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Abstract Dynein is a motor ATPase, and the C-terminal
two-thirds of its heavy chain form a ring structure. One of
protrudings from this ring structure is a stalk whose tip, the
dynein stalk head (DSH), is thought to be the microtubule-
binding domain. As a first step toward elucidating the
functional mechanisms of DSH, we aimed at the NMR
structural analysis of an isolated DSH from mouse cyto-
plasmic dynein. The DSH expressed in bacteria and
purified was coprecipitated with microtubules, suggesting
its proper folding. Chemical shifts of the DSH were
obtained from NMR measurements, and backbone assign-
ment identified 94% of the main-chain N-H signals.
Secondary structural prediction programs showed that
about 60% of the residues formed «-helices. A region with
cationic residues K58 and R61 (and possibly R66 as well),
and another with R86, K88, K90, and K91, were found to
form a-helices. Both of these regions may be important in
the formation of the DSH-binding site to a microtubule that
has a low plI with a number of acidic residues. Two syn-
thetic peptides containing the sequence of the o-helix 12 of
f-tubulin, considered to be important in binding to DSH,
were investigated. Of these two peptides, the one with
higher helix-formation propensity appeared to bind to
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DSH, since it precipitated with DSH in a nearly stoichi-
ometric manner. This suggested that the a-helicity of this
region would be important in its binding to DSH.
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Abbreviations
DSH Dynein stalk head

AAA ATPases associated with diverse
cellular activities

IPTG Isopropyl-f-p-thiogalactopyranoside

EGTA Ethyleneglycol-bis-f-aminoethylether-
N,N,N'N'-tetraacetic acid

MOPS 3-Morpholinopropanesulfonic acid

DTT Dithiothreitol

p-ABSF  4-(2-Aminoethyl)benzenesulfonyl
fluoride hydrochloride

DSS Sodium 2,2-dimethyl-2-silapentane-5-sulfonate

TFE 2,2,2-Trifluoroethanol

Introduction

Dynein, a microtubular motor, is a huge protein complex
containing one to three heavy chains of about 500 kDa each,
along with some intermediate and light chains (Mitchell 1994;
Hirokawa 1998; Vale 2003). Analyses of the amino acid
sequences of dynein heavy chains have shown that
they belong to the expanded AAA protein family (AAA+)
(Neuwald et al. 1999). The overall molecular structure of
dynein is not known, but electron microscopic observations
have revealed a ring-shaped “head” and two protruding parts:
a thick “tail” and a thin “stalk” (Samso et al. 1998; Burgess
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Fig. 1 SDS-PAGE pattern of coprecipitation experiments with micro-
tubules. Lane M indicates molecular markers. The seven lanes on the
left (A—G) are for the resuspended pellet, and the seven on the right
(a—g) are for the supernatants. While the concentration of microtubules
was fixed at 20 pM, that of DS(8:5) was varied: 0 UM (A and a), 2.5 uM
(Bandb),5 pM (Candc), 7.5 uM (D and d), 10 uM (E and e), 15 pM
(Fandf),and 20 pM (G and g). DS(8:5) and microtubules were mixed at
the concentrations above and centrifuged to obtain supernatants and
pellets (see Materials and methods for details). The upper bands are due
to tubulin, and the lower ones are due to DS(8:5)

et al. 2003; for a molecular model sketch of dynein, see
Figs. 1 and 4 in Burgess et al. 2003). The head is composed of
the C-terminal two-thirds of the heavy chain and consists of
six AAA domains, AAA1-AAAG6, in tandem. AAAI is the
domain occupying the N-terminus of the ring structure, i.e.,
the head, and shows ATPase activity, which is responsible for
motility. AAA2, AAA3, and AAA4 each have an ATP-
binding motif and might also have the ability to hydrolyze
ATP (King 2000; Takahashi et al. 2004). Though their func-
tions have not been clarified, AAA2-AAA4 might regulate
dynein function in relation to ATP concentration (Kon et al.
2004). AAAS and AAA6 have no ATP-binding motifs, and
their roles other than maintaining the structure are not known.

The stalk is a protrusion between AAA4 and AAAS; it is
composed of an antiparallel coiled-coil, 10-15 um in
length, and a globular domain on the tip called the dynein
stalk head (DSH) consisting of about 120 amino acid res-
idues (Gee et al. 1997). DSH is thought to bind to and
dissociate from microtubules in a reversible manner,
depending on the ATP hydrolytic steps of the catalytic
cycle. However, DSH is far from the catalytic site of
AAAL1 in the head. This has raised the question of how the
ring structure transmits the enzymatic reaction information
to the DSH. Gibbons et al. (2005) investigated various
chimeric proteins containing DSH and hypothesized that
the coiled-coil part would form different registries of
hydrophobic residues during the catalytic cycle. This
would cause a conformational change in DSH to control its
microtubule-binding affinity. However, the molecular
structure of DSH has not been revealed and the hypothesis
has not been confirmed.

Structural analyses of DSH would provide clues to this
reversible process of binding to and dissociating from the
microtubules and to the coupling between the association
state and the enzymatic reaction. For the first step, we aimed
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to analyze the structure of free DSH. We made a construct,
“DS(8:5)”, consisting of 136 residues, which correspond to
E3278-E3413 of the mouse cytoplasmic dynein. Various
NMR measurements were carried out, and 94% of the main-
chain signals of N-H were identified by backbone assign-
ment. Based on these chemical shifts, secondary structural
features were obtained by structural prediction software. In
addition, two chemically synthesized peptides, each con-
taining the sequence of the a-helix 12 of f-tubulin, which is
considered important in DSH-binding, were separately
added to DS(8:5), and only the one with the higher potential
to form the a-helix was found to bind to DS(8:5).

Materials and methods
Peptide synthesis

Peptides were chemically synthesized and purified as descri-
bed previously (Shimizu et al. 2005). Based on the sequence
corresponding to a-helix 12 of mouse f-tubulin, two peptides
were synthesized. One peptide, named “B12st”, was designed
to have this very sequence (FTEAESN MNDLVSE YQ, 16
amino acid residues). The other, “B12TN”, was made to have
two of this sequence in a tandem manner with a linker of five
amino acid residues between them to maintain a-helical reg-
istry (EFTEAES NMNDLVS EYQSLLS EFTEAES
NMNDLVS EYQ, 38 amino acid residues).

Construction of the expression system

DNA coding DS(8:5), corresponding to E3278-E3413 of
the mouse cytoplasmic dynein, was amplified by PCR from
cDNA (NCBI accession number AY004877). A forward
primer including an Ndel site (5-GGG CAT ATG GAG
GAC CTG GAT AAA GTG-3') and a reverse primer with
an EcoRI site and with a Hisg-tag at the C-terminus of
DS(8:5) (5-GGG GAA TTC TTA ATG ATG ATG ATG
ATG ATG CTC ATT CCT CAG GGG CTC-3') were used
for the amplification. The PCR product was subcloned into
pET-17b (Novagen, Madison, WI, USA).

Expression and purification of the sample

Escherichia coli BL21-CodonPlus (DE3) cells (Stratagene,
La Jolla, CA, USA) harboring pET17b/DS(8:5) were cul-
tured at 37°C for 5-6 h in 11 of LB or CHL medium
(Chlorella Industry, Tokyo, Japan). 5N-labeled or *C!5N-
labeled CHL medium was used for producing isotope-
labeled DS(8:5). The expression was induced by 0.4 mM
IPTG, and the bacteria were further cultured at 22-24°C
for 2-3 h. The bacteria were then harvested at 4°C and
stored in a freezer.
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The protein preparation was done on ice or at 4°C. The
bacterial pellet was thawed and resuspended in 20 ml of
sonic buffer (10 mM Na-phosphate (pH 8.0), 250 mM
NaCl, and 20 mM imidazole) with a small amount of
DNase I and lysozyme, and then was ultrasonicated. The
homogenate was centrifuged at 18,000 rpm for 20 min to
obtain the supernatant.

Three milliliters of Ni-NTA gel (Qiagen, Valencia, CA,
USA) equilibrated with sonic buffer was added to the
supernatant. The mixture was stirred gently for 30 min and
poured into a column. After the column was washed with
the sonic buffer, the product was eluted with a solution
containing 10 mM Na-phosphate (pH 8.0), 250 mM NaCl,
and 300 mM imidazole. The fractions with large quantities
of protein were collected (about 3 ml) and dialyzed against
the dialysis buffer (20 mM MOPS-NaOH (pH 7.0) and
100 mM NacCl). This protein solution was passed through a
1.5 ml Q-sepharose (GE Healthcare, Uppsala, Sweden)
column equilibrated with the dialysis buffer. The flow-
through fractions (about 4 ml) were applied to a 120 ml
Sephacryl S-300 column (GE Healthcare) equilibrated with
size-exclusion buffer (for coprecipitation experiments,
20 mM NaHCO; (pH 8.0) and 100 mM NaCl; for NMR
measurements, 10 mM Na-phosphate (pH 6.7) and 80 mM
NaCl). Three-milliliter fractions were collected, and the
monomeric DS(8:5) with high purity was obtained.

Preparation of NMR samples

The DS(8:5) purified as described above was concentrated by
ultrafiltration and added to certain reagents; the final compo-
sition of the solution was 0.13 mM DS(8:5), 10 mM
Na-phosphate (pH 6.7), 75 mM NaCl, 10% D,0, 0.02%
sodium azide, 1 mM DTT, 0.1 mM p-ABSF (a protease
inhibitor), and 5% sucrose (for possible protein stabilization).
A BMS-005 V NMR tube (Shigemi, Tokyo, Japan) was used
after triple siliconization with L-25 (Fuji Systems, Tokyo,
Japan), unless otherwise stated. The NMR tube containing
DS(8:5) was centrifuged manually and degassed by aspiration.

NMR measurements

NMR measurements were performed using a Unity INOVA
600 MHz spectrometer (Varian, Palo Alto, CA, USA)
equipped with a Cold Probe (Varian) at 20°C. The mea-
surement duration was varied from 1 h to 1 day depending
on the S/N ratio for '"H-'N HSQC and about 1 week for the
three-dimensional measurements. As the internal standard
for 'H chemical shifts, 2.5 mM DSS was used, and all the
signals measured were calibrated accordingly. The chemi-
cal shifts of C* and C* were observed by using the pulse
sequences HNCACB, CBCA(CO)NH, C(CO)NH, HNCA,
and HN(CO)CA. The data showing good signal separation

and S/N ratios were averaged. Those of H* were observed
by HC(CO)NH and "N edited TOCSY, and the data were
averaged, while those of C=0 were observed by HNCO. All
NMR experiments were performed using a Varian BioPack
module on the operation program VNMR. The NMR data
were processed by the program NMRPipe (Delaglio et al.
1995) and analyzed by the program SPARKY 3 (Goddard
and Kneller 1999).

CD measurements

The CD spectrum was recorded on a J-720 spectropolar-
imeter (Jasco, Tokyo, Japan). The light pass length was
1 mm, and the measurement temperature was 25°C.

HPLC analysis

Proteins and peptides in solution or dissolved precipitate
were analyzed with reverse-phase HPLC using YMC-
Protein-RP (C4) columns (YMC, Kyoto, Japan).

Coprecipitation with microtubules

Tubulin was isolated and purified from porcine brains
(Murphy and Borisy 1975) and stored at —80°C. For
polymerization, appropriate amounts were thawed and
equimolar paclitaxel (Sigma, St. Louis, MO, USA) was
added to them, and incubated at room temperature for
10 min. The suspension was centrifuged through a cushion
of 5% sucrose in a coprecipitation buffer (100 mM MOPS-
NaOH (pH 7.0), 2 mM MgCl,, and 0.2 mM EGTA) at
16,000 rpm for 10 min. The pellet was resuspended with
the coprecipitation buffer including small amounts of
paclitaxel.

DS(8:5) at concentrations ranging from 0 to 20 uM was
added to 20 uM of microtubules in 100 pl of coprecipita-
tion buffer. After incubation at room temperature for
30 min, the mixtures were centrifuged at 16,000 rpm for
10 min. This centrifugal force was sufficient for pelleting
most of the microtubules, but small fractions of tubulin,
perhaps small fragmental microtubules, remained in the
supernatant. This should not affect the results of the
coprecipitation experiments. The pellets were resuspended
in 100 pl of the coprecipitation buffer and analyzed by
SDS-PAGE along with the supernatants.

Results and discussion
Coprecipitation with microtubules

Since DSH is considered the ATP-dependent microtubule-
binding region of dynein (Mizuno et al. 2004), DS(8:5),
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our DSH sample, was expected to possess binding affinity
to microtubules. To verify this, coprecipitation experiments
were carried out. When 2.5 pM of DS(8:5) was mixed with
20 uM of microtubules, about half or more of the total
DS(8:5) was found in the pellet (Fig. 1). It should be noted
that DS(8:5) alone did not precipitate upon centrifugation.
Together with other data, the binding constant would be on
the order of 5-10 pM. This should agree with the report of
chimeric proteins by Gibbons et al. (2005), who described
the binding constant of 2.2 uM as a “tight binding” state
and that of 12.1 pM as a “weak binding” state. Thus,
DS(8:5) was proven to have significant microtubule-bind-
ing affinity, indicating that the protein was properly folded.

Optimal conditions for NMR measurements

For good triple resonance spectra with sufficient S/N ratios,
samples with high protein concentrations should be pre-
pared. However, when DS(8:5) was concentrated to
0.16 mM or more, the solution became opaque with NMR
signal broadening, probably due to sample aggregation. We
tried various physiological solution conditions, but the
results were similar to one another. The measurements of
DS(8:5) were, therefore, carried out at about 0.13 mM to
avoid aggregation. Since this concentration was relatively
low for three-dimensional NMR measurements, more scans
were needed, which led to a prolonged measurement.

We then checked the time-dependent quality change of
the sample in a triply siliconized NMR tube using 'H-"°N
HSQC spectra, which showed that the dispersion and S/N
ratio of the spectra of 0.13 mM DS(8:5) were good even
after 2 weeks. On the other hand, the stability of DS(8:5) in

a glass tube without any treatment, or in a Teflon or
polypropylene tube, was much worse.

The NMR measurements were, thereafter, performed
using triply siliconized tubes. Nonetheless, new signals
grew with time even when these tubes were used. These
signals should be attributed to protein deterioration, and
were distinguished from the originally observed signals in
the assignment.

Backbone assignment

As described above, DS(8:5) at a concentration of
0.13 mM in the triply siliconized glass tubes seemed to
maintain its native structure for 2 weeks. Under this con-
dition, backbone assignments were carried out using the
chemical shifts of C* and C” from various measurements.

Our sample had 136 amino acid residues in addition to the
starting methionine and the Hisg-tag. We identified 128 of
136 C*’s, 123 of 134 CPs (excluding 2 glycine residues), and
121 of 129 N-H’s (excluding 7 proline residues). Based on
the assignments of the N-H signals, 122 of 136 C=0’s and 46
of 138 H*’s (including 2 additional ones from glycine resi-
dues) were identified. The chemical shift data have been
deposited in the BioMagResBank (http://www.bmrb.wisc.
edu/) under BMRB number 11013. Complete assignments
were not possible due to signal broadening, overlapping, or
weakness. A representative NMR spectrum, the 'H-'°N
HSQC spectrum with assignments, is shown in Fig. 2 for the
N-H signals.

Some of the signals, considered to be derived from the
deterioration of the sample (see the section above), were
assigned separately. They were revealed to correspond to
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Fig. 3 Secondary structure predictions of DS(8:5). Single letters after
DS(8:5) indicate amino acid residues, while basic residues are
framed, and the numbers above them indicate their positions from the
N-terminus. The “h” letters on a dark background indicate residues
predicted to be a-helices, and the italic “b” letters on a light gray

It}

background indicate those predicted to be f-structures. The “c

the residues E2-112, i.e., N-terminal residues of DS(8:5),
denoted on the 'H-'>N HSQC spectrum (Fig. 2) such as
d-D3 and d-I12. Thus, this sample appeared to lose its
native conformation from its N-terminal region.

Prediction of the secondary structure

The secondary structure of DS(8:5) was predicted by the
programs CSI (Wishart and Sykes 1994) and TALOS
(Cornilescu et al. 1999) based on the chemical shifts. The
results are shown in Fig. 3.

The CSI and TALOS results agreed with each other to a
considerable extent. In particular, both programs predicted
that V11-V18, K23-V27, A37-L49, K58-163, T72-N75,
D83-N92, E102-A107, L109-C111, P113, and V115-
K129 were o-helices, and that E52 and T54 were f-struc-
tures. On the other hand, some minor differences were
found between the two predictions. For example, CSI
predicted that the region E52—-W57 would form a contin-
uous f-structure and another, E102-K129, would form a
continuous o-helix, whereas TALOS predicted there were
a few residues without any particular secondary structures.
A couple more examples are described later.

Several N-terminal and C-terminal residues are thought to
be part of an antiparallel o-helical coiled-coil (Gee et al.
1997). However, the results from both prediction programs
indicated that the coiled-coil structure would not be formed;
the secondary structure at the N-terminus should be a random
coil, while that at the C-terminus was predicted to be a
p-structure by CSI, whereas TALOS did not predict the
presence of any particular secondary structures. The probable
antiparallel coiled-coil regions at both termini were presum-
ably not long enough to form stable o-helical structures
because of the truncation. Since the deterioration of the
sample is thought to occur from its N-terminus (see the section
above), unfolding of the antiparallel coiled-coil would be one
of the causes of the instability of DS(8:5). It would be of

@

letters indicate random coil structures and the symbols mean that
no particular secondary structures were predicted at these regions.
The programs CSI and TALOS predicted that 55.9% and 59.4% of the
amino acid residues should form «-helices and 9.1% and 6.3% of that
should form f-structures, respectively

interest to introduce mutations to stabilize the coiled-coil and
to prevent the deterioration; this might make a complete
structural determination possible.

CSI and TALOS predicted that respectively 55.9% and
59.4% of the amino acid residues should form o-helices.
These predictions agree with the data of molar ellipticity,
—18,300 at 222 nm by the CD measurements, from which
the o-helical content was estimated to be about 60% (Chen
et al. 1974).

Sequence alignments and possible microtubule-binding
regions

The sequence alignments of four cytoplasmic dyneins from
different species along with DS(8:5) are shown in Fig. 4.
Tubulin has a low pl. In particular, the o-helix 12 of
p-tubulin has several aspartic acid and glutamic acid resi-
dues, and it has been reported that mutations of some of these
acidic residues weakened the binding of the kinesin motor
domain (Uchimura et al. 2006). Since dynein and kinesin
are thought to bind to overlapping regions of tubulin in
microtubules (Mizuno et al. 2004), the acidic residues of the
o-helix 12 of f-tubulin should be important for the binding
of dynein. At the microtubule-binding site of DSH, there-
fore, there should be basic residues for binding to the a-helix
12. With DS(8:5), cationic residues cluster in a region with
K58, R61, and R66, and in another with R86, K88, K90, and
K91. Homologous clusters are also found in different
dyneins. The programs for the secondary structure predicted
these regions to be a-helices. These basic residues should be
exposed to solvent, and these a-helices should constitute the
microtubule binding region (it should be noted that CSI
predicts R66 to be a-helical, whereas TALOS predicts that
there will be no particular secondary structures). An exper-
iment with mutant dynein recombinants also revealed that at
least the former region was important for microtubule
binding (Koonce and Tikhonenko 2000).
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DS(8:5) (mouse) 2 EDLBKVEPAVIEAQNAVK]S IKK|QH]L VEVR|SMANPPAAVK|LALESICLLL 50
Danio rerio 3279 QDLDQVEPAVIEAQNAVSS IKKHH|LVEVIRIAMANPPAAV[K|ILALES I CLLL 3327

Drosophila melanogaster 3266
Caenorhabditis elegans 3224
Tetrahymena thermophila 3164

DS(8:5) (mouse) 51

Danio rerio 3328 GEET-ND - - -WKKI[Rlov 1 1R
Drosophila melanogaster 3314 GENA - TD - - - WIK[S T[R]A V I MR
Caenorhabditis elegans 3272 GENVGTD - - - WK|A 1[R]Q VMM[K
Tetrahymena thermophila 3213 TNTY - TANPAWAD I[KIK[Q 1 AN

DS(8:5) (mouse) 96
Danio rerio 3373
Drosophila melanogaster 3360 NPDYNFE[K|VN
Caenorhabditis elegans 3317 NPDWE FDIK|VN
Tetrahymena thermophila 3261 @E EWNVE m

Fig. 4 A sequence alignment of DSHs. The sequence of DS(8:5) in
this study (except for the starting methionine and final Hise-tag) and
the corresponding regions of cytoplasmic dyneins from other species,
derived by the BLAST program on the NCBI homepage (http://www.
ncbi.nlm.nih.gov/BLAST/), are aligned. The identities to DS(8:5) of
the dyneins from Danio rerio (zebrafish), Drosophila melanogaster,

DS(8:5) has several basic residues in a cluster: K19,
K22, K23, and H25, in addition to those described above,
and it is reported that this region may also be important for
binding to microtubules (Koonce and Tikhonenko 2000).
However, the cytoplasmic dynein from Tetrahymena has
R3185 as the only basic residue in the corresponding
region. This region may contribute to the binding either
because of these basic residues or just by maintaining the
structure.

Interaction between DS(8:5) and synthetic peptides
derived from the a-helix 12 of S-tubulin

Since the o-helix 12 of S-tubulin is considered important
for DSH-binding (see the section above), peptides con-
taining this sequence may interact with DS(8:5). The
sequence of the a-helix 12 of -tubulin showed remarkable
conservation; the one from mouse differed from that from
yeast by only one amino acid: at the second position from
the N-terminus, there is a serine residue for yeast and a
threonine residue for mouse. In this study, two peptides
were chemically synthesized; the one named B12st (16
amino acid residues) was designed to have the very
sequence of o-helix 12 of the mouse f-tubulin, while the
other, BI2TN (38 amino acid residues) was designed to
have two of this sequence in a tandem manner (see
Materials and methods). BI2TN was considered to have a
higher helix-forming propensity than B12st; the sequence
should be long enough for possible formation of an
o-helical structure, whereas B12st might not be.

B12st or BI2TN was added to '*N-labeled DS(8:5) at a
10:1 molar ratio, and the 'H-"°>N HSQC spectrum was
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-DLAQVEPAVIDAQAAV[K]S IRK[QQLVEVR|[TMANPPSVVKILALESIC
K
QELAEAEPALIKAKES VNS INRAQLBQI[R|SYAAPPKILVQITMEAV

GEST-TH - - -wKlQ I[R]s 1 1 MR

ASMACGPMYV
ASVACGPMYV

NPSYNYEIVNAS LACGPMYV
NPSYNYEQVNRIASLACGPMYV
R|
R|
IYNSSQAAGPLALWVESQIR]yAD 1 LLKvoP LKKE 3302

LLL 3313
SQLVEVIKISMSSPPVTV[KILTLEAICILL 3271
I1FVI1 3212

ENFIPTEV-NFSAEEISDA[EEKMEENYMS 95
DSFISSiV—NFVSE‘DMSDSIEEKMKENYMS 3372
ENFINSIVSNFGTENI TDDVRIEKMK|SIK|lY L 3359
DDFMT!L—QFDTELLTPEILKQMEE—YIO 3316
KIDFIKINVL-DFSTBNLQPA I[KNKIL 1 QN Y L[K] 3260

KWATAQLNYADMLIKRIVE P LRINE 3414
KWATAQIEYADMLIKIR|[VEP LRIEE 3401
JARIAQLLYS TMLH[K|VE P LIRINE 3358

KWAITAQLNYADMLIKR|VE P LIRNE 137
K

Caenorhabditis elegans, and Tetrahymena thermophila are 84.6%,
75.7%, 57.4%, and 33.8%, respectively. Framed letters indicate basic
residues, while shaded letters indicate acidic residues. The symbol
“-” means that there is a gap in the amino acid sequence in com-
parison with other dyneins

measured. Whereas no obvious effects were observed with
B12st, with BI2TN the S/N ratio was worsened by about
30%, though signal patterns were not changed. It should be
mentioned that, at the same time, a small amount of pre-
cipitate was formed. Reverse-phase HPLC analysis
confirmed that the precipitate consisted of DS(8:5) and
B12TN at a molar ratio of 1:1.8, which would be a 1:0.9
molar ratio of DS(8:5) and B12TN dimer, perhaps a-helical
coiled-coil. It was, therefore, supposed that the precipitate
was formed by stoichiometric binding of DS(8:5) and
a-helical coiled-coil dimer of BI2TN. The signal patterns
remained unchanged, indicating that only unbound DS(8:5)
showed NMR signals and that the precipitated one did not.
The reduction of unbound DS(8:5) would be the reason for
the decrease in the S/N ratio.

Whereas we did not detect any interaction between
B12st and DS(8:5), BI2TN was likely to bind to DS(8:5),
as shown above. BI2TN was so designed to have higher
potential to form an «-helix than B12st that BI2TN might
form a certain structure possibly like that in tubulin itself,
to interact with DS(8:5). We performed CD measurements
of these peptides with TFE at concentrations from 0% to
60% (Fig. 5). Without TFE, both peptides showed CD
spectra of typical random coils. It was revealed, however,
that BI2TN exhibited a higher degree of a-helix-formation
under the influence of TFE judged from the CD intensities
at 222 nm. Curve-fitting calculations were performed with
an assumption of a two-state transition model (Morii et al.
1997), and free energy changes for o-helix-formation in
water (i.e., without TFE) were obtained: 14.0 £+ 3.5 kJ/mol
for B12st or 6.0 & 1.3 kJ/mol for BI2TN. This suggests
that BI2TN has a higher o-helical propensity as compared
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Fig. 5 Molar ellipticities at 222 nm of synthetic peptides with
various concentrations of TFE. CD spectra of synthetic peptides
were measured at peptidyl residue concentrations (designated as
“Mr”, a multiple of the peptide concentration and the number of
residues) of 2 mMr, corresponding to the molar concentration of
0.13 mM for B12st and 0.053 mM for BI2TN. The data were
collected in a solution of 10 mM Na-phosphate (pH 8), 75 mM NaCl,
and various concentrations of TFE from 0% to 60%; TFE facilitates
formations of secondary structures such as o-helices (Buck 1998).
Circles and squares indicate the values obtained for B12st and
B12TN, respectively, and the lines represent the best-fitting curves
after the equation described (Morii et al. 1997)

to B12st under similar conditions. Thus, formation of an
a-helical coiled-coil dimer of BI2TN might be triggered by
the interaction with DS(8:5) even in an aqueous solution
without TFE. The reason why the precipitation took place
is currently unclear.

We also investigated whether or not microtubules might
affect the "H-""N HSQC spectrum of 15N-labeled DS(8:5)
at a molar ratio as high as 0.8:1 (tubulin:DS(8:5)). While
signal patterns were unchanged, the S/N ratio decreased
significantly as the concentration of microtubules was
increased. DS(8:5) bound to microtubules would not show
NMR signals because of its much higher molecular mass.
Since only unbound DS(8:5) would give the signals, it
seemed likely that reduction of free DS(8:5) caused the
decrement of the S/N ratio.

These results would be in good agreement with the
hypothesis that the o-helix 12 of fS-tubulin should be
important for DSH-binding, and they suggest that this
sequence’s «-helix-formation should be a key for the
binding. While details of the precipitation are under
investigation, the synthesis of new peptides that should
bind to DSH but should not cause precipitation may give
clues not only for the determination of the binding residues
by NMR measurements but also for the binding mechanism
of DSH to microtubules.

Conclusions

We constructed an expression system for a protein corre-
sponding to the dynein stalk head (DSH), called DS(8:5),
from mouse cytoplasmic dynein, and then expressed and
purified this protein. Coprecipitation experiments with
microtubules confirmed that DS(8:5) possessed a binding
affinity to microtubules, and its dissociation constant was
on the order of 5-10 uM. The results are in good agree-
ment with a previous report (Gibbons et al. 2005),
suggesting that the protein is properly folded.

Although it was not possible to perform a complete
structural analysis of DS(8:5), we obtained valid NMR
signals so that 94% of the main-chain signals were
assigned. Secondary structural predictions obtained by CSI
and TALOS agreed well with each other. The content of
o-helices was about 60% according to either program,
consistent with the estimation from the CD spectrum.

Basic residues are considered important in binding to
microtubules. There are a few clusters of cationic residues
along the amino acid sequence of DS(8:5): one in the region
with K58, R61, and R66, and another in the region with
R86, K88, K90, and K91. Sequence alignment revealed that
cytoplasmic dyneins from other species also have clusters
of basic residues in these regions. The analysis of chemical
shift data predicted that both regions of DS(8:5) were
o-helical. Another region, containing K19, K22, K23, and
H25, might contribute to the binding affinity.

Judging by changes in the NMR signals, DS(8:5) should
deteriorate from its N-terminus. In addition, secondary
structural prediction programs showed that both N-terminal
and C-terminal regions were unlikely to form an antipar-
allel coiled-coil. The instability of the sample should be
attributable to the non-rigid structural nature of both ter-
mini. The formation of a correct antiparallel coiled-coil,
either by changing the lengths of both termini or by
introducing mutations, would improve the stability of the
sample for the complete structural analysis.

The a-helix 12 of fS-tubulin is considered important for
the binding of DSH and microtubules. We chemically
synthesized two peptides containing the sequences of the
a-helix 12. The one with a higher helix propensity formed
precipitation with DS(8:5) in an almost stoichiometric
manner. This may be in good agreement with the hypoth-
esis that the a-helix 12 of S-tubulin would be important for
the binding. New peptide synthesis is under way to identify
the binding residues of DSH and to reveal the DSH-
microtubule binding mechanism.

Acknowledgements We thank Prof. Kaori Wakamatsu (Gunma
Univ.) for his advice on the NMR measurements. This work was
supported by the Targeted Proteins Research Program (TPRP) from
the Ministry of Education, Culture, Sports, Science and Technology,
Japan.

@ Springer



96

J Biomol NMR (2008) 41:89-96

References

Buck M (1998) Trifluoroethanol and colleagues: cosolvents come of
age. Recent studies with peptides and proteins. Q Rev Biophys
31:297-355

Burgess SA, Walker ML, Sakakibara H, Knight PJ, Oiwa K (2003)
Dynein structure and power stroke. Nature 421:715-718

Chen YH, Yang JT, Chau KH (1974) Determination of the helix and
p-form of proteins in aqueous solution by circular dichroism.
Biochemistry 13:3350-3359

Cornilescu G, Delaglio F, Bax A (1999) Protein backbone angle
restraints from searching a database for chemical shift and
sequence homology. J Biomol NMR 13:289-302

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A (1995)
NMRPipe: a multidimensional spectral processing system based
on UNIX pipes. ] Biomol NMR 6:277-293

Gee MA, Heuser JE, Vallee RB (1997) An extended microtubule-
binding structure within the dynein motor domain. Nature
390:636-639

Gibbons IR, Garbarino JE, Tan CE, Reck-Peterson SL, Vale RD,
Carter AP (2005) The affinity of the dynein microtubule-binding
domain is modulated by the conformation of its coiled-coil stalk.
J Biol Chem 280:23960-23965

Goddard TD, Kneller DG (1999) SPARKY 3. University of
California, San Francisco

Hirokawa N (1998) Kinesin and dynein superfamily proteins and the
mechanism of organelle transport. Science 279:519-526

King SM (2000) AAA domains and organization of the dynein motor
unit. J Cell Sci 113:2521-2526

Kon T, Nishiura M, Ohkura R, Toyoshima YY, Sutoh K (2004)
Distinct function of nucleotide-binding/hydrolysis sites in the
four AAA modules of cytoplasmic dynein. Biochemistry
43:11266-11274

Koonce MP, Tikhonenko I (2000) Functional elements within the
dynein microtubule-binding domain. Mol Biol Cell 11:523-529

@ Springer

Mitchell DR (1994) Cell and molecular biology of flagellar dyneins.
Int Rev Cytol 155:141-175

Mizuno N, Toba S, Edamatsu M, Watai-Nishii J, Hirokawa N,
Toyoshima YY, Kikkawa M (2004) Dynein and kinesin share an
overlapping microtubule-binding site. EMBO J 23:2459-2467

Morii H, Takenawa T, Arisaka F, Shimizu T (1997) Identification of
kinesin neck region as a stable o-helical coiled coil and its
thermodynamic characterization. Biochemistry 36:1933-1942

Murphy DB, Borisy GG (1975) Association of high-molecular-weight
proteins with microtubules and their role in microtubule
assembly in vitro. Proc Natl Acad Sci 72:2696-2700

Neuwald AF, Aravind L, Spouge JL, Koonin EV (1999) AAA+: a
class of chaperone-like ATPases associated with the assembly,
operation, and disassembly of protein complexes. Genome Res
9:27-43

Samso M, Radermacher M, Frank J, Koonce MP (1998) Structural
characterization of a dynein motor domain. J Mol Biol 276:927—
937

Shimizu Y, Morii H, Arisaka F, Tanokura M (2005) Stalk region of
kinesin-related protein Uncl04 has moderate ability to form
coiled-coil dimer. Biochem Biophys Res Commun 337:868-874

Takahashi Y, Edamatsu M, Toyoshima YY (2004) Multiple ATP-
hydrolyzing sites that potentially function in cytoplasmic dynein.
PNAS 101:12865-12869

Uchimura S, Oguchi Y, Katsuki M, Usui T, Osada H, Nikawa J,
Ishiwata S, Muto E (2006) Identification of a strong binding site
for kinesin on the microtubule using mutant analysis of tubulin.
EMBO J 25:5932-5941

Wishart DS, Sykes BD (1994) The 13C chemical-shift index: a simple
method for the identification of protein secondary structure using
13C chemical-shift data. J Biomol NMR 4:171-180

Vale RD (2003) The molecular motor toolbox for intracellular
transport. Cell 112:467-480



	The dynein stalk head, the microtubule binding-domain of dynein: NMR assignment and ligand binding
	Abstract
	Introduction
	Materials and methods
	Peptide synthesis
	Construction of the expression system
	Expression and purification of the sample
	Preparation of NMR samples
	NMR measurements
	CD measurements
	HPLC analysis
	Coprecipitation with microtubules

	Results and discussion
	Coprecipitation with microtubules
	Optimal conditions for NMR measurements
	Backbone assignment
	Prediction of the secondary structure
	Sequence alignments and possible microtubule-binding regions
	Interaction between DS(8:5) and synthetic peptides derived from the &agr;-helix 12 of &bgr;-tubulin

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


