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Abstract

Microtubules (MTs) and their associated proteins (MAPS) play important roles in vesicle and
organelle transport, cell motility and cell division. Perturbation of these processes by mutation
typically gives rise to severe pathological conditions. In our efforts to obtain atomic information
on MAP/MT interactions with the goal to understand mechanisms that might potentially assist in
the development of treatments for these diseases, we have determined the 3D structure of CAP-
Gly domain of mammalian dynactin by MAS NMR spectroscopy. We observe two conformations
in the 2 strand encompassing residues T43-VV44-A45, residues that are adjacent to the disease
associated mutation, G59S. Upon binding of CAP-Gly to microtubule plus-end tracking protein
EB1, the CAP-Gly shifts to a single conformer. We find extensive chemical shift perturbations in
several stretches of residues of CAP-Gly upon binding to EB1, from which we define accurately
the CAP-GIly/EB1 binding interface. We also observe that the loop regions may exhibit unique
flexibility, especially in the GKNDG motif, which participates in the microtubule binding. This
study in conjunction with our previous reports suggests that conformational plasticity is an
intrinsic property of CAP-Gly likely due to its unusually high loop content and may be required
for its biological functions.
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Introduction

In eukaryotic cells, microtubules (MTs), together with actin and intermediate filaments,
constitute the cytoskeleton system. Microtubules and their associated proteins play
significant roles in a broad range of physiological functions, including cell migration,
mitosis, polarization, differentiation, vesicle and organelle transport.1

Dynactin, an activator and the dominant cofactor of dynein, is a large (1.2 MDa)
multisubunit complex that bridges vesicles to the MT network and is crucial to dynein motor
mediated retrograde transport.2 The domain structure of dynactin is shown schematically in
Figure 1. Dynactin binds dynein directly and assists dynein in its directed motion along the
microtubule lattice over long distances. A central component of dynactin is the p150C!ued
subunit that is located in the projecting arm portion of dynactin.2 The p150€!ued sybunit
consists of the globular head located at the very tip of the dynactin arm and the two
predicted coiled coil regions. The globular head of p150C!Uéd contains a conserved CAP-Gly
(cytoskeleton-associated protein, glycine-rich) domain that binds to microtubules both /in
vitro® and in vive*. Another important binding partner of the CAP-Gly domain of the
dynactin’s p150€!Ued subunit is an end-binding protein EB1.5: ¢ EB1 is a 30-kDa
homodimeric plus end tracking protein (+T1P).% 6 +TIPS localize at and track the growing
ends of microtubules, regulating their dynamics, growth and stability. While the precise
regulation mechanism is unknown, direct CAP-Gly/EBL1 interactions are thought to be
important in this process. For instance, accumulating evidence suggests that EB1 and
microtubules utilize the same binding site on the CAP-Gly domain of the CLIP-170.7 In the
case of dynactin’s CAP-Gly, an additional binding interface with EB1 has been identified,
which is comprised of residues A49-T54.%

CAP-Gly domains play important roles in many microtubule-associated proteins, which, in
addition to the p150€!ued subunit of dynactin,? include a-tubulin folding factor,8 tubulin
chaperone,? cytoplasmic linker proteins (CLIPs and CLIPRs),19: 11 the familial
cylindromatosis cellular suppressor CYLD,12 and the kinesin protein KIF13b.13 The CAP-
Gly domains are conserved in many eukaryotes, from yeast to humans. Fig. 1 illustrates the
amino acid sequence and the MAS NMR-derived!4 secondary structure of mammalian
dynactin CAP-Gly domain under investigation.

Mutations in this domain are associated with various neurological disorders,1% 16:17:18 For
example, a G59S point mutation in CAP-Gly domain has been identified in patients with
distal spinal bulbar muscular atrophy (dSBMA).1% 19 /n vivo and in vitro studies suggest
that this mutation causes misfolding of the CAP-Gly motif, and reduces the binding affinity
of the mutant to microtubules.15: 16: 17 Five other mutations, G71A, G71E, G71R, T72P, and
Q74P, were identified in patients diagnosed with Perry’s syndrome, a severe neurological
disease whose manifestations are Parkinsonism and weight loss accompanied by depression,
social withdrawal, and suicidal attempts.1® While early studies hypothesized that as the
result of all these mutations binding to microtubules is disrupted,1%: 16: 17 our recent results
indicate that the binding affinity to microtubules is very similar or even higher for these
mutants while their global fold and stability are perturbed with respect to the wild type
protein, and binding to an auxiliary end-binding protein EB1 is abrogated.2? Taken together,
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these findings suggest that both the structure and dynamics of the CAP-Gly domain may
play significant roles in the regulation of CAP-Gly’s binding to microtubules.

To further understand the mechanism of dynactin’s binding to microtubules and the
mechanisms of dynein-based cargo transport, it is necessary to investigate the atomic-
resolution structure of the CAP-Gly domains assembled on the microtubules. There are
several high-resolution structures of CAP-Gly in complex with their interaction partners
EB1 and Zn-knuckle domain of CLIP170 (ZnCLIP), determined by X-ray
crystallography,®: 21: 22: 23 a5 well as a solution NMR structure of free CAP-Gly deposited in
the Protein Data Bank (PDB file 2COY). The possible binding interfaces of CAP-Gly in
complex with EB1 were determined from the analysis of the X-ray structures or from NMR
chemical shift perturbations; the interaction interfaces of CAP-Gly with microtubules were
also indirectly inferred from such analyses. These studies concluded that the highly
conserved GKNDG motif is involved in binding to microtubules and also participates in the
tubulin detyrosination-tyrosination cycles. 6: 9: 21; 24; 25, 26

Despite numerous biochemical and biophysical investigations summarized above, the
structure of the binding interface between CAP-Gly domain and polymerized microtubules
remains unknown, particularly at the atomic level, due to the large molecular size, the
insolubility and the lack of long-range order of CAP-Gly/microtubule assemblies which
have precluded their detailed structural and dynamics studies by X-ray crystallography and
solution NMR spectroscopy so far. In contrast, magic angle spinning (MAS) NMR
spectroscopy does not require solubility or long-range order, and there are no limitations on
the molecular weight of the system under investigation; therefore, this approach is uniquely
suited for gaining atomic-level insight into the structure and dynamics of assemblies of
microtubules with their associated proteins, such as CAP-Gly. We have previously reported
solution and solid-state NMR analysis of CAP-Gly in complex with polymerized
microtubules and have demonstrated that the CAP-Gly/microtubule assembly gives rise to
high-quality solid-state NMR DARR spectra, which reveal multiple chemical shift
perturbations in CAP-Gly upon binding to the microtubules.1* These studies have
established the feasibility of detailed structural and dynamics analysis of CAP-Gly/
microtubule assemblies by MAS NMR spectroscopy. To understand the conformational and
dynamic differences in CAP-Gly induced by binding to microtubules, knowledge of its 3D
structure in the free form solved by solid-state NMR methods is essential.

In this work, we present the 3D structure of CAP-Gly solved by MAS NMR spectroscopy,
as our starting point for comprehensive structural and dynamics analysis of CAP-Gly/MT
assembly by magic angle spinning methods. Analysis of MAS NMR spectra of CAP-Gly
acquired at 19.9 and 14.1 T reveals that residues T43, V44, and A45 exhibit two distinct
conformations. This stretch of residues is in close spatial proximity to G59, whose mutation
to serine results in dASBMA disorder (see above).1 19 Our results indicate the 3D MAS
NMR CAP-Gly structures exhibit large positional and torsion angle deviations in the loops
compared to the regions of the rigid secondary structure elements (a-helices and p-sheets),
both within the ensemble of computed structures and with respect to the existing X-ray
structures of CAP-Gly complexes with EB1 and ZnCLIP.5: 21 22: 23 Considerable deviations
between the torsion angles derived from the MAS NMR and X-ray structures are observed
in the highly conserved GKNDG motif involved in CAP-Gly domain binding to
microtubules®: 6 9: 21: 24 25: 26 anq in residues spatially proximal to this motif, which
indicates unique structural variability of this region.

Formation of the CAP-Gly complex with EB1 gives rise to multiple chemical shift
perturbations, from which we infer the CAP-Gly residues constituting the binding interface.
Our results are in excellent agreement with the X-ray diffraction studies.% 27 Strikingly, the
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complexed CAP-Gly is locked into a single conformer around the T43-A45 stretch of
residues. Furthermore, spectral resolution is dramatically enhanced in the complex
compared with the free CAP-Gly, suggesting a more rigid structure.

The findings discussed in this work in conjunction with our recent report establishing
conformational flexibility of loop regions of CAP-Gly28 suggest that inherent
conformational plasticity of CAP-Gly and in particular of the GKNDG motif giving rise to
these different conformations may be essential for the dynactin’s interactions with
microtubules and its binding partners and for walking along the microtubules.

Results and Discussion

Distance Restraints

Protein structure determination by MAS NMR spectroscopy requires the measurement of a
large number of distance restraints, most commonly, by detecting 13C-13C correlations. In
order to extract 13C-13C distance restraints, R2;1 (PARIS) experiments2% 30 were performed
with the mixing times of 50 ms, 200 ms, and 500 ms, on [2-13C]-glycerol/U-15N and
[1,3-13C]-glycerol/U-15N CAP-Gly at T = -2 °C (the spectra are shown in Fig. 2, and Fig.
S1 and S2 of the Supplementary). The backbone assignments of [U-13C, 15N]-CAP-Gly
were reported by our group previously.14 We have used these assigned chemical shifts for
the analysis of the various R2;1 spectra presented in this work. The details of the assignment
strategy are described in and illustrated in Fig. S1 and S2 of the Supplementary.

In the 200 ms spectra, the inter-residue correlations represent mostly sequential contacts
with several exceptions of some weak peaks corresponding to long-range correlations (see
Fig. S1 and S2 of the Supplementary). As shown in the expanded regions of Fig. 2 depicting
the 500 ms R2;1 spectra of the two CAP-Gly samples under investigation, a large number of
inter-residue C%-C%ackbone correlations were assigned in [2-13C]-glycerol/U-1°N CAP-
Gly, and multiple inter-residue side-chain correlations were assigned in [1,3-13C]-glycerol/
U-15N CAP-Gly as well. By combining all correlations from the six spectra, we obtained
917 distance restraints in total, including 197 long-range (|i-j| = 5) distance restraints for the
final structure refinement, as summarized in Table 1.

In Fig. 3 (A), a 2D contact map is shown in which a shaded square indicates that there is one
or more distance restraint (corresponding to a unique final assignment) between the
corresponding residues. In Fig. 3 (B), the number of long-distance restraints is plotted for
each residue, illustrating that on average, 5.6 long-range restraints per residue were derived
from MAS NMR spectra. Not surprisingly, the results indicate that significantly more long-
range distance restraints (9.8 per residue on average) are present in the regions
corresponding to rigid secondary structure elements (B-sheets and a-helices) compared to
the loop regions (2.8 long-range restraints per residue on average). In Fig. 3 (C), the number
of long-range restraints is mapped onto the 3D structure of CAP-Gly determined from the
MAS NMR restraints. It is also instructive to identify the violations in the 917 MAS NMR-
derived distance restraints with respect to the corresponding distances in the X-ray structure
2HQH.23 As shown in Fig. 3(A), there is only one medium-range restraint (L27C%-V29CY!
depicted in red) that is in violation with 2HQH. This finding is highly unlikely to bear any
significance for either of the structures (our SSNMR or X-ray) in light of the fact that 2HQH
represents a complex of CAP-Gly with ZnCLIP in contrast to the free CAP-Gly studied
here.

Backbone Dihedral Angles and Secondary Structure Prediction

In addition to the distance restraints, backbone dihedral angle restraints were also essential
for CAP-Gly structure determination, and these not only helped define secondary structures

J Mol Biol. Author manuscript; available in PMC 2014 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yan et al.

Page 5

but also improved the accuracy of calculated 3D structures. The backbone torsion angles
were derived from the solid-state NMR chemical shifts using the TALOS+ program.3! The
chemical-shift-constrained backbone torsion angles (®, W) were mostly consistent with the
secondary structures determined by X-ray crystallography, as illustrated in Fig. S3 of the
Supplementary. As expected, for most of the residues comprising B strands the X-ray and
MAS NMR torsion angles agree very well. The largest deviations between X-ray and MAS
NMR torsion angles were found for residues belonging to flexible loop regions (G37, K38,
AB65, K66, K68, D70, G71, and H85) or termini of f strands (G48 and G86). Interestingly,
the residues K68-G71 belong to the conserved GKNDG motif, and residues A65, K66, H85
and G86 are in close spatial proximity to the GKNDG motif. This result is not surprising in
light of the following: i) as discussed above, the X-ray structures represent complexes of
CAP-Gly with EB1 or ZnCLIP, and these complexes are heterotetrameric or
heterooctameric species formed upon binding of CAP-Gly to its protein partners; ii) the X-
ray data were collected at cryogenic temperatures, in contrast to the MAS NMR spectra
acquired at temperatures between —2 °C and 4 °C (arguably, the NMR temperatures are
closer to physiological conditions), and iii) our recent work indicates that loop regions of
CAP-Gly are flexible on ns-us timescales, as revealed by lower H-C dipolar order
parameters compared to the values observed in the B-sheet and a-helical regions of the
protein.28 We also refer the reader to the previous reports on microcrystalline proteins from
our group,14: 31; 32 33,3435 36 and from others3”: 38 where similar observations were made
for torsion angles in loops vs. rigid secondary structure elements.

3D Structure

The ensemble of 3D structures of CAP-Gly was calculated ab initio from the combination of
unambiguous and ambiguous 13C-13C distance as well as backbone torsion angle restraints.
The correlations derived from MAS NMR experiments were assigned to different distance
ranges based on the cross peak volume and the mixing times at which the correlations were
recorded. For the correlations arising from a spectrum acquired with a given mixing time,
several cross peaks from one-bond correlations were selected, and the average integrated
peak intensity was calculated and used as calibrated peak intensity.39 For other peaks arising
from intra- or inter-residue correlation, we assigned the correlations as strong, medium and
weak, on the basis of the ratio of their integrated intensity to the calibrated peak intensity,
following the strategy described by Franks et al.3? The distance boundaries were defined for
each intensity class at each mixing time, from a minimum distance of 1 A to a maximum
distance, as shown in Table 2. All intra- or inter-residue correlations that we assigned in the
R2,1 spectra and the resulting distance restraints were classified according to Table 2. The
917 distance restraints defined above and 138 (®, W) torsion angle restraints were utilized in
structure calculation using version 2.29 of the program Xplor-NIH.4% 41 Table 1 shows the
statistics of distance and backbone torsion angle restraints used for the final structure
refinement.

In Fig. 4, the 3D structure calculation results are summarized. The ten lowest-energy
structures out of five hundred structures calculated by the above refinement protocols are
depicted in Fig. 4 (A). There is only one NOE violation, one dihedral angle (CDIH)
violation and one VDW violation in the final refinement (shown in Table 1). As summarized
in Table 3, the RMSD values within the ensemble of the above ten structures are 0.54 + 0.12
A for all backbone heavy atoms (N, C%, and C), and 0.25 + 0.05 A for backbone heavy
atoms located in rigid secondary structures (a-helices and B-strands). The summary of our
structure quality validation is presented in the Supplementary, Table S4. The equivalent
resolution according to ProCheck-NMR?7 is 1.48 A (with respect to average value), 1.7 A
(with respect to percentage of residues in helices, sheets, and loops), 1.9 A (with respect to
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hydrogen bond energy standard deviation), 1.3 A (with respect to x-1 pooled standard
deviation), and 1.0 A (with respect to standard deviation of x-2 trans angle).

We have also examined our MAS NMR structure in the context of the existing p150C!ued
CAP-Gly structures. To date, several high-resolution structures have been reported of
p150C!ued CAP-Gly in complex with its interaction partners EB1 and Zn-knuckle domain of
CLIP170 (ZnCLIP), determined by X-ray crystallography,% 2% 22: 23 and another solution
NMR structure of free p150¢!uéd CAP-Gly has been deposited in the Protein Data Bank
(PDB file 2CQOY). In these studies, slightly different CAP-Gly constructs were used
compared to the CAP-Gly construct utilized in this work (see Fig. S6 of the Supplementary).
The analysis indicates that the overall backbone atom RMSDs between the average NMR
structure (see Materials and Methods) and the four X-ray structures of CAP-Gly in complex
with EB1 or ZnCLIP, are in the range of 1.66-1.71 A, as shown in Table 3. It is clear that
the MAS NMR and the X-ray structures have the same overall topology. The average MAS
NMR structure contains several rigid secondary structure elements: four well-defined f-
strands and a short 319 helix. These rigid regions of the protein have an RMSD of 0.56-0.60
A with respect to the X-ray structures, considerably lower than that for the entire backbone
(see above). In Fig. 4 (B), the average CAP-Gly structure is overlaid onto the 2HQH X-ray
structure of the CAP-Gly/ZnCLIP complex, and it is clear the deviations are generally small
in the regions of the rigid secondary structure elements, whereas significant differences can
be found for the loop regions (See Fig. S3 in Supplementary). Interestingly, there are two
short B-stands (4 and p5) located in the long loop regions connecting the B3 and (6 strands
in the X-ray structures and a very short -stand (37) close to the C-terminus, but the average
MAS NMR structures do not have these short p-strands.

There are two possible explanations for considerable positional and torsion angle deviations
in the loop regions as well as for the missing short p-strands in the MAS structure compared
to the X-ray structure 2HQH:

1. The loop regions (including residues G37-G39, T50-G55 and D63-G84) are far
away from the {3 strands in the core of CAP-Gly, and the distances between the
above loop residues and the closest f strand are usually greater than 7.0 A
according to the X-ray structures.5: 21: 22:23 The upper detectable 13C-13C distance
range is 7.0-8.0 A for solid-state NMR spin diffusion experiments,37: 39; 42; 43
limiting the number of useful long-range restraints for the long loop region.

2. The loops in CAP-Gly are inherently conformationally flexible. This inherent
flexibility of the loop regions in CAP-Gly on nano- to microsecond timescales has
been evidenced by their reduced H-13C dipolar order parameters with respect to
those of B-sheets and a-helices, reported in our recent work.28 Additional evidence
of the loop flexibility comes from the X-ray crystallographic B factors. In Fig. S4
of the Supplementary, the plot of the B-factors of amide N for each residue against
the residue number indicates that loop regions exhibit higher B-factors than f3-
sheets and a-helices and a significant variability in B factors across the different X-
ray structures, indirectly suggesting different mobility among the various samples.
Taken together, our 1H-13C dipolar order parameters and X-ray B factors
consistently indicate that loops in CAP-Gly are mobile and can adopt different
conformations depending on the conditions. As discussed below, we have
conducted a MAS NMR study of the CAP-Gly/EB1 complex and detected
significant conformational changes upon formation of the complex, consistent with
the second possibility (vide infra).
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Different Conformations of CAP-Gly Revealed by MAS NMR Spectroscopy

In several heteronuclear experiments conducted at 14.1 T, we found that one special residue,
A45, exhibits double peaks. Fig. S5 displays the 2D NCA spectra of [2-13C]-glycerol/U-15N
CAP-Gly sample at -2 °C and -20 °C, as well as the expanded regions of relevant planes of
3D NCACB and 3D NCACX data sets acquired at =20 °C. Interestingly, peak doubling in
A45 is observed at both temperatures in the 2D and 3D heteronuclear spectra, while the
chemical shifts of the corresponding peaks exhibit relatively small differences. The fact that
there are two peaks for A45 indicates that CAP-Gly exists as two conformers, which we
designate as conformer a and conformer b (A45a and A45b), as shown in Fig. S5.

At 19.9 T, the spectra of U-13C, 15N CAP-Gly show dramatically improved resolution and
sensitivity compared to the 14.1 T datasets. As shown in Fig. 5 and 6 (A), in addition to
A45, T43 and V44 also give rise to a pair of peaks with different chemical shifts, which
could not be seen at 14.1 T due to their low intensity and overlap with other resonances.
Backbone walks through this stretch of residues are shown in Fig. 5 for each of the two
conformers; from these walks sequential resonance assignments were derived. Table 4
summarizes the chemical shifts of the two conformers of T43-VV44-A45 detected at 19.9 T.
We note that while the peaks associated with T43-V44-A45 are clearly doubled, the small
chemical shift differences between peaks a and b do not result in significantly different
TALOS+ torsion angle predictions. As a result, the calculated ensemble of structures does
not retain a signature of this conformational heterogeneity. This may be not surprising also
in light of the fact that chemical shifts are sensitive to environmental factors other than
torsion angles. These include any electrostatic effects (e.g., hydrogen bonding with other
residues or proximity to hydration water molecules or changes in protonation states of
nearby residues), differences in hydrophobic environment in the vicinity of the residue (e.g.,
sidechain conformation of hydrophobic residues in the vicinity of the atom in question), as
well as dynamic effects.

The above three residues are located in the twisted B2 strand with A45 being in the center of
this strand, as shown in Fig. 4 (C). These three residues are also close to two loops — the
loop N-terminal to f1 and the dynamic long loop N-terminal to the B-strand consisting of
G86-V89. This stretch of residues is also in spatial proximity to G59, which forms a
bifurcated hydrogen bond with A45 and Y46, and whose mutation to serine is associated
with a neurodegenerative disorder dSSBMA.1%: 19 As demonstrated below, when CAP-Gly
forms a complex with EB1, this stretch of three residues is locked into a single conformer.
Together with our prior findings,28 these observations lead us to speculate that
conformational flexibility of CAP-Gly may be essential for its ability to bind to its various
binding partners and walk along the microtubules.

CAP-Gly/EB1 Complex: Single Conformation and Binding Interface of CAP-Gly

Intrigued by the observation of two distinct conformers of CAP-Gly present in the free
protein and by their absence in the reported X-ray structures of CAP-Gly in complexes with
its binding partners EB1 and ZnCLIP, we pursued MAS NMR characterization of the CAP-
Gly/EB1 complex. We note that this complex is a heterotetramer with two molecules of
CAP-Gly bound to the EB1 dimer, and the total molecular weight is 36.5 kDa. In this work,
we focused our attention on CAP-Gly by preparing the differentially labeled sample where
U-13C,15N CAP-Gly is bound to natural abundance EB1 dimer.

In Fig. 6 (B), a 2D NCA spectrum of CAP-Gly/EB1 complex acquired at 19.9 T is shown.
Strikingly, the spectral resolution is much higher than that of the free CAP-Gly shown in
Fig. 6 (A). From 3D NCACX, NCOCX, CANCX and 2D DARR experiments, we have
assigned the chemical shifts for most of the residues of CAP-Gly in complex with EB1.

J Mol Biol. Author manuscript; available in PMC 2014 November 15.
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Interestingly, the results reveal substantial chemical shift perturbations in CAP-Gly upon
binding to EB1, as summarized in Tables S2 and S3 of the Supplementary.

The chemical shift perturbations of backbone atoms (1°N, 13C%, and 13C’) are plotted
against the residue number in Fig. 7 (A). For several stretches of residues in CAP-Gly,
chemical shift differences greater than 1 ppm are observed upon binding to EB1, with seven
residues showing perturbations between 2 and 4.5 ppm. These

are 30GS31 47VGATLFAT®4, 68KNDG'L, Y78, 87IFV89 and 92SQI%4. Interestingly,
resonances corresponding to residues G37 and K38 are not present in the 2D and 3D
dipolar-based MAS spectra of the complex, possibly due to conformational exchange
interfering with their detection.

Previously, Hayashi et al. reported a solution NMR study of the CAP-Gly domain in
complex with the C-terminal tail of EB1 (residues 247-268).22 This investigation revealed
significant chemical shift perturbations in CAP-Gly upon formation of the complex for the
following residues: G37, A53, G71, 871FV89, and 92SQI%. In our study, we observe
chemical shift perturbations for the same residues as in Hayashi et al., as well as for
additional regions of CAP-Gly encompassing residues 4’"VGATL®!, T54, and Y78. We note
that in our study, we utilized the full-length C-terminal domain of EB1 spanning residues
193-268, and therefore a more extensive CAP-Gly/EBL1 intermolecular interface is formed.

The chemical shift perturbations observed in our MAS NMR work are displayed in the
context of the 3D structure of CAP-Gly (Fig. 7 (B)). The results reveal two regions
participating in the binding to EB1, designated as A and B in Fig. 7 (A) and (B). These
regions correspond to the two intermolecular CAP-GIly/EB1 interfaces found in the previous
X-ray studies of CAP-Gly/EB1 complex® and the complex of EB1-EB3 heterodimer with
two CAP-Gly molecules.?” Binding interface A is comprised of the GKNDG motif and
several aromatic residues (F52, W57, and F88) of CAP-Gly. According to the X-ray results,
this interface contains the EEY motif of the C-terminal tail of EB1, and is the same binding
interface observed by Hayashi et al. in solution (see above). In our MAS NMR investigation,
stretches 8KNDG’1, 871FV89, and 92SQI%* of CAP-Gly belonging to this interface exhibit
large chemical shift perturbations upon binding to EB1. Residues G37 and K38, which are
close to the hydrophobic contact, are not assigned in our spectra of the CAP-GIly/EB1
complex as the respective peaks are missing (see above).

Binding interface B consists of the B2-B3 loop (**ATLFAT®4) of CAP-Gly. According to
the X-ray structure, it is comprised of the EB-like motif of EB1, with the side chain of A49
of CAP-Gly being optimally oriented to insert itself into the hydrophobic cavity of EB1.5 In
our MAS NMR investigation, residues 4’"VGATL51, T54, and Y78 exhibit large chemical
shift perturbations in the CAP-Gly/EB1 complex, consistent with them either comprising or
being in the vicinity of this binding interface B. For instance, Y78 is in close spatial
proximity to A49 and T50, and its chemical shift is perturbed by 1.55 ppm upon formation
of the complex. In Fig. 7 (C) and (D), chemical shift perturbations are mapped onto the X-
ray structure of CAP-Gly/EB1 complex.b

Remarkably and in contrast to our findings in the free CAP-Gly, we observed that the T43-
V44-A45 stretch of residues is locked into a single conformation upon binding with EB1, as
shown in Fig. 6 (B). This is also illustrated in Fig. 6 (C-G) depicting the expansions of the
heteronuclear correlation spectra around the regions containing cross peaks of these residues
for the free CAP-Gly and the CAP-Gly/EB1 complex. The chemical shifts of T43, V44, and
A45 for free CAP-Gly and CAP-GIy/EB1 are summarized in Table 4. The chemical shift
values for T43, V44, A45 in the CAP-Gly/EB1 complex are intermediate between those for
conformer a and conformer b in free CAP-Gly, and closer to those of conformer b.
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That the T43-V44-A45 stretch of residues is locked into a single conformation in the CAP-
Gly/EB1 complex, in conjunction with the fact that the NMR spectra for the complex exhibit
higher resolution, suggests that binding to EB1 may attenuate the internal mobility of CAP-
Gly domain. This finding inspires us to pursue comprehensive dynamics studies of CAP-Gly
and CAP-Gly/EB1 complex.

Implications of Conformational Plasticity of CAP-Gly for Biological Function and Disease

The discovery in this work of two distinct conformations around the T43-V44-A45 region of
residues in the unligated CAP-Gly is very exciting and may have direct implications for
understanding the molecular mechanisms of disease pathologies. In Fig. 8, we show the
stereoview of the T43-V44-A45 region with respect to point mutations associated with
neurodegenerative disorders. Residue G59 whose mutation to serine has been found in
patients with dSBMA, 1% 19 makes a bifurcated hydrogen bond to the backbone of A45 and
Y46. In the G59S mutant, this essential interaction is likely disrupted (the structure of this
mutant is not available as it is insoluble).

As discussed above, the two distinct conformations around A45 in the unlighted form of
CAP-Gly collapse into a single conformation upon binding to EB1. Remarkably, the
residues T43-V44-A45 in this region do not directly interact with EB1, the EEY ligand, and
are distant from the point mutations associated with another neurodegenerative disorder,
Perry's Syndrome (vide supra). Our previous work revealed that in Perry’s Syndrome
mutant, the binding of CAP-Gly to EB1 is abrogated.2% Thus, taken together, the results of
this work and of our previous studies point to distinct molecular mechanisms associated with
dSBMA and Perry’s syndrome pathologies.

Our results also explain why the X-ray structures of CAP-Gly/EB1 and CAP-Gly/ZnCLIP
complexes do not show any signs of conformational heterogeneity: binding of CAP-Gly to
its partner proteins locks it into a single conformer. Furthermore, the data reported in this
and our recent study?8 indirectly suggest that in the free CAP-Gly, very slow motions (on
timescales slower than milliseconds) might be present and responsible for the
interconversion between the two conformers in the T43-V44-A45 region. It will be
instructive to probe the possible presence of such motions in the forthcoming experiments.

Finally, we note that we have previously observed an unusually high degree of
conformational changes in point mutants of CAP-Gly associated with a neurological
disorder, Perry syndrome,20 as well as in CAP-Gly bound to microtubules.14 As discussed
above, we have also observed systematically attenuated dipolar order parameters in the loop
regions of CAP-Gly, at -5 °C.28 Furthermore, we have recently discovered (to be reported
elsewhere) that CAP-Gly exhibits unusual temperature dependence of solid-state NMR
spectra: at 10 °C and up to 25 °C, there is dramatic line broadening for many of the peaks
and/or disappearance of the resonances corresponding to the loop regions. Above 25 degrees
°C, narrow lines are recovered again. Thus the current study, in conjunction with our prior
work and with the above recent unpublished temperature-dependent MAS NMR data,
demonstrates that CAP-Gly has high mobility and unique dynamic signature, and suggests a
hypothesis that this remarkable conformational plasticity may be associated with the
intrinsically high loop content in CAP-Gly and may be necessary for this protein to be able
to interact with its binding partners and to walk along microtubules. To test this intriguing
hypothesis, full characterization of the structure and dynamics of different CAP-Gly
complexes and point mutants is under way in our laboratory.

In summary, we have determined the 3D structure of the CAP-Gly domain of mammalian
dynactin by MAS NMR spectroscopy, using distance and backbone torsion angle restraints
acquired through a series of homo- and heteronuclear correlation experiments. Analysis of
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backbone torsion angles derived from SSNMR as well as from X-ray diffraction studies of
CAP-Gly complexes with EB1 and ZnCLIP reveals that the conformation of the critical
GKNDG motif in the long loop varies significantly among the different structures, and has
unique conformation in the MAS NMR structure. Remarkably, two conformations of the
T43-V44-A45 stretch of residues are observed in the free CAP-Gly, whereas the protein is
locked into a single unique conformer in the CAP-Gly/EB1 complex. Extensive chemical
shift perturbations observed in multiple stretches of residues of CAP-Gly upon formation of
the complex with EB1, reveal the intermolecular binding interface. Taken together, the
results presented in this report and in our prior studies suggest that unique conformational
plasticity of CAP-Gly may be required for its biological function, inspiring further
investigations of 3D structure and residue-specific backbone dynamics of CAP-Gly and its
assemblies with binding partners and microtubules.

Materials and Methods

Materials

Common chemicals were purchased from Fisher Scientific or Sigma-Aldrich. 1°NH,4CI,
[2-13C]-glycerol, [1,3-13C]-glycerol and U-13Cg glucose were purchased from Cambridge
Laboratories, Inc. The SMT3 fusion vector and Ulp1 protease expression system was a
generous gift of Dr. Christopher Lima (Weill Medical College, Cornell University).

Sample Preparation

Sparsely 13C-enriched and uniformly ®N-enriched CAP-Gly (construct spanning residues
19-107) was expressed from £. coli grown on [2-13C]-glycerol and [1,3-13C]-glycerol
(Cambridge Isotopes) as carbon source and 1NH,Cl as nitrogen source.#2: 4445 |n contrast
to the original papers, the £. colistrain used here did not lack succinate dehydrogenase and
malate dehydrogenase. Isolation and purification of the protein has been done as described
previously.1* The U-13C,15N-enriched CAP-Gly was expressed from the same £. colistrain,
using U-13Cg glucose as carbon and 15NH,Cl as the nitrogen sources.

The expression and purification for EB1(193-268) were performed according to the
published protocol.20

The two CAP-Gly samples for distance restraints measurements were prepared by controlled
precipitation from polyethylene glycol by slow addition of a solution of 30% PEG-3350 to
the solution of 21.4 mg of [2-13C]-glycerol/U-1>N CAP-Gly (42.8 mg/mL) and 24.3mg of
[1,3-13C]-glycerol/U-15N CAP-Gly (38.5 mg/mL), both dissolved in 10 mM MES buffer (10
mM MgCl,, pH 6.0), following the protocol developed previously for thioredoxin.32: 33 This
condition was chosen from a minimal hanging drop screen and yields CAP-Gly
microcrystals in a hanging drop.14 The sample was centrifuged, the supernatant removed,
and the pellet used for solid-state NMR experiments. More than 90% protein was
precipitated as indicated by the Bradford assay. 14—-15 mg of hydrated precipitate of each
sample were packed into a 1.8 mm rotor, respectively. The U-13C, 15N CAP-Gly sample
was prepared following the same procedure, and 24.4 mg of hydrated PEG precipitate was
packed into a 3.2 mm Bruker rotor.

The CAP-Gly/EB1 complex was prepared by mixing 11.8 mg of U-13C, 15N CAP-Gly and
10.2 mg of natural abundance EB1 (molar ratio 1:1) in 20 mM phosphate buffer (pH=7.0)
containing 50 mM NaCl and 1mM DTT. The complex stoichiometry and purity were
verified by size-exclusion chromatography and SDS-PAGE, and the results are consistent
with our previous study.29 The solid-state NMR sample of the complex was precipitated by
slow addition of 50% PEG-3350 to the solution of the protein complex (137 mg/ml). 23.5
mg of hydrated precipitate of the sample were packed into a 3.2 mm Bruker rotor.
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Solid-State NMR Spectroscopy

The NMR spectra were acquired at 14.1 and 19.9 T. The 14.1 T data sets for [2-13C]-
glycerol,15N and [1,3-13C]-glycerol,°N CAP-Gly were collected using a narrow bore
Varian InfinityPlus instrument equipped with a 1.8 mm MAS triple-resonance probe built in
the laboratory of Ago Samoson (Tallinn University of Technology). All spectra were
acquired at 10 kHz MAS frequency controlled to within £ 5 Hz by a Varian MAS controller.
The temperature was calibrated for this probe using a PobNO3 temperature sensor,*6 and the
actual temperature at the sample was maintained at -2 °C = 0.1 °C throughout the
experiments using the Varian temperature controller. The RDSD R2;1 (PARIS) pulse
sequence was used for 13C-13C distance restraints measurement.2%: 30 Typical 90° pulse
lengths were 3.5 ps for 1H and 4.2 ms for 13C. Two-pulse phase-modulation (TPPM)
decoupling®’ with the field strength of 85 kHz was applied during the acquisition and
evolution periods in all experiments. The pulse lengths for the 90° pulses were 4 and 4.15 ps
for IH and 13C, respectively. During the mixing time (50-500 ms), the RF field on the
proton channel was matched to the spinning speed of 10 kHz. The spectral width was set to
330 ppm in wy and to 179 ppm in w with the carrier frequency positioned at 96 ppm. The
maximum evolution time in the indirect t; dimension was 5.0 ms, and 270 t; points were
acquired. The number of scans was 100, 128, and 800 for the experiments acquired with the
mixing time of 50 ms, 200 ms and 500 ms, respectively.

The 2D NCA spectra were acquired for [2-13C]-glycerol/U-15N CAP-Gly sample at -2 °C
and —20 °C, respectively. The typical 90° pulse lengths were 3.4-3.5 s (*H). The 1H-15N
cross-polarization (CP) employed a linear amplitude ramp of 80-100%, the 1H RF field was
45 kHz, and the center of the ramp on the 1°N was Hartmann-Hahn matched the first
spinning sideband. The band-selective magnetization transfer from 1°N to 13C® was realized
using a 6 ms SPECIFIC-CP*8 with a tangent amplitude ramp, and the RF field strengths
were 25 kHz, 15 kHz, and 90 kHz for 1°N, 13C, and 1H channels, respectively. The

typical 1H decoupling power was 80-85 kHz during the acquisition and evolution periods in
all experiments.

The 19.9 T data sets were acquired for U-13C,15N CAP-Gly and for U-13C 15N CAP-Gly/
n.a. EB1 complex samples on a 19.9 T Bruker Avance 1l instrument equipped with 3.2 mm
EFree HCN probe. The Larmor frequencies are 850.4 MHz (1H), 213.8 MHz (13C), and 86.2
MHz (1°N). The MAS frequency was 14 kHz controlled to within +5 Hz by a Bruker MAS
controller. The temperature was calibrated for this probe using a PoNO3 temperature
sensor,6 and the actual temperature at the sample was maintained within + 0.1 °C
throughout the experiments using the Bruker temperature controller.

For U-13C,15N-labeled CAP-Gly sample, 2D NCA, NCACX and NCOCX, and 3D
NCACX, NCOCX, and CANCX experiments were acquired at 4°C + 0.2°C. For U-13C, 15N
CAP-Gly/n.a. EB1 complex, 2D NCA, NCACX and NCOCX, and 3D NCACX, NCOCX,
and CANCX spectra were collected at 4°C £ 0.2°C. The other experimental conditions were
reported by us previously.14

All data were processed with NMRpipe.4® The chemical shifts were referenced to DSS,
using the 13C methylene peak in solid adamantine as an external standard. Peak assignments
were performed in Sparky.>? We note that the resonances corresponding to the N-terminal
stretch of residues 19-26 and C-terminal stretch of residues 98-107 were not present in the
2D homo- and heteronuclear correlation spectra; the distance restraints for these residues
could not be derived, and therefore, these regions were not included in the structure
calculation.
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Structure Calculation

The structure of CAP-Gly was calculated in Xplor-NIH version 2.29.49: 41 Input restraints
included distance restraints and torsion angles (as shown in Table 1). The chemical shifts
were first pre-checked for consistency and referenced by the TALOS+ built-in program
using the empirical correlation between certain sets of chemical shift data.?! Torsion angles
(®, W) were then predicted by TALOS+,3 using 13C% 13CP 13CO and 15N chemical shifts. In
addition to the energy terms corresponding to the distance and torsion angle restraints
standard Xplor-NIH energy terms were used. Knowledge-based energy terms included the
torsion angle potential of mean force® and the hydrogen bond potential of mean force.>3
Standard bond, bond angle and improper torsion angle restraints were used to maintain
proper covalent geometry, and a repulsive quartic van der Waals term was employed to
prevent atomic overlap.

Assignment of ambiguous distance restraints and initial structure calculation was
accomplished using a protocol consisting of three passes of torsion angle molecular
dynamics simulated annealing. A final molecular dynamics simulated refinement step was
then performed to generate an ensemble of high-quality structures for analysis. All
calculations are summarized in Table S1. 500 structures were calculated during each
assignment pass and final refinement. Each simulated annealing calculation consisted of
torsion angle molecular dynamics at 3500 K, an annealing schedule during which the
temperature was gradually reduced, and final gradient minimization. The duration of the
high-temperature dynamics portion of the calculation was 4000 ps for the assignment passes,
and 100 ps during structure refinement. The simulated annealing schedule for the first pass
calculation had the temperature reduced in 25 K increments to 100 K, while the schedule
used in all other calculations saw the temperature reduced to 25 K in 12.5 K increments. The
input structures for pass 1 possessed randomized torsion angles, and each subsequent pass
utilized the lowest energy structure of the previous pass, with randomized velocities.
Assignment pass 1 utilized the softe form of the distance restraint potential energy such that
incorrect assignments would not cause large distortions in the structures. Subsequent
molecular dynamics simulated annealing calculations used the sharde form of this potential
with quadratic walls.

After each pass of structure calculation the ambiguous restraints were analyzed based on the
50 lowest energy structures. Restraints showing large violations were discarded. Restraint
assignments present in 90% of the structures were labeled unique. All of the torsion angles
predicted by TALOS+ were used as restraints in the structure calculation. The refinement
pass also included 54 hydrogen bond distance restraints generated from the lowest energy
pass 3 structure using Mark Gerstein's find-hbonds program (available online at Helix
Systems Scientific Supercomputing at the N1H).54 The statistics on restraints, Xplor-NIH
energy terms and violations of the final structure refinement are summarized in Table 1.
Secondary structure predictions were carried out using the program Stride.5®

The average MAS NMR structure was determined by numerically averaging the coordinates
of each individual NMR structure in the ensemble; the resulting secondary structure was
found to consistent with those of the individual structures from the ensemble,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The 3D structure of CAP-Gly domain of mammalian dynactin was determined by MAS
NMR. Two conformations are found in T43-V44-A45, in proximity to critical residue
G59. Binding interface in CAP-Gly/EB1 complex was determined. CAP-Gly is locked
into a single conformer upon binding to EB1. Implications of conformational plasticity in
biological function are discussed.
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Fig. 1.

A) The domain structure and overall organization of dynactin’s p150C!ued subunit. The
CAP-Gly domain is located at the N-terminus of p150¢!ued sybunit. B) Amino acid sequence
and secondary structure of the CAP-Gly domain of dynactin under investigation. The
secondary structures of residues L27-F97 are based on the TALOS+-derived torsion angles
from solution and solid-state NMR spectroscopy and from the X-ray structures. Residues
corresponding to the N-terminus (19-26) and C-terminus (98-107) do not give rise to cross
peaks in the C-C correlation spectra, and were not included in the 3D structure calculation.
C) The domain structure of EB1. The C-terminal dimerization domain is coiled coil with a
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disordered acidic tail and provides the CAP-Gly binding sites. The EB1 protein under
investigation is the C-terminal domain encompassing residues 193-268.
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Fig. 2.

14.4 T R241 spectra of the [2-13C]-glycerol/U-15N labeled CAP-Gly (A and B), and the
[1,3-13C]-glycerol/U-1°N labeled CAP-Gly (C and D), acquired with the mixing time of 500
ms. In B) and D), the insets showing region I and I1 illustrate examples of assignments
corresponding to medium- and long- range correlations.
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Fig. 3.

Distance restraints contact map and statistics. A) A matrix representation of all the intra- and
inter-residue contacts generated from the distance restraints corresponding to final
assignments of the 2D MAS NMR spectra (in gray). The contact depicted in red represents
the only one medium-range distance restraint that is in violation with the X-ray structure
2HQH. B) The number of long-range restraints per residue is plotted in the context of the
secondary structure of CAP-Gly. C) The number of long-range restraints per residue is
mapped onto the 3D structure of CAP-Gly calculated from the MAS NMR restraints
(average from the ensemble of ten lowest-energy structures). Note that the N-terminus
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residues 19-26 and C-terminus residues 98-107 did not appear in any of the 2D MAS NMR
spectra and were omitted from the structure calculation.
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Fig. 4.

SSNMR structures of CAP-Gly compared with X-ray structure 2HQH. A) The ensemble of
the ten lowest-energy structures of CAP-Gly determined from MAS NMR distance restraints
and backbone dihedral angle restraints using the Xplor-NIH structure calculation protocol.
B) The average structure from the ensemble shown in A) (purple) overlaid with the X-ray
structure 2HQH (grey). C) The back view of B), where the stretch T43-V44-A45 is
highlighted to illustrate its position in the two structures.
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Backbone walk for residues T43-V44-A45 for conformer a (A) and conformer b (B) using
3D NCACX and NCOCX spectra acquired at 19.9 T.
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Fig. 6.

The NCA spectra of free U-13C, 15N CAP-Gly (A) and U-13C 15N CAP-Gly in complex with
EB1 (B) acquired at 19.9 T. The labels of the cross peaks corresponding to T43, V44, and
A45 are shown in purple. In (C) and (D), the overlaid 2D NCACX spectra of free CAP-Gly
and CAP-Gly in complex with EB1 illustrate: (C) the two conformers of T43a and T43b in
free CAP-Gly (black) and a single peak of T43 (purple) of CAP-Gly in complex; (D) the
two conformers of A45a and A45b in free CAP-Gly (black) and a single peak of A45
(purple) of CAP-Gly in complex. In (E), (F) and (G), the overlaid inserts of NCOCX spectra
of free CAP-Gly and CAPGIy in complex are presented, illustrating the sequential cross
peaks corresponding to two conformers in free CAP-Gly: V44a-T43a and V44b-T43b,
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A45a-V44a and A45b-V44b (all shown in black), and to a single conformer of CAP-Gly in
complex with EB1 V44-T43 and A45-V44 (shown in purple).

J Mol Biol. Author manuscript; available in PMC 2014 November 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Yan etal.

A)

A Chamical Sht,
[EANYHA Co) "+ a0 {ppm)

ea E (4 1]
METERTARR TR RTRR AR RTRRTORIARTR I AR IRRIRRIRRTARRION

k2

Fig. 7.

Chemical shift perturbations of CAP-Gly upon binding to EB1. (A) Chemical shift
differences (represented as ((A1°N)2+(A13C®)2+(A13C")2)1/2) between CAP-Gly/EB1(193—
268) complex and free CAP-Gly plotted versus the residue number. The residues exhibiting
chemical shift perturbations >2 ppm and 1-2 ppm are labeled as dark purple and violet,
respectively. The open and filled circles for the stretch of residues T43-A45 represent the
chemical shift differences between CAP-Gly/EB1 complex and free CAP-Gly conformers a
and b, respectively. The two regions with large chemical shift perturbations (>1 ppm) are
labeled as regions A and B. (B) Chemical shift perturbations mapped onto the 3D MAS
NMR structure of CAP-Gly. Residues K68-G71, 187-V89 and S92-194 correspond to the
CAP-Gly/EB1 interface A. Residues V47-L51 and T54, comprising the 2 strand and the
2—B3 loop, correspond to the CAP-Gly/EBL1 interface B found in the X-ray structure
2HKQ. In (C) and (D), the chemical shift perturbations are mapped onto the X-ray structure
2HKQ of CAP-Gly/EB1 complex. In (C) and (D), EB1 is shown in light green color. The
dynamic tail (residues P256-Y268) of EB1 could not be detected in the X-ray structure
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2HKQ, but was resolved when synthesized peptide corresponding to this tail was co-
crystallized with mutant CAP-Gly.5
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Fig. 8.

Stereoview of the T43-V44-A45 region with respect to point mutations associated with
neurodegenerative disorders. A) Residue G59 whose mutation to serine is associated with
dSBMA, makes a bifurcated hydrogen bond to the backbone of A45 and Y46. We observe
that A45 possesses two distinct conformations in the unlighted form, which collapse to a
single conformation upon binding to EB1. B) The dynamic region is comprised by residues
T43-V44-A45, which do not directly interact with EB1, the EEY ligand, and are distant
from the point mutations associated with Perry's Syndrome.
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Summary of the CAP-Gly Structure Ensemble from the Final Refinement?.

Table 1

Restraints?

Total number

Total distance restraints

Restraints with multiple assignments
Intra-residue

Sequential (|i-j|=1)

Medium range (1<|i-j|<4)

Long range (|i—j|>4)

H-bond distance restraints

Total (®,W) torsional angle restraints

917
175
436
187

97
197

54
138

Energy terms Average values (kcal/mol)
Total -490.20 + 34.60
NOE 28.00 +£4.17
ANGL 43.95 + 4.52
BOND 5.89 +1.82
CDIH 3.60+1.26
HBDB -67.52+£4.21
IMPR 5.01 +1.62
RAMA -569.69 + 26.94
VDW 60.55 + 22.18
Violations Restraint name

NOEPot term (1 violation)
CDIH term (1 violation)
VDW term (1 violation)

(62 LEU CA) (61 ILE CG1)

(37 GLY N) (37 GLY CA) (37 GLY C) (38 LYS N)

(35 VAL HB) (39 GLY HAL1)

a ] .
The final structure ensemble includes 10 lowest-energy structures.

Each distance restraint represents a unique correlation between a pair of atoms, and is counted once for each atomic pair.
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Table 2

The Distance Boundaries Used in the CAP-Gly Structure Calculation, Classified by Weak, Medium and
Strong Peaks in the R2;1 MAS NMR Spectra Acquired with Different Mixing Times.

Tmixe Ms  Strong, A Medium, A Weak, A

50 1.0-3.3 1.0-4.5 1.0-5.6
200 1.0-4.8 1.0-5.7 1.0-7.0
500 1.0-5.8 1.0-6.7 1.0-8.2
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13C and 1°N Chemical Shifts of Conformer a and Conformer b of T43-V44-A45 for free CAP-Gly, and the

single conformer of T43-V44-A45 for CAP-Gly in complex with EB1.

Conformer a of free CAP-Gly

N (ppm)  C*(ppm) CPF(ppm) C (ppm)

T43 116.95 60.65 71.40 174.66

V44 127.88 65.22 31.67 176.01

A45  131.89 51.69 22.01 176.28
Conformer b of free CAP-Gly

N (ppm)  c(ppm) CP(ppm) C (ppm)

T43 117.30 60.99 72.14 174.68

V44 127.56 65.01 31.71 174.73

A45  130.60 51.56 21.97 176.38
CAP-Gly in complex with EB1

N (ppm) ~ C%(ppm)  CF(ppm) ~ C (ppm)

T43 117.51 61.05 71.94 174.33

V44 128.16 65.44 31.54 174.38

A45  130.59 51.37 22.38 176.63
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