addition, this structure provides insight into the con-
sequences of the mutations found in the t haplotype
forms of this protein.

Introduction

Dyneins are microtubule-based molecular motors that
are involved in a wide variety of fundamental cellular
activities. In the cytoplasm, dyneins power the retro-
grade trafficking of many components, including endo-
somes and lyzosomes, and they also are required for
Golgi maintenance, breakdown of the nuclear enve-
lope, and mitosis. Within flagella and cilia, dyneins are
necessary for organelle assembly as they function as
the retrograde intraflagellar transport motor and form
the arms attached to the axonemal doublet microtu-
bules that generate specific ciliary/flagellar waveforms
(see Sakato and King, 2004 for a recent review). In
mammals, defects in cytoplasmic dynein result in mo-
tor neuron disease (Hafezparast et al., 2003), whereas
axonemal dynein mutations lead to a wide variety of
defects, including immotile sperm, bronchial problems,
and situs inversus (Afzelius, 1979).

In general, most dyneins have a mass of 1–2 MDa
and consist of 2–3 heavy chains (w520 kDa each) that
contain the ATPase and motor sites associated with a
series of accessory components, including WD-repeat
intermediate chains and three distinct classes of light
chains (the LC8, Tctex1, and LC7/Roadblock families)
that are involved in dynein assembly, cargo attachment,
and perhaps regulation. Some dyneins also contain ad-
ditional components such as the light intermediate
*Correspondence: steve@king2.uchc.edu
chains (w53–57 kDa) found in the cytoplasmic isoforms
or the regulatory light chains that are directly associ-
ated with individual motor units within outer arm dynein
(see Sakato and King, 2004 and King, 2002 for recent
reviews).

Tctex1 was originally described as a small gene fam-
ily within the murine t complex (a 30–40 Mb region of
chromosome 17) and is a candidate for one of the steril-
ity/distorter factors involved in causing non-Mendelian
segregation (so-called transmission ratio distortion or
meiotic drive; see [Lyon, 2003] for a review) of variant
forms of this chromosomal region known as the t haplo-
types (Lader et al., 1989). Subsequently, Tctex1 was
identified using biochemical and immunological meth-
ods as an integral component of the cytoplasmic dy-
nein complex (King et al., 1996b). Tctex1 is present at
a stoichiometry of two copies per motor particle (King
et al., 1996b), and it indeed exists as a dimer (DiBella
et al., 2001). In mammals, a second member of this pro-
tein family (originally termed rp3 [Roux et al., 1994]) that
exhibits 55% sequence identity with Tctex1 is also a
cytoplasmic dynein component that is differentially ex-
pressed in a cell-, tissue-, and developmentally regu-
lated manner (King et al., 1998). Murine Tctex1 is also
present in sperm (Harrison et al., 1998; Lader et al.,
1989; O’Neill and Artzt, 1995), and closely related pro-
teins have been found in axonemal dyneins from Chla-
mydomonas (Harrison et al., 1998) (L.M. DiBella and
S.M.K., unpublished data) and sea urchin sperm flagella
(Kagami et al., 1998). These observations, together with
the identification of additional candidate distorters as
flagellar dynein components, have led to the sugges-
tion that defects in dynein function and sperm motility
underlie the t haplotype chromosome segregation phe-
notype (Fossella et al., 2000; Harrison et al., 1998; Pa-
tel-King et al., 1997). Interestingly, in Drosophila, Tctex1
is not required for essential cytoplasmic dynein activi-
ties, but it is necessary for male fertility (Caggese et al.,
2001; Li et al., 2004).

In addition to the dynein intermediate chain, cyto-
plasmic Tctex1 has also been found to associate with
a wide variety of cellular components, including rho-
dopsin (Tai et al., 1999), Doc-2 (Nagano et al., 1998),
various receptors—e.g., polio virus receptor CD155
(Mueller et al., 2002) and parathyroid hormone receptor
(Sugai et al., 2003)—the voltage-dependent anion
channel (Schwarzer et al., 2002), Herpes virus capsid
protein VP26 (Douglas et al., 2004), and Fyn kinase (Kai
et al., 1997; Mou et al., 1998). Interaction with Tctex1 is
thought to mediate the attachment of these proteins to
the dynein motor and thus allow for vectorial intracellu-
lar transport. For example, within the vertebrate photo-
receptor, rhodopsin must be trafficked to the base of
the connecting cilium prior to insertion into the mem-
brane stacks. Several human mutations that result in
retinitis pigmentosa occur very close to the C terminus
of rhodopsin and cause a reduction in the binding affin-
ity for Tctex1 (Tai et al., 1999). Importantly, the rp3 light
chain does not bind rhodopsin, indicating that cyto-
plasmic dyneins with distinct light chain content can
exhibit target binding specificity.
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Figure 1. Sequence Alignment and Secondary Structure of Tctex1 Light Chains

Alignment of Chlamydomonas Tctex1 (Chltex1; T07930), murine Tctex1 (Tctex1; NP033368), and human rp3 (rp3; U02556) was performed
using CLUSTALW and was processed with BOXSHADE. The secondary structure determined for Chlamydomonas Tctex1 is shown above the
alignment. Note that the numbering of the β strands differs from that employed previously for the mammalian isoform (Mok et al., 2001).
Residues indicated by an orange triangle show an alteration in chemical shift upon addition of an 11-residue dynein intermediate chain
peptide (Mok et al., 2001). Other marked residues designate significant differences between Tctex1 and rp3 that may account for cargo
binding specificity: red pentagon, polar or hydrophobic to negatively charged; yellow circle, semiconservative; blue square, large change in
hydrophobicity/hydrophilicity. The three residues mutated in the t haplotype variants of murine Tctex1 are marked by “t.”
To gain further insight into dynein function, we have R
initiated a structural analysis of individual components
of this massive motor complex using NMR spectros- S

ocopy. To date, the structures of the motor domain-asso-
ciated light chain LC1 (Wu et al., 2003; Wu et al., 2000) T

pand the LC8 protein dimer (Fan et al., 2001; Liang et al.,
1999) that is found in many multimeric complexes have b

cbeen solved. In addition, molecular models for the
AAA+ domains within the dynein heavy chains have r

abeen built (Mocz and Gibbons, 2001 and our unpub-
lished data). Previously, we and others presented the c

pNMR resonance assignments for the Chlamydomonas
(Wu et al., 2001) and murine (Mok et al., 2001) Tctex1 t

bproteins and defined the overall secondary structure
and topology. Furthermore, chemical shift mapping ex- C

mperiments identified residues on Tctex1 that are impor-
tant for binding the (K/R)(K/R)XX(K/R) motif on the dyn- b

oein intermediate chain (Mok et al., 2001). However, due
to sample aggregation and consequent line broadening b

(of the NOESY spectra, the three-dimensional structure
of Tctex1 could not be obtained at that time. Using ad- h

iditional 15N, 13C-labeled samples, we have now ob-
tained those data and report here the high-resolution e

oNMR solution structure for the Tctex1 dimer from Chla-
mydomonas inner dynein arm I1. We demonstrate that c

athis protein exhibits remarkable structural similarity
with the LC8 dynein light chain, although the sequences n

sbear no obvious homology with each other. Mapping of
residues required for intermediate chain binding onto the t

8molecular surface and analysis of differences between
Tctex1 and rp3 suggest a mechanism by which dynein- s

scargo interactions may be achieved and their specific-
ity defined. Furthermore, this structure provides insight s
into the consequences of the three mutations present
in the t haplotype forms of murine Tctex1 that may be f

involved in transmission ratio distortion.
esults

olution Structure and Surface Properties
f the Tctex1 Dimer
he Tctex1 light chains are components of both cyto-
lasmic and axonemal dyneins. A sequence alignment
etween murine and Chlamydomonas Tctex1 and the
losely related alternate cytoplasmic dynein light chain
p3 is shown in Figure 1. The Chlamydomonas inner
rm and murine proteins share 60% identity. The se-
ondary structure for Chlamydomonas Tctex1 is dis-
layed above the alignment and indicates that this pro-

ein consists of a short N-terminal β strand, followed
y two α helices and four additional strands in the
-terminal region. The NMR structure of the Tctex1 di-
er (total mass = 25,610 Da) is illustrated by the back-
one trace display of the 15 lowest energy conformers
f the ensemble (Figure 2A) and by the backbone rib-
on diagram (Figures 2B and 2C). For residues 4–113

residues 1–3 and 114 are not well defined), the overall
eavy atom backbone root mean square (rms) deviation

s 0.76 ± 0.07 Å (0.59 ± 0.06 Å for secondary structure
lements). Residues 76–79 are less well defined than
ther β strand regions. Although we have complete
hemical shift assignments for these residues (Wu et
l., 2001) and obtained sequential short-range NOEs,
o long-range NOEs to the adjacent strand were ob-
erved. In contrast, many long-range NOEs were ob-
ained for the upper part of this strand (residues 80–
5). Interestingly, the analogous region of the close
tructural homolog LC8 (see below) also exhibits con-
iderable backbone flexibility (Fan et al., 2002). The
tructural statistics for Tctex1 are shown in Table 1.
For each Tctex1 monomer, the two long α helices

orm an anti-parallel hairpin structure packed on a β

sheet consisting of five anti-parallel β strands. In this β
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Figure 2. Solution Structure of Chlamydomonas Tctex1

(A) Stereo view of the backbone trace for the 15 lowest-energy structures in the final Tctex1 dimer ensemble. The N termini are at the bottom
of the display, and the two monomers are colored in red and blue. The backbone rms deviation for residues 4–113 is 0.76 ± 0.07 Å. Residues
1–3 and 114 are not well defined.
(B and C) Two views of the ribbon trace for the Tctex1 dimer related by a 90° rotation about the x axis. The two monomers are colored
differently for clarity. The individual secondary structure elements are indicated in (C). Association of the monomers is through two β sheets;
in each sheet, four strands derive from one monomer and the fifth from the other monomer. This arrangement forms a strand-switched
dimer interface.
sheet, four β strands (β1, β2, β4, and β5) derive from
one monomer and the fifth β strand (β3#) from the other
monomer. Thus, the two monomers associate across a
strand-switched β sheet interface to form a symmetric
dimer with two extended shallow grooves. The molecu-
lar surface of the Tctex1 dimer is shown in Figure 3.
Much of this surface is highly charged and includes
both acidic and basic patches on the α-helical sur-
faces. In addition, there are hydrophobic regions at
either end of the grooves formed between the two mo-
nomers.

The residues involved in dimer interface formation
and the electrostatic properties of this surface are
shown in Figures 4A and 4B. These include a series of
hydrophobic residues located on strands β2, β3, and
β5 as well as two polar residues that are both buried at
the interface. Sequence alignment of murine Tctex1
with the alternate mammalian dynein light chain rp3 re-
veals that four of the eight residues buried at the dimer
interface are identical in the two proteins. The other dif-
ferences represent relatively conservative substitutions
(Chlamydomonas/mouse Tctex1 / rp3; I/V69 / A,
M71 / V, T/S108 / N, and L112 / I using Chlamydo-
monas Tctex1 residue numbers).

Tctex1 Is a Structural Homolog of LC8
The solution structure of Tctex1 revealed a dramatic

similarity with the LC8 dynein light chain that is a com-
ponent of many cellular multimeric complexes, even
though these proteins share <17% identity. Both di-
meric proteins exhibit the helical hairpin faces and the
strand-switched dimer interface. Indeed, the orienta-
tion of all secondary structural elements is very similar.
The rms deviation for Cα atoms between Tctex1 and
LC8 is 2.64 Å, as determined by DALI (Holm and
Sander, 1993), indicating that the two structures are
closely related; an overlay of the two ribbon diagrams
is shown in Figure 5. The major distinction between the
two proteins derives from the elongation of Tctex1 by
w10 Å along the axis defined by the intermonomer
grooves (an w40% increase over LC8); these proteins
are of very similar dimensions along the other two axes.
This results in a significantly larger exposed surface
area of 13,485 Å2 for the Tctex1 dimer versus 9,739 Å2

for the LC8 dimer. Similarly, the surface area per mono-
mer buried at the interface is increased from 843 Å2 for
LC8 to 1,341 Å2 for Tctex1; this represents 14.7% and
16.6% of the total monomer surface, respectively.

Importantly, the structure of LC8 has been solved
with bound peptides from both neuronal nitric oxide
synthase (Fan et al., 2001; Liang et al., 1999) and the
proapoptotic factor Bim (Fan et al., 2001). Although the
interacting sequences from these two proteins are
quite different, both bind in an extended conformation
along the entirety of the grooves formed at the LC8 di-

mer interface. Interaction of both peptides involves hy-
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Table 1. Structural Statistics for the Ensemble of 15 Tctex1 Dimer Structures

Rms Deviation (Å) with Respect to Mean

Residues (4–113)
Backbone atoms 0.76 ± 0.07
Heavy atoms 1.29 ± 0.16

Secondary structure elements (10–11, 16–32, 37–58, 63–71, 78–85,
93–99, 104–112)
Backbone atoms 0.59 ± 0.06
Heavy atoms 1.03 ± 0.07

Meaningful Experimental Restraints

Intraresidue distances per monomer 300
Interresidue distances per monomer 441
Interresidue medium-range distances per monomer 399
Interresidue long-range distances per monomer 348
Intersubunit distances per monomer 93
Hydrogen bond restraints per monomer 54
Dihedral angles per monomer (85 f, 71 ψ, 58 χ1) 214
Total number of restraints for the dimer 3698
NOE violationsa >0.3 Å 1.07 ± 1.03
Dihedral angle violationsa >3° 0.93 ± 1.03

Rms Deviation from Experimental Restraints

Distance restraints (Å) 0.031 ± 0.002
Dihedral angles (°) 0.592 ± 0.045

Rms Deviation from Idealized Covalent Geometryb

Bonds (Å) 0.004 ± 0.000
Bond angles (°) 0.514 ± 0.016
Improper torsions (°) 0.374 ± 0.021

a No distance restraints were violated by >0.5 Å, and no dihedral angles were violated by >5°.
b Idealized geometry is defined by the CHARMM force field as implemented within X-PLOR.
drogen bond formation between backbone carbonyls f
mand amides. However, the (K/R)XTQT consensus found

in Bim also employs charge-charge interactions, whereas a
Tthe TGIQV sequence from neuronal nitric oxide synthase

involves hydrophobic associations. The LC8 binding s
bmotif on the dynein intermediate chain is similar to that

of Bim and thus likely interacts in a similar manner (Fan a
wet al., 2001). Combined with the secondary structural

and topological similarities between LC8 and Tctex1 re- m
cported previously (Wu et al., 2001; Mok et al., 2001),

this has led to the presumption that Tctex1 likely also w
Wassociates with interacting proteins in a manner similar

to that observed for LC8. p
a
tTctex1 Molecular Surfaces Involved in Dynein

and Cargo Associations 6
sAddition of an 11 residue cytoplasmic dynein interme-

diate chain peptide (LGRRLHKLGVS), which includes m
Tthe consensus binding motif, to murine Tctex1 revealed

11 light chain residues for which the chemical shift of
cthe amide proton in the 1H-15N HSQC spectrum

changed significantly (Mok et al., 2001) (see Figure 1). e
dThis shift is indicative of an alteration in chemical envi-

ronment upon peptide binding, and consequently de- m
tfines regions that are likely involved in intermediate

chain-light chain interactions. Nine of these residues p
oare completely conserved between Chlamydomonas

and murine Tctex1; the others represent a conservative e
tsubstitution W85 / F and a change from hydrophobic

to negatively charged A57 / K (see Figure 1). C
(Mapping these intermediate chain-interacting resi-

dues onto the Chlamydomonas Tctex1 molecular sur- T
ace revealed that they do not occur along the inter-
onomer grooves as is seen with LC8, but rather are

ll located at one end of the molecule (Figures 6A–6C).
he surface of this region exhibits a complex electro-
tatic potential (Figure 3, upper panel) that includes
oth charged (K63, D87, D91), polar (T56, C84, T90),
nd hydrophobic residues (A57, F62, W85, W86), as
ell as G92 (Figure 6D). Due to the strand-switched di-
er interface, these residues form a central polar/

harged region bounded by two hydrophobic stripes in
hich F62 derives from one monomer and W85 and
86 from the second unit (Figures 6D and 4, upper

anel). The two alterations between Chlamydomonas
nd murine Tctex1 (A57 / K and W85 / F) occur at
he periphery of the region and are indicated in Figure
E. The analogous region of the rp3 light chain involves
everal additional alterations when compared to Chla-
ydomonas Tctex1, including T56 / V, F62 / Y, and

90 / S (Figures 1 and 6F).
As Tctex1 and rp3 both bind the dynein intermediate

hain yet exhibit distinct cargo binding activities, we
xamined the molecular surface outside of the interme-
iate chain binding region to identify differences that
ay potentially explain the specificity observed for in-

eractions between cargoes and the Tctex1/rp3 dynein
roteins. As indicated in Figures 7A and 7B, a number
f significant alterations between these two proteins
xist; this is also shown with the same color code in
he sequence alignment (Figure 1). For example, in both
hlamydomonas and murine Tctex1, the Lys residue

K39; K38 in mouse) at the start of the α2 helix and the
yr (Y104; Y103 in mouse) in the β5 strand are converted
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Figure 3. Electrostatic Potential Surface of the Tctex1 Dimer

Three views of the molecular surface of the Tctex1 dimer related
by sequential 90° rotations are shown. The center and lower views
are in the same orientation as the ribbon diagrams in Figures 2B
and 2C, respectively. The surface is colored to reveal the electro-
static properties (blue, positively charged; red, negatively charged).
The surface potential was calculated using dielectric constants of
30 and 80 for protein and solvent, respectively.
to Asn in rp3. Moreover, two polar residues (Q33 and
Q34) in Chlamydomonas Tctex1 (N32 and A33 in the
murine version) located in the loop between helices α1
and α2 are changed to acids (E33 and D34) in rp3 (see
Figure 1). An additional change, A76 (A75 in mouse) /
Y, which is located at the base of the intermonomer
grooves, will lead to increased hydrophobicity in this
section of rp3. With the exception of T108 (S107 in
mouse) / N in rp3, which is located in the center of
the intermonomer grooves, all these changes occur far
from the intermediate chain binding region at the oppo-
site end of the molecule and in general involve only the
very periphery of the grooves.
Location of the t Haplotype Mutations within Tctex1
Tctex1 is a candidate for the proximal distorter/sterility
factor involved in non-Mendelian transmission of the
murine t haplotype (Lader et al., 1989). Compared to the
wild-type t complex forms, t haplotype-encoded Tctex1
variants contain three amino acid substitutions that
might alter Tctex1 activity/function (see Figure 1). Two
of these changes (Q / H and L / I) occur within the
α2 helix on the walls of the intermonomer grooves,
whereas the third (R / K) is located in the loop be-
tween α2 and the β2 strand and is immediately adja-
cent to the intermediate chain binding region (Figures
7C and 7D). The Arg-to-Lys transition is unlikely to be
significant, as both Chlamydomonas Tctex1 and human
rp3 have a Lys residue in this position. Likewise, the
Leu-to-Ile alteration represents a very conservative
substitution, and, moreover, the side chain of this resi-
due is partly buried. In contrast, Q42 (using the Chlamy-
domonas numbering) is completely conserved from al-
gae to humans and is exposed at the edge of the
intermonomer grooves.

Discussion

Here, we have used multidimensional NMR spectro-
scopic methods to determine the solution structure of
the Tctex1 light chain dimer from Chlamydomonas in-
ner dynein arm I1. This represents only the second
high-resolution structure determined for a dynein-spe-
cific component. Previously, the structure of the dynein
motor domain-associated, leucine-rich repeat protein
LC1 was solved. Structural data are also available for
LC8, which is present in many multimeric complexes
and is not dynein specific. The considerable structural
homology of Tctex1 with LC8, and localization of resi-
dues involved in dynein intermediate chain binding that
are mutated in the t haplotype variants, provides insight
into the mechanisms and specificity of dynein-cargo in-
teractions.

Structural Implications for the Interaction of Tctex1
with Dynein and Cargo Proteins
Within each cytoplasmic dynein complex, there are two
copies of the IC74 intermediate chain (King et al., 1998)
as well as two copies of Tctex1 (King et al., 1996b) and
LC8 (King et al., 1996a). Previously, it has been pro-
posed that LC8 binds both dynein and cargo proteins
via the intermonomer grooves (presumably with one
groove bound to dynein and the other to cargo). How-
ever, there is a problem with this scenario in that it
leaves an unsatisfied LC8 binding site on one of the
dynein intermediate chains. Likewise, the prediction
that Tctex1 binds the intermediate chain via the
grooves leads to the same inherent predicament. Also,
if the dynein and cargo binding surfaces are the same,
there is the added question of how Tctex1 and rp3 can
both bind the intermediate chain but not the same
cargo.

Although LC8 has been shown to be a component of
both axonemal and cytoplasmic dyneins (King et al.,
1996a; King and Patel-King, 1995; Pfister et al., 1982),
this protein also binds a wide variety of different cellular
proteins—e.g., myosin V (Espindola et al., 2000), neu-
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Figure 4. The Intermonomer Interface of
Tctex1

(A and B) A ribbon diagram of one monomer
of the Tctex1 dimer is shown in (A), and the
corresponding molecular surface (much of
which is buried in the dimer structure) is
shown in panel (B). The polar (blue) and hy-
drophobic (yellow) residues buried following
intermonomer interactions are indicated.
This interface is mainly hydrophobic, but it
also includes two polar residues. The molec-
ular surface is colored to reveal the electro-
static properties (blue, positively charged;
red, negatively charged).
ronal nitric oxide synthase (Jaffrey and Snyder, 1996), p
sBim (Puthalakath et al., 1999), and many others. In-

deed, w80% of brain LC8 is not dynein associated l
d(King et al., 1996a). Moreover, there is no compelling

evidence to demonstrate that an LC8 dimer actually f
mbinds cargoes directly to dynein, although this is the

interpretation that has been often put forward. An equ- b
dally plausible scenario is that LC8 is simply an essential

part of many multiprotein complexes (perhaps em- t
wployed as intermolecular “glue”), but does not mediate

dynein-cargo interactions per se. In contrast, there is m
tstrong evidence supporting the direct association of a

cargo (namely, rhodopsin [Tai et al., 1999, 2001]) with (
cdynein via Tctex1; importantly, rhodopsin does not in-

teract with the Tctex1 homolog rp3. The structural work w
on Tctex1 reported here, combined with chemical shift
mapping experiments published previously (Mok et al., r

12001), provides for an alternative mechanism of light
chain-mediated dynein-cargo interactions that also can i

eexplain the cargo binding specificity exhibited by
Tctex1 compared with rp3. e

tThe diagram shown in Figure 8A illustrates the seg-
ment of Tctex1 that is involved in association with the p

adynein intermediate chain and reveals that much of the
molecule, including most of the intermonomer grooves, r

rwould be available to bind a specific cargo without af-
fecting the dynein binding region. Although both Tctex1 T

mand rp3 bind the dynein intermediate chain, the ex-
 ay be important has been proposed, although gaps

Figure 5. Tctex1 Is a Structural Homolog of
the LC8 Dynein Light Chain

Two views (related by a 90° rotation) of the
superimposed ribbon structures for Chlamy-
domonas Tctex1 (monomers are colored yel-
low and blue) and rat LC8 (PDB accession
1F95; both monomers are red) are shown.
The rms deviation for superimposed Cα

atoms is 2.64 Å, as determined by DALI
(Holm and Sander, 1993). Although apparently
unrelated at the primary sequence level, this
comparison reveals the close structural ho-
mology between these two dynein compo-
nents; the major difference derives from an
osed region available to interact with cargo contains
everal residues that are different between the two

ight chain isoforms; these alterations would result in
ramatically different electrostatic/hydrophobic sur-

ace properties. These surface alterations are likely
ore than sufficient to explain the observed differences
etween these two molecules (i.e., Tctex1 can bind rho-
opsin, while rp3 cannot [Tai et al., 2001]). In contrast,

he structurally related LC8 protein, which associates
ith the dynein intermediate chain immediately C-ter-
inal to the Tctex1 binding region, interacts with its

arget peptides along the entire intermonomer cleft
Figure 8B). In order for this protein to act as a dynein
argo adaptor, one of the two intermediate chains
ould need to be displaced from this binding surface.
The chemical shift mapping experiments with Tctex1

eported by Mok et al. (Mok et al., 2001) employed an
1-residue dynein intermediate chain peptide contain-

ng the (K/R)(K/R)XX(K/R) motif that they found to be
ssential for association of these two proteins. How-
ver, this peptide was not sufficient for high-affinity in-
eraction with Tctex1, as measured with a fusion protein
ull-down assay. This observation suggested that an
dditional interaction involving another part of the 19-
esidue Tctex1 binding domain might be required. More
ecently, following further sequence analysis, a second
ctex1 binding motif VS(K/H)(T/S)X(V/T)(T/S)(N/Q)V that
w10 Å elongation of Tctex1 along the axis
defined by the intermonomer grooves.
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Figure 6. Location and Properties of Interaction Surfaces on Tctex1

(A–C) Three views of the Chlamydomonas Tctex1 molecular surface in which the residues of murine Tctex1 that show alterations in chemical
shift upon binding of a dynein intermediate chain peptide are colored orange (T56, A57, F62, K63, C84, W85, W86, D87, T90, D91, and G92
in the Chlamydomonas protein). These residues cluster to one end of the structure and extend only part way into the intermonomer grooves.
(D) Ribbon diagram of Tctex1 on which the residues involved in intermediate chain binding are indicated (blue, polar or charged; yellow,
hydrophobic); residues are identified on only one monomer. The orientation is as in (C).
(E and F) Residues involved in binding the intermediate chain peptide that are different between ([E], green) Chlamydomonas and murine
Tctex1 and ([F], blue) Chlamydomonas Tctex1 and human rp3 are indicated. Identical residues are shown in orange.
of varying length need be inserted and parts are miss-
ing in various Tctex1 binding proteins (Sugai et al.,
2003). Interestingly, part of this motif (337VSKTETSQ
VAPA348) is present in the C-terminal tail of rhodopsin
(which lacks the basic motif discussed above) and in-
cludes one of the two mutations (V345M) that reduce
affinity for Tctex1 and result in retinitis pigmentosa (Tai
et al., 1999) (a second mutation occurs at P347). Pre-
viously, several other Tctex1-interacting proteins have
been described, including Doc-2 (Nagano et al., 1998)
and the CD5 receptor (Bauch et al., 1998), that contain
the same basic binding motif as the dynein intermedi-
ate chain; however, these proteins lack the second mo-
tif proposed by Sugai et al. (2003) (the CD155 poliovirus

receptor [Mueller et al., 2002] also exhibits only very
weak homology to this second motif). Thus, unlike rho-
dopsin, these proteins must presumably interact with
the same region of Tctex1 as the intermediate chain.
Given the small size of this interaction surface, it is un-
likely that both dynein and cargo could be bound at
the same time due to steric considerations, unless one
dynein intermediate chain was displaced. Consequently,
it becomes uncertain as to whether these molecules
could be tethered to, and thus transported by, dynein
via an interaction with Tctex1.

Can Tctex1 and rp3 Form a Heterodimer?
As members of the Tctex1 light chain family apparently
mediate interaction of the dynein motor with specific

cellular cargoes, different dynein particles likely display
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Figure 7. Surface Variations in Tctex1-like Proteins and the Location of t Haplotype-Encoded Mutations

(A and B) Two views of the molecular surface colored to identify several residues outside of the intermediate chain binding region that are
significantly different between Tctex1 and rp3: red, polar to negatively charged; yellow, semiconservative substitutions; blue, significant
alteration in hydrophobicity or hydrophilicity (color code is as in Figure 1).
(C and D) The three residues that are mutated in the t haplotype forms of murine Tctex1 are indicated (in purple) on the molecular surface of
the Chlamydomonas protein.
distinct cargo binding properties depending on their t
plight chain content. As Tctex1 and rp3 are differentially

expressed, certain tissues in which one isoform is sig- g
snificantly overexpressed compared to the other (e.g.,

fetal and adult brain, which are highly enriched for e
tTctex1 and rp3, respectively [DiBella et al., 2001; Roux

et al., 1994]) should contain dyneins containing only rp3 s
for Tctex1 light chain homodimers. However, in tissues

in which both isoforms are expressed in relatively equal r
uamounts (e.g., adult liver and kidney), cargo binding

diversity might be increased if certain dynein particles i
lcontain a Tctex1/rp3 heterodimer. Analysis of the

Tctex1 dimer interface revealed that many of the resi- z
wdues involved in intermonomer interactions are con-

served between the two isoforms; the remaining differ- h
eences represent conservative substitutions. Within the

intermonomer region, rp3 protein only differs signifi- t
cantly from Tctex1 at a single residue located at the 1
periphery of the interface. Thus, there does not appear e
to be any essential structural impediment to hetero- h
dimer formation. This is consistent with recent yeast l
two-hybrid results, which indicate a robust interaction t
between Tctex1 and rp3 (Lo et al., 2004). e

r
dStructural Consequence of the t Haplotype-Encoded

Mutations in Tctex1 e
iThe murine t haplotypes represent a 30–40 Mb region
of chromosome 17 that contains a series of inversions
hat suppress recombination with the wild-type t com-
lex. Transmission ratio distortion results in heterozy-
ous males passing the t haplotype form of chromo-
ome 17 to >95% of their progeny (Lyon, 2003). This
ffect occurs through defects in spermiogenesis such
hat sperm carrying the wild-type copy of this chromo-
ome are compromised in their ability to reach and/or
ertilize the oocyte. It is remarkable that this genomic
earrangement has survived at high levels in feral pop-
lations, as homozygosity for a particular t haplotype

s fatal due to the presence of a series of recessive
ethal factors. Even in the hemizygous state (i.e., homo-
ygous mice that carry complementing t haplotypes
ith different recessive lethals), males are sterile due to
omozygosity for several sterility factors. This phenom-
non is thought from genetic evidence to be caused by
he action of a responder on several distorters (Lyon,
984). Candidates for distorters include Tctex1 (Lader
t al., 1989), Tctex2 (Huw et al., 1995), and a dynein
eavy chain (Dnahc8) encoded at the Hybrid Sterility 6

ocus that appears to be the mammalian equivalent of
he Chlamydomonas outer arm γ heavy chain (Samant
t al., 2002). Interestingly, in Drosophila, lack of Tctex1
esults in male sterility but does not lead to obvious
eficiencies in cytoplasmic dynein function (Caggese
t al., 2001; Li et al., 2004). The responder has been

dentified as a sperm motility kinase (Smok); the t

haplotype version (Tcrt) has abrogated catalytic func-
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Figure 8. Model for Dynein-Cargo Interactions Mediated by Tctex1

(A) Model for the interaction surfaces of Tctex1 involved in dynein intermediate chain and cargo binding. Chemical shift mapping data indicate
that association with the intermediate chain (K/R)(K/R)XX(K/R) motif involves the upper portion of the Tctex1 dimer. This would then allow
cargo proteins (such as rhodopsin) to bind the opposite region using a different chemical mechanism. The advantages of this model include
1) that dynein and cargo associate via distinct mechanisms, 2) that unsatisfied Tctex1 binding sites need not be exposed on the dynein
particle following cargo attachment, and 3) that alterations in the molecular surface of rp3 versus Tctex1 can explain the observation that
both proteins bind dynein intermediate chain, but only Tctex1 interacts with rhodopsin.
(B) Interaction of the structurally related LC8 dimer with peptides from multiple distinct proteins (including neuronal nitric oxide synthase,
Bim, and dynein intermediate chain; the Bim peptides are shown in blue) involves the entirety of the intermonomer grooves (indicated in red
on the molecular surface). If this protein in fact acts as a dynein-cargo adaptor, both components must bind in a similar manner, displace an
intermediate chain, and leave an unsatisfied LC8 binding region on the dynein particle.
tion due to fusion with a second kinase (Herrmann et
al., 1999).

Current models (Harrison et al., 1998; Pazour et al.,
1999) suggest that t haplotype-encoded mutations in
the distorters lead to formation of poisonous products,
potentially following phosphorylation by wild-type Smok,
but that these same mutations result in protection from
the detrimental action of Tcrt. If Tctex1 is indeed a dis-
torter, the t mutations might then be predicted to alter
the ability of this protein to be phosphorylated. Interest-
ingly, related proteins in sea urchin and fish sperm are
phosphorylated upon the acquisition of the ability to
swim (Inaba et al., 1999), although it is unknown
whether the murine protein is similarly modified. Struc-
tural analysis of the three t haplotype-specific mu-
tations in murine Tctex1 reveals that two (R / K and
L / I) are unlikely to be of significance. The R / K
change is directly adjacent to the dynein intermediate
chain binding region, and, indeed, this alteration also is
present in rp3 and Chlamydomonas Tctex1; the L / I
transition occurs at a position that is mostly buried near
the base of the intermonomer grooves. In contrast,
Q / H alters a highly conserved residue that is ex-
posed at the surface of the α2 helix near the grooves.
Intriguingly, in murine Tctex1, this residue immediately
adjoins an exposed Thr (S45 in Chlamydomonas) that
represents a potential target for Smok.

In conclusion, we demonstrate that Tctex1 is a close
structural homolog of the LC8 dynein light chain and

contains a strand-switched dimer interface. The Tctex1
solution structure and previously reported chemical
shift mapping data (Mok et al., 2001) allow the dynein
intermediate chain binding region to be identified.
Furthermore, this structure provides intriguing insight
into the mechanisms by which dynein motors interact
with cargo and how those associations might be speci-
fied. Examination of the mutations that occur in the t
haplotype forms of Tctex1 allows predictions to be
made concerning their consequences for non-Mende-
lian chromosome transmission.

Experimental Procedures

Protein Purification
The 15N, 13C-labeled Chlamydomonas Tctex1 protein from inner
dynein arm I1 was expressed with an N-terminal His10 tag by using
the pET23d vector in Escherichia coli strain BL21(DE3) grown in
15N, 13C BioExpress 1000 medium (Cambridge Isotope Laborato-
ries Inc., Andover, MA). Following purification by Ni2+ affinity chro-
matography, the tag was removed by digestion with factor Xa,
leaving a single additional His residue at the N terminus. 15N, 13C-
labeled Tctex1 samples were concentrated to w0.7 mM in a vol-
ume of 250 �l. The protein was exchanged into 20 mM Na phos-
phate (pH 6.7), 100 mM NaCl, 20 mM dithiothreitol in 90% H2O/10%
D2O. For HCCH-TOCSY and 13C HSQC-NOESY experiments, the
protein was exchanged into >99% D2O.

NMR Spectroscopy
Details of the NMR experiments have been described previously
(Wu et al., 2001). All data were collected at 25°C on four-channel

Varian INOVA 600 or INOVA 500 spectrometers using pulse-field
gradient triple resonance probes. The data were processed with
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NMRPipe (Delaglio et al., 1995) and were analyzed with the pro- K
lgram XEASY (Bartels et al., 1995).
w

Structure Determination D
Intramonomer distance restraints were obtained from the three- R
dimensional 15N NOESY-HSQC (τ = 150 ms) and 13C HSQC-NOESY s
(τ = 150 ms) spectra. Intermonomer distance restraints were ob- c
tained from 13C three-dimensional edited/filtered NOESY (Zwahlen p
et al., 1997) (τ = 200 ms) and 15N two-dimensional edited/filtered E
NOESY (τ = 200 ms) spectra with a sample containing w0.5 mM C
15N, 13C-labeled Tctex1 and w0.5 mM unlabeled Tctex1. Based on c
these two spectra, a total of 93 intermonomer (78 side chain and s
15 backbone) NOE constraints were identified. The upper bounds M
for interproton distances were calibrated from the NOEs with

FCALIBA (Güntert et al., 1997). Initially, sequential NOEs and unam-
Sbiguous long-range NOEs were identified. Multiple initial structure
bcalculations were performed with the program CYANA (Güntert et
Fal., 1997). Additional long-range NOE assignments were made with
dthe program CANDID (Herrmann et al., 2002) and were manually
bchecked. The f and ψ backbone torsion angles were predicted with
1the program TALOS (Cornilescu et al., 1999). Side chain χ1 angles

were assigned based on intraresidue NOE patterns. Slowly ex- F
changing amide protons were used in the evaluation of hydrogen O
bonds. For the hydrogen-deuterium exchange experiments, the S
Tctex1 protein sample was dialyzed directly into buffer made in p
99.9% D2O. The K60-P61 peptide bond is cis, as determined from o
sequential dαi−α(i+1) NOEs between Lys 60 and Pro 61. Using a com- G
plete set of NOEs, dihedral, and hydrogen bond restraints, 600 d
structural conformers were calculated in CYANA, and 90 of those A
with the lowest target function were refined in X-PLOR (Brunger,

H1992). Fifteen structures were selected on the basis of a minimal
Anumber of restraint violations as given in Table 1. Structures were
Ndisplayed with MOLMOL (Koradi et al., 1996).
d
8
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