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Abstract: Microtubules (MTs) and microtubule binding proteins (MTBPs) play fundamental physiological
roles including vesicle and organelle transport, cell motility, and cell division. Despite the importance of the
MT/MTBP assemblies, there remains virtually no structural or dynamic information about their interaction
at the atomic level due to the inherent insolubility and lack of long-range order of MTs. In this study, we
present a combined magic angle spinning solid-state and solution NMR study of the MTBP CAP-Gly domain
of mammalian dynactin and its interaction with paclitaxel-stabilized microtubules. We report resonance
assignments and secondary structure analysis of the free CAP-Gly in solution and in the solid state by a
combination of two- and three-dimensional homo- and heteronuclear correlation spectra. In solution, binding
of CAP-Gly to microtubules is accompanied by the broadening of the majority of the peaks in HSQC spectra
except for the residues at the termini, precluding further structural analysis of the CAP-Gly/microtubule
complexes. In the solid state, DARR spectra of free CAP-Gly and its complex with microtubules display
well-resolved lines, permitting residue-specific resonance assignments. Interestingly, a number of chemical
shifts in the solid-state DARR spectra of the CAP-Gly/microtubule complex are perturbed compared to
those of the free CAP-Gly, suggesting that conformational changes occur in the protein upon binding to
the microtubules. These results indicate that CAP-Gly/microtubule assemblies are amenable to detailed
structural characterization by magic angle spinning NMR spectroscopy and that solid-state NMR is a viable
technique to study MT/protein interactions in general.

Introduction

Microtubules represent one of the three essential types of
cytoskeletal elements in cells. Together with their associated
proteins, microtubules play important roles in a broad range of
physiological functions, encompassing cell migration, mitosis,
polarization and differentiation, and vesicle and organelle
transport.1 Microtubule-associated proteins have been implicated

in numerous diseases, ranging from motor neuron and degenera-
tive disorders to neoplasia and viral infections.2-11

Dynactin multisubunit assembly is the activator of the
cytoplasmic microtubule-based dynein retrograde motor com-
plex.12 Dynactin binds the dynein motor complex and is
responsible for the long-range dynein movement along micro-
tubules (MTs). The principal component of the dynactin
complex is the p150Glued subunit (reviewed in ref 12). This
subunit contains a microtubule-binding domain (MTBD) and
two predicted coiled coil regions; the first is reported to bind to
dynein, and the second contains the binding site for the Arp1
rod proteins. The precise mechanism that enables dynactin to
participate in many functions remains unclear; however, its
ability to bind to MTs through the CAP-Gly domain appears to
be critical for many of these processes.

CAP-Gly motifs were originally identified as glycine-rich
(Gly) domains in four cytoskeleton-associated proteins
(CAPs).13,14 CAP-Gly domains are conserved in organisms
from yeast to humans; they are responsible for microtubule
binding in vitro.15,16 Recent efforts have demonstrated that
CAP-Gly domains play central roles in many proteins,
including the p150Glued subunit of dynactin,12 cytoplasmic
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linker proteins (CLIPs and CLIPRs) such as CLIP17017 and
CLIPR59,18 an R-tubulin folding factor,16 tubulin chaper-
one,19 the familial cylindormatosis cellular suppressor
CYLD,20 and the kinesin protein KIF13b.21 It has been shown
that mutations in the genes encoding the CAP-Gly domains lead
to various disorders. For example, a missense point mutation,
G59S, in the p150Glued subunit of dynactin was identified in a
family with lower motor neuron disease.22,23 In ViVo studies
indicate that the binding affinity of the mutant to microtubules
was reduced, and homology modeling suggests that this mutation
destabilizes and leads to misfolding of the CAP-Gly motif.22,24

Five other mutations, G71R, G71E, G71A, T72P, and Q74P,
have been recently identified in patients with Perry syndrome,
an autosomal dominant neurodegenerative disorder manifested
in parkinsonism and weight loss and often accompanied by
depression, social withdrawal, and suicidal attempts.25 While
the exact mechanism leading to pathogenicity of these mutants
is unknown, they exhibit decreased microtubule binding (G71R
and Q74P) and show redistribution of dynactin in transfected
cells compared to the wild-type CAP-Gly.25

Further understanding of the mechanism of dynactin binding
to the microtubule and its regulation of dynein-based cargo
transport in the healthy (wild-type) and disease (G59S, G71R,
G71E, G71A, T72P, and Q74P mutants) states requires the
knowledge of the atomic-resolution structure of the CAP-Gly
domains assembled on the microtubule. Several high-resolution
structures of CAP-Gly domains of human dynactin and its
complexes with EB1 and CLIP-170 have been reported
recently,26-29 and an additional structure has been deposited in
the Protein Data Bank (accession number 2COY). In Figure 1,
the amino acid sequence and secondary structures are shown
for a CAP-Gly domain from human dynactin spanning residues

27-97 (PDB file 3E2U).26 The binding interfaces of CAP-Gly
with these proteins have been determined from the X-ray
structures and using chemical shift perturbations.26–29 On the
basis of the crystal structure of the CAP-Gly domain from
Caenorhabditis elegans F53F4.3 protein, it has been hypoth-
esized that the highly conserved GKNDG motif would interact
with microtubules.19 However, the large molecular weight/
insolubility and lack of long-range order of CAP-Gly/microtu-
bule assemblies have to date prevented their high-resolution
structural and dynamics studies by X-ray crystallography or
solution NMR spectroscopy, and the interface between the CAP-
Gly and polymerized microtubules remains unresolved, par-
ticularly at atomic resolution. Alternative high-resolution struc-
tural methodologies are therefore needed that do not require
soluble or crystalline preparations. Magic angle spinning (MAS)
NMR methods present such a technique and are becoming
increasingly important for structural studies of uniformly and
extensively enriched microcrystalline and membrane proteins,30-56
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Figure 1. Amino acid sequence and secondary structure of the CAP-Gly domain of dynactin generated by PDBsum84 from the X-ray coordinates deposited
in the PDB file 3E2U.26
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macromolecular assemblies,47,57-61 and disordered fibrils.62-66

Despite the recent rapid progress in the field, the number of
proteins for which site-specific resonance assignments by MAS
NMR have been accomplished remains small.

In this paper, we present a combined solid-state and solution
NMR study of the CAP-Gly domain free and in complex with
microtubules. We report site-specific resonance assignments and
secondary structure analysis of CAP-Gly in solution and in the
solid state by a combination of two- and three-dimensional NMR
experiments. In solution, binding of CAP-Gly to polymerized
microtubules is accompanied by the broadening of the majority
of the peaks in the HSQC spectra except for the residues at the
termini. At the same time, binding of CAP-Gly to nonpoly-
merized tubulin or to tubulin oligomers results in small but
distinct chemical shift perturbations in several residues. The
solid-state MAS NMR spectra of the CAP-Gly bound to the
microtubules are well resolved, and chemical shift perturbations
were observed for a number of residues, suggesting conformational
changes upon formation of the complex. Our results indicate that
magic angle spinning NMR methods can be used for high-
resolution structural analysis of CAP-Gly/microtubule assemblies.

Results

Resonance Assignments and Torsion Angle Analysis of
CAP-Gly in Solution. 15N HSQC and a combination of HNCA,
CBCA(CO)NH, HNCO, HN(CA)CO, and HBHA(CO)NH triple-
resonance experiments were used to obtain essentially complete
resonance assignments of backbone atoms as well as C� and
H� (illustrated in Figure S1 and Table S1 of the Supporting
Information). We employed TALOS67 to analyze the ψ and φ

torsion angles on the basis of the backbone assignments and
the C� shifts; the results are illustrated in Figure S1. The results
indicate that a large portion of the residues are in the �-sheet
conformation, which is consistent with the three-dimensional
structures of other p150Glued CAP-Gly domains (PDB files
2HQH,27 2HKN,29 2HKQ,29 3E2U,26 and 1TXQ28).

Comparison of torsion angles predicted by TALOS with the
experimental torsion angles in the five published X-ray structures
above (illustrated in Figure S2 in the Supporting Information)
reveals that for the majority of the residues the angles agree to
within (20°, with the exception of the following residues: G37-
K38-G39, G48, G55, L62, K66, K68, D70, F79, G84-H85-G86.
All of these residues are located in flexible loops or at the termini
of the individual �-sheets; therefore, the discrepancy is not
surprising. Overall, our results indicate that the secondary
structure of CAP-Gly is generally consistent with the previous
X-ray results.

Chemical shift assignments were also obtained from HSQC
and HNCA spectra for a CAP-Gly sample prepared in phosphate
buffer 7.0 (summarized in Table S2 of the Supporting Informa-
tion). As illustrated in Figure S3 of the Supporting Information,
the 1H and the 15N the chemical shifts for the majority of the
residues are intact with notable exceptions of the 63DEAKG67

and 84GHGI87 regions of the protein belonging to flexible loops,
which exhibited small chemical shift perturbations. Similarly,
the 13CR chemical shifts are only weakly pH-dependent (Figure
S3) with the differences not exceeding 0.15 ppm for most of
the residues, with the exception of A65 (0.2 ppm), V73 (0.3
ppm), G84 (-0.22 ppm), H85 (0.44 ppm), and G86 (-0.25
ppm).

Resonance Assignments and Torsion Angle Analysis of
CAP-Gly by Magic Angle Spinning Solid-State NMR Spec-
troscopy. For resonance assignments of free CAP-Gly in the
solid state, a combination of two- and three-dimensional
homo- and heteronuclear correlation MAS NMR spectra were
acquired at 14.1 and 21.1 T (Figures 2 and 3, Figures S4
and S5 of the Supporting Information). The 14.1 T DARR
spectra were collected at several temperatures ranging from
-1.7 to -34.9 °C to determine the best experimental
conditions. The two-dimensional DARR spectra collected at
21.1 T and -15 °C show excellent resolution, and the 13C
line widths of 0.3-0.6 ppm indicate homogeneous sample
preparation and are consistent with our previous observations
for thioredoxin prepared by controlled precipitation from
PEG.31–33 Interestingly, at 14.1 T we observed severe line
broadening with lowering of the temperature to -34.9 °C
(illustrated in Figure S4 for the 14.1 T spectra); the narrow
lines are restored upon increasing the temperature to -1.7
°C, indicating that the sample does not undergo irreversible
deterioration. The broad lines at low temperatures may be
due either to capturing multiple conformational states or to
intermediate time scale motions under these conditions. This
temperature dependence of DARR spectra is consistent with
previous reports.33,45 Additional relaxation measurements are
necessary to understand the temperature dependence of the
DARR spectra; these will be the subject of a future study.
An observation of critical importance to the analysis of the
spectra of the CAP-Gly/microtubule complex (vide infra) is
that lowering of the temperature is accompanied by broaden-
ing of the lines for the majority of the cross-peaks with a
finite number of peaks showing small but noticeable 13C
chemical shift changes on the order of 0.1 ppm and not
exceeding 0.2 ppm (e.g., Thr CR-C� cross-peaks, as shown
in the Supporting Information).

The 13C chemical shifts are also field-independent, with the
14.1 and 21.1 T DARR spectra being virtually superimposable.
While the majority of the one-bond correlations are present in
both spectra, there are some notable differences: several cross-
peaks corresponding to the Ile side chain correlations are present
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only in the 21.1 T spectra, while side chain correlations
corresponding to Pro residues appear only in the 14.1 T data

set (shown in the Supporting Information). Therefore, both
spectra were used in the analysis.

Figure 2. Two-dimensional solid-state MAS NMR spectra of CAP-Gly: carbonyl and aliphatic regions of the 21.1 T DARR spectrum (mixing time 50 ms)
(a, b, respectively), scalar-based CTUC-COCA spectrum (c), scalar-based CTUC-CACB spectrum. Note that the resolution of the 14.1 T scalar-based
spectra is similar to that of the 21.1 dipolar-based DARR data, in contrast to the lower resolution of the 14.1 T dipolar-based DARR spectrum (see the
Supporting Information). The scalar-based experiments yield only single-bond correlations, while in the dipolar-based DARR data set a number of two- and
three-bond cross-peaks are present. For DARR spectra, the first contour is set at 5σ, with a multiplier of 1.2.
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Comparison of the dipolar- and scalar-based spectra addition-
ally reveals that, as expected, the resolution of the scalar-based
14.1 T CTUC-COCA and CTUC-CACB data sets (Figure 2
c,d) is superior compared to that of the 14.1 T dipolar DARR
spectrum (Figure S5 of the Supporting Information) and is
similar to that of the 21.1 T DARR spectrum. At the same time,
due to the experimental limitations imposed by moderate MAS
frequencies and moderate decoupling powers, we observed that
magnetization transfer was generally not as efficient as in the
DARR experiments, and a number of cross-peaks were weak
or missing, notably three of seven Ala cross-peaks, all Thr
CR-C� cross-peaks, and all Ser correlations with the exception
of the S31 CR-C� cross-peak. Nevertheless, since scalar-based
experiments yield solely one-bond correlations while the DARR
spectrum acquired with a mixing time of 50 ms contains a
number of two-bond cross-peaks, the simultaneous use of the
scalar- and dipolar-based experiments proved beneficial for
confirming assignments for a number of residues.

From the three-dimensional dipolar-based NCACB, NCACX,
and NCOCX and the scalar-based NCOCA experiments, we
have obtained nearly complete site-specific resonance assign-
ments for CAP-Gly (chemical shifts tabulated in the Supporting
Information). Figure 3 displays a backbone walk for G42-L51
using multiple data sets to illustrate the assignments. The
majority of the peaks are present in the spectra, with the
exception of those for the terminal residues S19, T20, E21, and
E107. Additionally, the resonances corresponding to two proline
residues, P26 and P106, could not be found in the 2D and 3D
heteronuclear correlation data sets. While we have identified in
the homonuclear 2D and 3D 14.1 T DARR spectra the side
chain C�-Cγ and Cγ-Cδ cross-peaks that can be unequivocally
attributed to prolines due to their appearance in the distinct
region of the spectra, which does not contain cross-peaks from

other types of residues (Figure 2), these proline cross-peaks
could not be assigned site-specifically. A number of arginine,
glutamate, and lysine residues appeared in crowded regions of
the NCACB and NCACX spectra, but could be unequivocally
identified from the correlations to their preceding or succeeding
residues in the NCOCX and/or NCOCA data sets. L27 could
not be unambiguously assigned because of the absence of
sequential correlations with the preceding P26 in the NCOCX
and NCOCA spectra. However, it could be unequivocally
identified in the homonuclear DARR and CTUC-COCA spectra
due to the well-resolved one-bond CR-C�, C�-Cγ, and Cγ-Cδ1

correlations. Finally, I87 is not present in the heteronuclear
NCACB and NCACX data sets, but its 13C peaks could be
unambiguously assigned on the basis of the DARR spectra (as
being the single remaining isoleucine residue after assignments
of I36, I61, and I94), while its 15N shift was inferred from the
solution shift and from the N(i)-CO(i-1)-CA(i-1) cross-peak
to the preceding G87 residue in the solid-state NCOCX data
set. In summary, we have assigned 83 of 89 residues of CAP-
Gly in the solid state.

We also note the superior resolution of the scalar-based 3D
NCOCA and 2D NCO, NCA, and COCA-CACB data sets,
consistent with the previous reports.54,55,68 Due to the relatively
low sensitivity of the 3D experiment because of the moderate
MAS frequencies and moderate decoupling field strengths, cross-
peaks for only 42 residues were present in the spectra;
nevertheless, the spectra were critical for unambiguous
assignments.
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128, 9992–9993.

Figure 3. Backbone walk for G42-L51 using three-dimensional MAS experiments: dipolar-based NCOCX, NCACX, and NCACB and scalar-based NCOCA.
Negative cross-peaks resulting from the two-bond N-C� correlations in the NCACB spectra are shown in red. The contours are set as follows: NCACB, at
5σ; NCACX, at 4σ; NCOCX, at 5.5σ; NCOCA, at 4.5σ; with a multiplier of 1.2.
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Examination of the 13C and 15N solid-state chemical shifts
indicates that the majority of the residues are in a �-sheet
conformation, consistent with solution NMR results. The solid-
state chemical shifts are generally in very good agreement with
the solution shifts (illustrated in Figure 4 and in the Supporting
Information). We note that the general agreement between solid-
state and solution chemical shifts has been observed in several
prior reports, including our previous work on intact and
reassembled thioredoxin31–33 and BPTI30 and work from other
groups on Crh37 and GB1.45 Interestingly, in the case of CAP-
Gly the differences between solid-state and solution chemical
shifts are somewhat smaller than in the above proteins.

The TALOS analysis of the ψ and φ torsion angles on the
basis of the solid-state chemical shifts summarized in Figure 5
reveals that the secondary structure of CAP-Gly in the solid
state is generally consistent with both the solution and the X-ray
crystallography results (see Figure S6 of the Supporting
Information for comparison between the solid-state-NMR-

derived torsion angles and those obtained from several X-ray
structures of CAP-Gly). There are several residues for which
deviations with the TALOS-predicted torsion angles from solid-
state and solution shifts are observed: G42, A45, G55, L62,
G71, D99-G100, T103-T104-S105. All of these residues but
A45 are located in flexible loops or the termini of the individual
secondary structure elements. Interestingly, the ψ torsion angle
for A45 predicted by TALOS is consistent with the typical ψ
value for a residue in a canonical � strand. In the crystal
structures of CAP-Gly, A45 is located at the center of a twisted
� strand, giving rise to an unusual ψ torsion angle, which is
also well predicted from solution chemical shifts. The fact that
TALOS could not reproduce this unusual ψ torsion angle is
surprising in light of the fact that the chemical shift differences
as measured by solid-state and solution NMR are generally small
for all residues in the V44-A45-Y46 region (see Figure 4 and
Table S4 of the Supporting Information). We therefore speculate

Figure 4. Differences between solid-state and solution chemical shifts plotted versus residue number in CAP-Gly for the backbone nitrogen and carbon
atoms.
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that TALOS failed to discern this structural nuance due to the
lack of proton chemical shifts in the solid-state NMR data.

Characterization of CAP-Gly/Microtubule Binding. Cose-
dimentation. Tubulin was polymerized into microtubules upon
incubation with paclitaxel and GTP (see the Experiments and
Methods). Analysis of the pellet and the supernatant separated
by ultracentrifugation revealed that most of the microtubules
are in the pellet (Figure 6). For cosedimentation assay,
varying amounts of CAP-Gly were added to the polymerized
microtubules at pH 6 and 7 (see the Experiments and
Methods). SDS-PAGE analysis of the pellet and supernatant
indicates that a significant fraction of CAP-Gly is found in
the pellet at both pH values and generally increases with an
increase of the CAP-Gly:MT ratio (Figure 6). As illustrated
in Figure 6, when 150 µM CAP-Gly and 10 µM tubulin dimer
were used, ca. 30-35% of CAP-Gly was found in the pellet.
Therefore, the CAP-Gly domain of the p150Glued subunit of
dynactin binds to microtubules in vitro under the conditions

employed for NMR sample preparation. The control experi-
ment reveals that, as expected, dynein light chain LC8 does
not bind to microtubules, therefore corroborating that the
CAP-Gly/MT interaction is specific. It is also estimated that
the binding affinity between CAP-Gly and microtubules is
in the micromolar range on the basis of a semiquantitative
analysis of the cosedimentation assays conducted with
varying CAP-Gly:MT ratios.

Electron Microscopy. Transmission electron microscopy
(TEM) corroborated formation of stable microtubules under the
experimental conditions, as anticipated (Figure 7A). TEM
images of the CAP-Gly/MT complex (1:1 molar ratio) revealed
that microtubules remain intact and suggested the presence
of CAP-Gly on the MT surface (Figure 7B). However, no
significant changes in the MT morphology were found, and no
individual CAP-Gly molecules could be detected; therefore, we
conclude that direct observation of CAP-Gly on the MT surface

Figure 5. (a) Backbone torsion angles ψ (top) and φ (bottom) derived by TALOS67 analysis of isotropic solid-state chemical shifts of CAP-Gly. (b)
Differences in the backbone torsion angles ∆ψ (top) and ∆φ (bottom) derived from the TALOS analysis of the solid-state and solution chemical shifts of
CAP-Gly.
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by transmission electron microscopy could not be accomplished
under our experimental conditions.

Solution HSQC Spectroscopy of CAP-Gly Bound to Micro-
tubules. To examine the binding of CAP-Gly to microtubules
by solution NMR, we have performed HSQC titration experi-
ments. Two sets of HSQC titrations were conducted for CAP-
Gly/MT complexes. In one, the microtubule concentration was
kept constant at 30 µM, and CAP-Gly was titrated into the
solution to final concentrations of 30, 60, 120, 240, and 480
µM. As illustrated in Figure 8, with the exception of several
residues belonging to the N- and C-termini, the peaks lose
intensity. In another set of experiments, the CAP-Gly concentra-
tion was maintained constant at 480 µM while the microtubule
concentration was systematically changed to 30, 15, 7.5, and
3.75 µM. As shown in Figure 8, at high CAP-Gly:MT ratios of
64:1 and 128:1 the peaks do not disappear but are broadened
and lose intensity as the CAP-Gly:MT ratio decreases. The same
behavior is observed at pH 7.0 (see Figure S7 of the Supporting
Information). These results suggest that the motional flexibility
of the terminal residues in the CAP-Gly/MT complex is retained,
making the peaks observable while the resonances for the rest
of the residues broaden or disappear due to the large molecular
weight of the complex and/or possibly due to intermediate
exchange, therefore precluding any site-specific analysis of the

CAP-Gly interactions with the microtubules under the experi-
mental conditions.

HSQC spectra were also acquired for an additional CAP-
Gly/MT sample prepared at pH 7.0 and consisting of the
supernatant separated from the centrifuged CAP-Gly/MT mix-
ture where the pellet was used for the solid-state NMR
experiments (see the Experiments and Methods). On the basis
of the semiquantitative estimates from the cosedimentation
assay, the supernatant contains 150 µM CAP-Gly and 3.85 mM
MT. The HSQC spectra revealed weak but distinct chemical
shift perturbations for several residues: H40, T43, D63, E64,
A65, K66, G71, G84, and Q95 (illustrated in Figure 9). Similar
behavior in the HSQC spectra is observed when CAP-Gly is
mixed with nonpolymerized tubulin at three different ratios (see
the Experiments and Methods, spectra shown in Figure S7 of
the Supporting Information), indicating that the chemical shift
perturbations for select residues of CAP-Gly in the above
samples correspond to binding of the protein to unpolymerized
tubulin or to relatively small tubulin oligomers rather than to
polymeric microtubules. Therefore, the molecular weight of
these CAP-Gly/tubulin complexes must be relatively small,
permitting observation of binding-induced chemical shift changes.
We note that the chemical shift perturbations observed in the
presence of tubulin correspond to the residues located on the
surface in the vicinity of the highly conserved 67GKND71 motif.
The full structural characterization of the CAP-Gly bound to
microtubules using solid-state NMR spectroscopy will address
whether these residues represent the CAP-Gly/MT interface.

Solid-State DARR Spectra of CAP-Gly Bound to Micro-
tubules. To determine the optimal experimental conditions for
solid-state NMR analysis of CAP-Gly bound to microtubules,
we have examined the temperature dependence of the 2D DARR
spectra of the complex. In striking contrast to the free protein,
the 13C cross-polarization signal is very weak at temperatures
above -15 °C, and no signal could be detected above 0 °C.

Figure 6. SDS-PAGE analysis of the CAP-Gly/microtubule interaction at pH 6.0 (a) and 7.0 (b). The cosedimentation assay conditions are described in
the Experiments and Methods. (c) Fraction of the protein (CAP-Gly or microtubule) in the pellet as a function of the [CAP-Gly]:[tubulin] ratio.

Figure 7. Transmission electron micrographs of the paclitaxel-stabilized
microtubules free (A) and with CAP-Gly bound (1:1).
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Figure 8. (A-J) Solution HSQC titration experiments. Spectra A and G are HSQC spectra of free CAP-Gly at pH 6.0 (60 and 480 µM, respectively).
Spectra B-F represent titration experiments where the concentration of microtubules was kept constant at 30 µM and CAP-Gly was added to final
[CAP-Gly]:[MT] ratios of 1:1, 2:1, 4:1, 8:1, and 16:1, respectively. Spectra H-K represent titration experiments where the concentration of CAP-Gly
was kept constant at 480 µM and the concentration of the microtubules was varied to final [CAP-Gly]:[MT] ratios of 16:1, 32:1, 64:1, and 128:1,
respectively. (L) Intensities of the peaks in the HSQC spectra versus residue number for different [CAP-Gly]:[MT] ratios: 128:1 (white), 64:1 (green),
32:1 (blue), 16:1 (red).
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The 13C cross-polarization signal intensity increases with
lowering of the temperature. We have therefore chosen to
perform all solid-state NMR experiments of the CAP-Gly/MT
complex at -38.2 °C, the lowest temperature that could be
maintained stably on the 21.1 T instrument under our experi-
mental conditions. What gives rise to the decrease in CP
efficiency and the eventual disappearance of the signal as the
temperature is increased is not clear at present. We note that at
temperatures above the freezing point the sample has gel
consistency, and we speculate that under those conditions
microtubules might be flexible and conformationally heteroge-
neous, resulting in turn in conformational heterogeneity of bound
CAP-Gly. Molecular-level understanding of this interesting
behavior will require additional experiments, which are beyond
the scope of this work and will be pursued in the future.

The 21.1 T DARR spectra of the CAP-Gly/MT complex at
-38.2 °C exhibit well-resolved lines with the width of the
individual cross-peaks on the order of 0.5-0.8 ppm (Figure 10).
These line widths are comparable to or somewhat broader than
those in the free protein; whether this is an inherent characteristic
of the sample is not clear as lower temperatures (where the lines
might be narrower) were not accessible. Nevertheless, a large
number of resolved peaks are present in the data, allowing for
the analysis of chemical shifts in the complex with respect to
the free CAP-Gly.

In Figure 10, the DARR spectra of the CAP-Gly/MT complex
and the free CAP-Gly are compared. Remarkably, chemical
shifts for a significant number of residues are perturbed upon
formation of the complex. While some of the chemical shift
changes are 0.1-0.3 ppm and could possibly be accounted for
by the different temperatures at which the spectra of the free
protein and the complex had to be recorded, the shifts differ by

0.5 ppm or more in many residues, which is clearly not due to
temperature variations alone (vide supra). These large chemical
shift perturbations are likely due to conformational changes in
CAP-Gly upon CAP-Gly/MT complex formation. While com-
plete resonance assignments of the DARR spectra of the
complex are not possible in the absence of a complete set of
3D homo- and heteronuclear spectra, partial analysis of the
spectra was performed for the outlier cross-peaks. In Table 1,
chemical shifts of CR and C� carbons in selected residues of
free and bound CAP-Gly are illustrated. Two interesting
observations can be made from this analysis. First, chemical
shift perturbations occur in the entire CAP-Gly molecule, rather
than in a specific contiguous stretch of residues. These changes
indicate that the backbone torsion angles are different between
the free and MT-bound CAP-Gly. Second, the absolute mag-
nitude of these chemical shift perturbations is such that the
overall secondary structure of the corresponding residues does
not change. In aggregate, these results suggest that multiple
small conformational rearrangements take place throughout the
protein upon its binding to microtubules. To gain atomic-
resolution insight into these structural rearrangements upon
binding, full resonance assignments of the CAP-Gly assembled
on the microtubules are needed.

The DARR spectra of the CAP-Gly/MT complex presented
in this work were acquired with only 1-2 mg of CAP-Gly in
the sample, resulting in limited sensitivity of the measurements
and precluding the collection of heteronuclear correlation
spectra. Therefore, detailed structural analysis of the bound
CAP-Gly was not feasible from the present data sets. Neverthe-
less, the current results demonstrate that CAP-Gly/MT com-
plexes give rise to high-resolution MAS spectra, and with
improved sample preparation protocols complete structural
characterization of these assemblies will be possible. This work
is currently under way.

Discussion

Atomic-level structural analysis of interactions between the
CAP-Gly domain of the p150Glued subunit of dynactin and
fragments of other microtubule plus end tracking proteins such
as EB1 and CLIP-170 have provided insight into the biological
role of p150Glued CAP-Gly in the complex multicomponent
network at the plus end of the microtubule.26–29 These studies
employed X-ray crystallography and/or solution NMR spec-
troscopy, as well as various biophysical methods. These
approaches however are difficult to utilize in structural inves-
tigations of microtubule-associated proteins bound to microtu-
bules because of the intrinsic insolubility and lack of long-range
order in these systems, and their large size. At the same time,
direct atomic-level knowledge about the structure and dynamics
of CAP-Gly/MT assemblies is needed to fully understand the
role of CAP-Gly and its relationship to the different functions
of dynactin. The studies of the CAP-Gly domain of dynactin
interacting with microtubules reported here represent the first
step toward establishing such insight.

While solution NMR methods provided detailed information
on the Τau/MT interaction,69 similar methods were unable to
provide site-specific insight for the CAP-Gly/MT interaction.
This may simply reflect the fact that Tau is predominantly
disordered in the MT-free state and makes a large number of

(69) Sillen, A.; Barbier, P.; Landrieu, I.; Lefebvre, S.; Wieruszeski, J. M.;
Leroy, A.; Peyrot, V.; Lippens, G. Biochemistry 2007, 46, 3055–3064.

(70) Mossessova, E.; Lima, C. D. Mol. Cell 2000, 5, 865–876.
(71) Marley, J.; Lu, M.; Bracken, C. J. Biomol. NMR 2001, 20, 71–75.

Figure 9. (A) Overlay of the HSQC spectra of CAP-Gly at pH 7.0 in the
free form (red) and in the presence of short microtubule fragments (dark
gray). (B) Weighted chemical shift changes versus residue number in CAP-
Gly upon binding to the microtubule fragments.
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contacts in the MT-bound state whereas CAP-Gly is predomi-
nantly folded in solution and presumably in the MT-bound state.

Nonetheless, we did detect small chemical shift perturbations
in several specific residues for one of the CAP-Gly/MT samples.

Figure 10. DARR spectra (21.1 T) of the CAP-Gly/MT complex (black) overlaid with the spectra of the free CAP-Gly (red): aliphatic and carbonyl regions
(a) and expansions of the aliphatic regions (b, c) illustrating the chemical shift differences in CAP-Gly upon binding to microtubules. The spectra of the
complex were acquired at -38.2 °C. The first contour is set at 4σ with a level multiplier of 1.2. In (b) and (c), the labels refer to the CR-C� correlations
for specific residues unless indicated otherwise. The dashed lines in (a) correspond to the representative slices drawn through the aliphatic regions of DARR
spectra and illustrating the cross-peaks for A65 (d), V44 (e), and T50 (f). These slices are color coded red for the free CAP-Gly and black for the CAP-Gly
bound to microtubules.
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This most likely indicates that the sample consists of shorter
oligomeric MT fragments or tubulin dimers, as evidenced by
similar results when nonpolymerized tubulin was employed. In
contrast, for the CAP-Gly/MT preparations containing polymeric
microtubule structures, we have observed that most of the CAP-
Gly signals with the exception of those belonging to several
terminal residues are severely broadened by the loss of mobility
in a high molecular weight complex and/or due to chemical
exchange broadening, rendering them undetectable even when
the CAP-Gly concentration is 480 µM and the CAP-Gly:MT
ratio is 32:1. On the contrary, free CAP-Gly shows very well
resolved spectra with all peaks readily observable. We therefore
conclude that solution NMR alone is not sufficient for gaining
the atomic-level structural information in the CAP-Gly/MT
complex.

In contrast, solid-state MAS NMR spectroscopy has no
intrinsic limitations for the size of the protein under investigation
and thus provides an alternative method for structural studies
of CAP-Gly/MT assemblies. We have observed distinct tem-
perature dependence of the DARR spectra in the free protein
and of the complex. The DARR 13C-13C correlation spectrum
of the CAP-Gly/MT complex is well resolved at low temper-
atures, indicating that site-specific resonance assignments will
be possible with heteronuclear correlation spectroscopy and that
amino acid residues of CAP-Gly which are involved in the CAP-
Gly/MT interaction can be directly inferred from chemical shift
analysis once the assignments are completed. We have already
observed in the solid-state DARR spectra substantial chemical
shift perturbations for a number of residues upon binding of
CAP-Gly to microtubules, suggesting conformational changes
may be taking place in CAP-Gly upon formation of the complex.
Interestingly, while these chemical shift differences are signifi-
cant, ranging between 0.3 and 1.5 ppm for carbon atoms in
various CAP-Gly residues (see Table 1) and indicating changes
in backbone torsion angles upon binding, the shifts of the MT-
bound protein suggest that the overall secondary structure is
preserved. These results suggest that, upon binding to micro-
tubules, CAP-Gly may experience multiple small conformational
rearrangements. Detailed atomic-level insight into these struc-
tural changes in the MT-bound CAP-Gly remains to be gained
and will require full resonance assignments of the bound protein;
this is the subject of our ongoing studies.

The current results thus indicate that the structure and
dynamic behavior of CAP-Gly are sensitive to the interactions
with the microtubules and open exciting opportunities for
detailed structural studies of these assemblies by solid-state
NMR spectroscopy.

Experiments and Methods

Materials. Common chemicals were purchased from Fisher
Scientific or Sigma-Aldrich. Bovine brain tubulin was purchased

from Cytoskeleton, Inc. and used for microtubule polymerization
in vitro without purification. GTP was purchased from MP, and
paclitaxel was purchased from Alexis. 15NH4Cl and U-13C6 glucose
were purchased from Cambridge Laboratories, Inc. Copper grids
(400 mesh) coated with Formval and stabilized with evaporated
carbon films were purchased from Electron Microscopy Sciences.
The SMT3 fusion vector and Ulp1 protease expression system70

was a generous gift of Dr. Christopher Lima (Weill Medical
College, Cornell University).

Expression and Purification of Isotopically Enriched CAP-
Gly. The CAP-Gly domain of the p150Glued subunit of mammalian
dynactin encompassing residues 19-107 was subcoloned into the
pET28b-His6-SMT3 vector70 using BamHI and XhoI restriction
sites. DNA sequencing confirmed successful subcloning. The (SMT-
His6)-CAP-Gly was transformed into Escherichia coli BL21(DE3)
cells. To prepare natural abundance CAP-Gly, 1 L of E. coli cultures
with (SMT-His6)-CAP-Gly was grown in rich LB medium at 37
°C to 0.5 OD600 and induced with 250 µM IPTG at 37 °C for 3 h.
To prepare uniformly 13C/15N enriched CAP-Gly, an expression
protocol developed by Bracken was employed.71 Cells were grown
in 1 L of LB medium to 0.7 OD600, then harvested by centrifugation
(RCF 4000g, 30 min), washed with M9 medium depleted of carbon
and nitrogen source, and centrifuged again. Cell pellets were
resuspended with 250 mL of M9 medium containing 15NH4Cl/U-
13C6 glucose. Protein expression was induced with 0.8 mM IPTG
for 4 h after 1 h of recovery at 37 °C.

Cells containing the protein were harvested, lysed, and clarified.
The soluble (SMT-His6)-CAP-Gly was purified by Ni affinity
chromatography (HisTrap HP, GE Healthcare). The fractions
containing the target protein were treated with (His6)-ULP-1 enzyme
to cleave the His-SMT tag. CAP-Gly(19-107) was then separated from
His6-SMT3 and His6-ULP-1 by Ni affinity chromatography. The
CAP-Gly fractions were combined and further purified by anion
exchange (HiTrap FF-Q, GE Healthcare) chromatography to remove
the residual protein and nucleic acid impurities. A 12 mg portion
of pure 15N/13C-labeled CAP-Gly is typically generated per 1 L of
LB medium/250 mL of M9 medium. The yield of the natural
abundance CAP-Gly is 22 mg/L of LB medium.

Biochemical characterization of CAP-Gly was performed to
assess its stability and hydrodynamic properties. Sedimentation
equilibrium experiments through analytical ultracentrifugation show
that the protein is monomeric. Thermal denaturation of the CAP-
Gly using circular dichroism to follow secondary structure changes
shows that the protein is stable with TM ) 60 °C; additional details
are presented in the Supporting Information (see Figures S8 and
S9 together with the corresponding text).

Preparation of Paclitaxel-Stabilized Microtubules. Paclitaxel-
stabilized microtubules were assembled using the protocol described
by Sillen.69 Tubulin was diluted in 25 mM phosphate buffer
containing 25 mM NaCl, 8 mM MgCl2, and 0.4 mM DTT, pH 6
or 7. Typically, 30 µM tubulin, 0.1 mM GTP, and 15 µM paclitaxel
were incubated at 37 °C for 40-45 min. Microtubule assembly
experiments at higher starting concentrations of tubulin were
successful as well. Microtubules stabilized by paclitaxel were diluted
to desired concentrations for cosedimentation assays, electron
microscopy study, and NMR experiments.

Cosedimentation Assay and SDS-PAGE Analysis of CAP-
Gly/Microtubule Complexes. To assess the binding of CAP-Gly
to paclitaxel-stabilized microtubules, solutions containing varying
ratios of CAP-Gly to microtubules were prepared by mixing CAP-
Gly and freshly polymerized microtubules. The dynein light chain
DLC8/DynLL1 was used as a control in a separate experiment to
corroborate lack of nonspecific binding. These samples contained

(72) Wishart, D. S.; Bigam, C. G.; Yao, J.; Abildgaard, F.; Dyson, H. J.;
Oldfield, E.; Markley, J. L.; Sykes, B. D. J. Biomol. NMR 1995, 6,
135–40.

(73) Baldus, M.; Petkova, A. T.; Herzfeld, J.; Griffin, R. G. Mol. Phys.
1998, 95, 1197–1207.

Table 1. 13C Chemical Shifts (ppm) for Selected Residues in Free
CAP-Gly and in the CAP-Gly/MT Complex from 2D 21.1 T DARR
Spectra

free CAP-Gly CAP-Gly/MT complex

residue CR C� CR C�

T43 60.4 71.6 60.7 71.9
T50 59.1 72.1 59.7 72.5
T80 62.4 70.9 64.0 70.4
S23 58.6 64.0 58.0 65.1
S31 61.1 63.5 62.4 65.0
A65 50.6 15.4 51.3 16.0
V44 64.7 31.1 65.6 31.9
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10 µM microtubules and various concentrations of CAP-Gly (0,
10, 40, 100, and 150 µM). The DLC8/MT control contained 36
µM DLC8 and 10 µM microtubules. Other controls contained 176
µM CAP-Gly or 90 µM DLC8 only. The volume of all samples
and controls was 50 µM. These samples and controls were
centrifuged in an Eppendorff 5424 microcentrifuge (RCF 21000g,
40 min). The supernatant was separated from the pellet, and the
pellet was suspended in 50 µL of phosphate buffer. A 25 µL portion
of each sample was mixed with 25 µL of 2× SDS sample buffer,
and 12 µL of the mixture was loaded onto 15% acrylamide gel for
SDS-PAGE analysis except for one well onto which 18 µM pure
CAP-Gly was loaded as a control sample for quantification of the
protein amount. The protein amount was quantified with the BioRad
Quantity One software package.

Electron Microscopy. Paclitaxel-stabilized microtubules and
their complexes with CAP-Gly were analyzed in a Zeiss CEM 902
transmission electron microscope operating at 80 kV. Samples were
stained with ammonium molybdate (5%, w/v), deposited onto 400
mesh, Formval/carbon-coated copper grids, and dried. For the
microtubules alone, the concentration was 5 µM. For the CAP-
Gly/MT complexes, the concentrations of both CAP-Gly and MT
were 5 µM. The magnification ratios for MT and CAP-Gly/MT
complexes were 80 000 and 50 000, respectively.

Preparation of NMR Samples. For solution NMR spectroscopy
of free CAP-Gly, 500 µL of 0.96 mM [U-15N,13C]CAP-Gly were
prepared in 20 mM phosphate buffer, pH 6.0 (50 mM NaCl, 1 mM
DTT, and 0.3% NaN3). Another U-15N,13C-labeled CAP-Gly sample
was prepared in 20 mM phosphate buffer, pH 7.0, and also used
for solution NMR resonance assignments.

For the study of CAP-Gly/MT interaction in solution, [U-15N]CAP-
Gly was concentrated to 14.1 mg/mL (1.48 mM) and diluted to
the desired concentrations by adding varying amounts of paclitaxel-
stabilized microtubules and/or the same tubulin polymerization
buffers (pH 6 and 7) used for microtubule assembly (see above).
Additionally, three samples were prepared for studies of interactions
of CAP-Gly with nonpolymerized tubulin at pH 7.0 (the tubulin
polymerization buffer; see above); the final solutions contained
[U-15N]CAP-Gly (150 µM) and unpolymerized tubulin (3.85, 10.75,
and 20 µM).

A sample of free CAP-Gly for solid-state NMR studies was
prepared by controlled precipitation from polyethylene glycol by
slow addition of a solution of 32% PEG-3350 to the solution of
13.9 mg of CAP-Gly (27 mg/mL), both dissolved in 10 mM MES
buffer (10 mM MgCl2, pH 6.0), following the protocol developed
previously for thioredoxin.31 This condition was chosen from a
minimal hanging drop screen and yields CAP-Gly microcrystals
in a hanging drop. The sample was centrifuged, the supernatant
removed, and the pellet used for solid-state NMR experiments. More
than 95% protein was found to be precipitated as indicated by the
Bradford assay. A 14.2 mg portion of hydrated precipitate was
packed into a 3.2 mm Varian rotor which was sealed using an upper
spacer and a top spinner.

A sample of the CAP-Gly/microtubule complex for solid-state
NMR studies was prepared by cosedimentation of 1.5 mL of 7.3
mg/mL CAP-Gly with 3.165 mL of 23 µM paclitaxel-stabilized
microtubules (the final concentration was 247 µM for CAP-Gly
and 15.6 µM for MT, and the CAP-Gly:MT molar ratio was
15.8:1). The resulting complex was centrifuged in a Sorvall
Discovery 90 ultracentrifuge T865 rotor (RCF 80000g, 40 min),
and 14.2 mg of hydrated gel-like pellets were transferred into a
3.2 mm Varian rotor which was sealed using an upper spacer and
a top spinner. On the basis of SDS-PAGE analysis of the
cosedimentation assay (see the Results), the sample contains a total
of 1.2-2 mg of CAP-Gly. The supernatant was taken for solution
NMR study (see the Supporting Information).

NMR Spectroscopy. Solution NMR spectra of U-15N,13C-
labeled CAP-Gly were acquired at 14.1 T (600 MHz) on a Bruker
Avance spectrometer outfitted with a triple-resonance inverse
detection probe; Larmor frequencies were 600.133 MHz for 1H,
150.9 MHz for 13C, and 60.8 MHz for 15N. HNCA, CBCA(CO)NH,
HNCO, HN(CA)CO, and HBHA(CO)NH triple-resonance experi-
ments were performed to obtain sequential backbone resonance
assignments. All experiments were conducted at 298 K. Chemical
shifts were referenced to DSS.72 Detailed acquisition and processing
parameters for each triple-resonance experiment are given in the
Supporting Information.

Solid-state NMR spectra were acquired at 14.1 T (600 MHz)
on a narrow Varian InfinityPlus instrument outfitted with a 3.2 mm
triple-resonance T3 probe; Larmor frequencies were 599.5 MHz
for 1H, 150.7 MHz for 13C, and 60.7 MHz for 15N. Dipolar-based
two- and three-dimensional DARR, NCA, NCO, NCACB, and
NCOCX spectra were collected at an MAS frequency of 10.000 (
0.001 kHz controlled by a Varian MAS controller; an additional
set of DARR spectra was acquired at an MAS frequency of 14.705
kHz. The dipolar NCOCX experiment utilized the SPECIFIC-CP
heteronuclear mixing73 followed by the DARR mixing sequence;74

in the NCACB experiment the homonuclear DREAM mixing75 with
a tangent ramp was used. Scalar-based two- and three-dimensional
CTUC-COCA, CTUC-CACB, and NCOCA spectra54,55,68 were
collected at an MAS frequency of 14.705 kHz. The MAS frequency
was controlled to within (1 Hz by a Varian controller. The
temperature was calibrated for this probe at different MAS
frequencies using a PbNO3 temperature sensor,76 and the actual
temperature at the sample was maintained to within (0.5 °C
throughout the experiments using the Varian temperature controller.
The DARR spectra were acquired at temperatures of -1.7, -11.7,
-16.7, and -34.9. The heteronuclear 2D and 3D spectra were
acquired at -16.7 °C. 1H, 13C, and 15N chemical shifts were
referenced with respect to external referencing standards DSS,
adamantane, and ammonium chloride.77 The typical pulse lengths
in the double-resonance mode were 2.6 µs (1H) and 3.1 µs (13C);
the pulse lengths in the triple-resonance mode were 2.6 µs (1H), 5
µs (13C), and 5 µs (15N). The 1H-13C(15N) cross-polarization was
performed with a tangent amplitude ramp (80-100%); the 1H radio
frequency field was 50 kHz with the center of the ramp
Hartmann-Hahn matched to the first spinning sideband. The
1H-13C and 1H-15N contact times were 850 µs and 1.1 ms,
respectively. The Z-filter time was 30 ms in all J-based experiments.
In the dipolar-based experiments, DARR mixing times were 2 and
10 ms, the SPECIFIC-CP mixing times were 6.7 ms, and the
DREAM mixing time was 2.05 ms. In the scalar-based COCA and
CACB experiments, the rotor-synchronized delays were τ1 ) 4.080
ms and τ2 ) 2.720 ms. In the scalar-based NCO experiment, τ1 )
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and τ3 ) τ4 ) 2.72 ms. TPPM decoupling78 was used, and the
decoupling field strengths ranged between 80 and 100 kHz in
different experiments. Recycle delays in all experiments were 2 s.
TPPI79 was used for frequency discrimination in the indirect
dimensions.
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DARR spectra of free CAP-Gly and of the CAP-Gly/MT
complex were also acquired at 21.1 T on a medium-bore Varian
Inova instrument outfitted with a 3.2 mm triple-resonance BioMAS
probe; the Larmor frequencies were 900.575 MHz for 1H and 226.47
MHz for 13C. The MAS frequency was 14.000 ( 0.001 kHz
controlled by a Varian MAS controller. The temperature was
maintained to within (0.5 °C throughout the experiments using
the Varian temperature controller; for the free sample the temper-
ature was -15 °C, and for the CAP-Gly/MT complex it was -38.2
°C. The pulse lengths in the DARR experiments were 3.8 s (1H)
and 6.3 µs (13C); the 1H-13C cross-polarization was performed with
a tangent amplitude ramp (80-100%). The 1H radio frequency field
was 68 kHz with the center of the ramp Hartmann-Hahn matched
to the second spinning sideband; the 1H-13C contact time was 1
ms. TPPM decoupling (71 kHz) was applied during the evolution
and acquisition periods. The 1H field strength during DARR was
14 kHz; DARR mixing time was 50 ms. Under these conditions
predominantly one-bond correlations appear in the spectra.

The pulse sequences for 2D and 3D MAS experiments conducted
for resonance assignments are shown in Figure S10 of the
Supporting Information. Other acquisition parameters for data sets
acquired at 14.1 and 21.1 T are specified in the figure captions and
in Table S5 of the Supporting Information.

NMR Data Processing and Analysis. The spectra were pro-
cessed in NMRpipe80 and analyzed in Sparky.81 For 2D solid-state
NMR data, 90°, 60°, or 30° shifted sine bell apodization followed
by a Lorentzian-to-Gaussian transformation was applied in both
dimensions; forward linear prediction to twice the number of the
original data points was employed in the indirect dimension for
some data sets followed by zero filling to twice the total number
of points. The 3D data sets were processed by using 30° or 60°
shifted sine bells in all dimensions followed by a Lorentzian-to-
Gaussian transformation (for resolution enhancement) and by using
90° shifted sine bells in all dimensions followed by a Lorentzian-
to-Gaussian transformation (for sensitivity enhancement). The 3D
spectra were also processed with maximum entropy reconstruction
as implemented in the program Roland NMR Toolkit.82,83 Detailed
information about processing parameters is specified in Table S5
of the Supporting Information. Backbone torsion angles were
predicted in TALOS67 on the basis of isotropic solution 1H, 13C,
and 15N or solid-state 13C and 15N chemical shifts and without
manual optimization against existing published structures.

Conclusions

In summary, we have employed a combination of solid-state
and solution NMR spectroscopy to study the CAP-Gly domain
of mammalian dynactin and its interactions with microtubules.
Free CAP-Gly exhibits well-resolved lines both in solution and
in the solid state and is amenable to detailed structural
characterization. Analysis of chemical shifts based on the site-

specific resonance assignments in solution and in the solid state
reported here indicates that the secondary structure of the protein
is predominantly �-sheet, and backbone torsion angles predicted
by TALOS are in very good agreement with X-ray structures
of CAP-Gly reported previously, with the exception of the
residues located in flexible loops or at the termini of the
individual secondary structure elements. The conventional
chemical shift perturbation approach by solution NMR spec-
troscopy does not provide detailed structural information about
the CAP-Gly/MT interactions due to the large size of the
complexes. On the contrary, the homonuclear DARR solid-state
correlation spectra of CAP-Gly/MT assemblies indicate that
magic angle spinning NMR spectroscopy can be used as a probe
of their structure and dynamics, the knowledge of which is
expected to contribute to our understanding of the mechanism
of dynactin regulation of dynein-based cargo transport.
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