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Doublecortin is a microtubule-associated protein pro-
duced during neurogenesis. The protein stabilizes microtu-
bules and stimulates their polymerization, which allows
migration of immature neurons to their designated location
in the brain. Mutations in the gene that impair doublecortin
function and cause severe brain formation disorders are
located on a tandem repeat of two doublecortin domains.
The molecular mechanism of action of doublecortin is only
incompletely understood. Anti-doublecortin antibodies, such
as the rabbit polyclonal Abcam 18732, are widely used as neuro-
genesis markers. Here, we report the generation and character-
ization of antibodies that bind to single doublecortin domains.
The antibodies were used as tools to obtain structures of both
domains. Four independent crystal structures of the N-terminal
domain reveal several distinct open and closed conformations of
the peptide linking N- and C-terminal domains, which can be
related to doublecortin function. An NMR assignment and a
crystal structure in complex with a camelid antibody fragment
show that the doublecortin C-terminal domain adopts the same
well defined ubiquitin-like fold as the N-terminal domain,
despite its reported aggregation and molten globule-like prop-
erties. The antibodies’ unique domain specificity also renders
them ideal research tools to better understand the role of indi-
vidual domains in doublecortin function. A single chain camelid
antibody fragment specific for the C-terminal doublecortin
domain affected microtubule binding, whereas a monoclonal
mouse antibody specific for the N-terminal domain did not.
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The atomic coordinates and structure factors (codes 5IN7, 5109, 5I0l, 5IKC, and
5IP4) have been deposited in the Protein Data Bank (http://wwpdb.org/).

The chemical shift assignment for C-DCX has been deposited in the BioMagn-
ResBank (www.bmrb.wisc.edu) under accession number 26727.
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Together with steric considerations, this suggests that the
microtubule-interacting doublecortin domain observed in cryo-
electron micrographs is the C-terminal domain rather than the
N-terminal one.

Doublecortin is a microtubule-associated protein that is
essential for normal human brain development. Missense
mutations in the doublecortin gene cause defective cortical
neuronal migration, leading to the brain formation disorders
X-linked lissencephaly and subcortical band heterotopia (1).
Doublecortin-deficient neurons also show defects in the
kinesin-3-motor protein-mediated transport of presynaptic
vesicles (2). Anti-doublecortin antibodies are widely used as
markers in the immunohistochemical detection of neuro-
genesis (3) and are therefore important research tools for
neuroscience. Recently, basal doublecortin levels were also
reported outside of neurogenic regions in the brain (4). From
two clusters of mutations in X-linked lissencephaly and
subcortical band heterotopia patients, an internal tandem
repeat of domains with 27% sequence identity was identified
on the doublecortin gene, DCX. These domains were also
detected in sequences of other proteins and are called DCX
domains. In doublecortin, a serine/proline-rich tail is
located C-terminal of this DCX domain tandem repeat. The
patient mutations lead to impaired tubulin polymerization
both in vitro and in vivo as well as impaired microtubule
stabilization (5). Although individual patient mutations occur
in both DCX domains with similar frequencies, recurrent
mutations increase the overall number in the C-terminal
domain (6). The DCX domain tandem repeat significantly
enhances microtubule polymerization, whereas individual
DCX domains alone do not (5, 7).

In vitro no single DCX domain is sufficient for co-assem-
bly with taxol-induced microtubules, and only doublecortin
constructs encompassing at least the DCX domain tandem
repeat co-assemble with microtubules, even when produced
in Escherichia coli, suggesting that post-translational modi-
fication of DCX is not required (5). However, NMR 'H-'°N
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HSQC* spectra on the isolated N- and C-terminal DCX
domains showed line broadening in the presence of micro-
tubules consistent with binding of individual domains to
microtubules (7). Also, cryo-electron microscopy of dou-
blecortin-stabilized microtubules visualizes only a single
DCX domain bound, which was hypothesized to be N-DCX
(8-10). The effect of patient mutations in fluorescence
microscopy binding assays indicated that both DCX domains
are involved in cooperative binding of doublecortin to
13-protofilament microtubules (11, 12). Similar experiments
showed that single DCX molecules recognize the ends of grow-
ing microtubules by their concave lattice curvature and that
only patient mutations on C-DCX abolish this (12). These
mutations on C-DCX map to the contact sites between the
DCX domain and microtubules observed in the cryo-EM recon-
structions, suggesting that the bound DCX domain could be
C-DCX instead of N-DCX (8, 12).

Two structures of the human doublecortin N-DCX domain
were determined previously by NMR spectroscopy and by x-ray
crystallography and display a fold with distinct similarity to
members of the ubiquitin-like superfamily (7, 13). The crystal
structure of the K215D/K216D mutant of the N-DCX domain
(N-DCXpp) had its C-terminal residues 220-228 in an
extended “open” conformation, whereas the NMR structure of
the wild type N-DCX indicated that residues 220 -228 assume
predominantly a “closed” helical conformation, similar to the
conformation found in the crystal structure of the correspond-
ing domain from doublecortin-like kinase, where the side chain
of Trp'®® (Trp**” in DCX) stacks against an Arg on the domain
core. It was proposed that the switching between the open and
closed conformations is of functional importance in the control
of tubulin polymerization and microtubule bundling by dou-
blecortin, although the observed open conformation was stabi-
lized by crystal packing interactions (13). In contrast to N-DCX,
the structure of C-DCX could previously be solved neither by
crystallography nor by NMR methods. C-DCX showed no tem-
perature or guanidine HCl-induced cooperative unfolding and
exposed hydrophobic surface areas that bind the dye 8-anilino-
1-naphtalene sulfonate (ANS). Furthermore, the NMR spectra
of C-DCX could only be obtained at low protein concentrations
and showed line broadening. Gel filtration of C-CDX showed a
predominant monomeric fraction in equilibrium with oligo-
mers, and the extensive Stokes radius calculated from the
elution volume indicated a molten globule (7). The C-termi-
nal domain of doublecortin domain-containing protein 2
(DCDC2) has 32% sequence identity with C-DCX and has a

“The abbreviations used are: HSQC, heteronuclear single quantum correla-
tion; ANS, 8-anilino-1-naphtalene sulfonate; C-DCX, C-terminal doublecor-
tin domain of human doublecortin; CDR, complementarity-determining
region in immunoglobulin variable chain; Fab, antigen-binding fragment
of antibody; hDCX, human doublecortin residues 82-441; N-DCX, N-termi-
nal doublecortin domain of human doublecortin; SPR, surface plasmon
resonance; AUC, analytical ultracentrifugation; T-DCX, protein including
the doublecortin domain tandem of human doublecortin; V,, variable
domain of a heavy chain-only camelid antibody; SUMO, small ubiquitin-
like modifier; TCEP, tris(2-carboxyethyl)phosphine; SEC, size exclusion
chromatography; PDB, Protein Data Bank; r.m.s., root mean square; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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DCX fold according to its NMR structure with the PDB code
2DNEF.

The objective of the present study was to obtain a deeper
understanding of the structure and function of individual DCX
domains of doublecortin. Because antibodies against DCX
domains were not available, we generated antibodies specific to
single DCX domains of doublecortin. We assessed whether
these antibodies modulate the microtubule interaction of
T-DCX in vitro. We used them as crystallization helpers to
obtain the first high resolution structures of a C-DCX domain
and of wild type human N-DCX. Assignment of the two-dimen-
sional '"H-">N HSQC NMR peaks further showed that C-DCX
is folded in solution in the absence of an antibody. We also
obtained several independent structures of N-DCX. Among
these are the first observations of distinct closed conformations
of N-DCX in a crystal and a new open conformation. Together
they describe in detail the flexibility of the linker region posi-
tioned C-terminally of the N-DCX core domain, which is
important for doublecortin function. Taken together, our
results suggest that C-DCX is the doublecortin domain
observed interacting with microtubules in cryo-EM studies.

Experimental Procedures

Construct Design of Doublecortin Variants—For consistency
with databases, we use the UNIPROT human doublecortin
numbering, which is shifted by 81 compared with the number-
ing used in previous reports on structures and patient muta-
tions (Fig. le). A GeneArt Escherichia coli-optimized synthetic
gene of human doublecortin was ordered from Qiagen
(Hs_DCX_1_EC QIAgenes Expression Kit E. coli (EEC0013818)).
Variants differing in length were amplified with iProof (Bio-
Rad) and cloned into the pCR2.1 (Blunt Topo)-vector (Invitro-
gen). These constructs comprise single or both human dou-
blecortin domains and include full-length human doublecortin
(hDCX, Met**~Met**!), the doublecortin tandem domains
(T-DCX, Ala'?*~Lys**°), the N-terminal doublecortin domain
(N-DCX; the two variants Ala'?°~Val?®*! and Ala'**-Vval?®!),
and the C-terminal doublecortin domain (C-DCX; the two vari-
ants Ala?*'—Ala®*! and Lys***~Lys>°°). For the obtained clones,
the inserts were checked by sequencing, cut out with Ndel/
Notl, and cloned into pER7 and pER2b by ligation with T4
ligase (New England Biolabs). pER7 and pER2b are based on
pET28 a(+) (Stratagene) and are constructed by inserting
between the Ncol and Ndel restriction sites a sequence coding
for a His, tag fused to GST or a sequence coding for a His, tag
fused to SUMO, both followed by a thrombin cleavage site,
respectively. The N-DCX, double mutation K215D/K216D
that reduced the calculated pI and the number of high entropy
N-DCX surface side chains, thus improving its crystallization
properties (13), was introduced to both N-DCX variants by
using the QuikChange multisite-directed mutagenesis kit from
Stratagene (La Jolla, CA).

Production and Purification of Doublecortin Variants—For
production of His;-GST-hDCX or Hisg-SUMO-hDCX fusion
proteins at an analytical scale, transformed E. coli BL21(DE3)
cells were grown at 37 °C in 3 ml of LB medium supplemented
with 75 ug/ml of kanamycin for maintenance of vector. After an
Agoo 0f 0.4 —0.5 was reached, cells were incubated for 30 min at

JOURNAL OF BIOLOGICAL CHEMISTRY 16293



Characterization of Doublecortin Domains

20 °C, followed by the addition of 0.5 mm isopropyl 1-thio-3-p-
galactopyranoside to induce expression, and further grown
overnight at 20 °C.

Because the DCX variants with the SUMO tag were
expressed and purified much better, mainly these were used for
large scale purification. 50 g of cells were resuspended in 200 ml
of 50 mm HEPES, 300 mm NaCl, 2 mm MgCl,, 5 mm diisopropyl
fluorophosphate (catalog no. 38399; Fluka), 2 mm TCEP, pH
7.5, supplemented with DNase I (Roche Applied Science) (1
mg/50 ml) and an EDTA-free protease inhibitor mixture
(Roche Applied Science) (1 tablet/50 ml). The cell suspension
was lysed with cell disruption equipment BasicZ with 0.8 kilo-
bar pressure (Constant System) and centrifuged (Sorvall/RC5B,
S$S34, 45 min, 32,000 X g, 4 °C) to separate the soluble from the
insoluble fraction of the cell extract. The 0.22-um filtered sol-
uble supernatant was loaded onto a nickel-Sepharose column
(HisTrap HP 5 ml; catalog no. 17-5247-01, GE Healthcare), and
equilibrated with 50 mm Hepes, 300 mm NaCl, 2 mm TCEP, pH
7.5. The column was washed with the equilibration buffer, and
the bound His,-tagged protein was eluted by applying a linear
gradient of 0-300 mm imidazole. Fractions containing the
His,-SUMO-hDCX fusion protein were pooled and supple-
mented with SUMO-protease (catalog no. 12588-018, Invitro-
gen) or alternatively supplemented with thrombin (catalog no.
27-0846-01, GE Healthcare) and 2.5 mm CaCl, final concentra-
tion in the buffer. The sample was dialyzed extensively with a
Slide-a.Lyzer (molecular weight cut-off 3500) at 4 °C against 50
mM Hepes, pH 7.5, 100 mm NaCl, 10% glycerin, 8 mm CHAPS, 2
mwm TCEP. For separation of the cleaved His,-SUMO from the
target protein, the sample was loaded onto a nickel-Sepharose
column (HisTrap FF crude 1 ml, GE Healthcare), and equili-
brated with 50 mm Hepes, 300 mm NaCl, 2 mm TCEP, pH 7.5.
Samples cleaved with SUMO protease therefore contain addi-
tionally the N-terminal reminder of the thrombin cleavage site
(e.g "*’LVPRGSHM"?? in N-DCX Ala'**-Val**').

To remove remaining impurities, the flow-through was
loaded onto a size exclusion column (S75 10/300 GL (catalog
no. 17-5174-01), GE Healthcare), and equilibrated with 20 mm
CAPS, pH 10.5; 100 mm NaCl; 5 mm TCEP or 20 mm Hepes, pH
7.5;100 mm NaCl; 5 mm DTT or 20 mm sodium acetate, pH 4.0,
100 mm NaCl; 5 mm B-mercaptethanol. The fractions contain-
ing doublecortin variant were pooled and analyzed by SDS-
PAGE, which showed that the proteins were at least 95% pure.

Thermofluor Buffer Screen—A fluorescence-based thermal
shift assay was applied to identify optimal buffer compositions
for structural studies as proposed by Ericsson et al. (14, 15). 1
uM C-DCX 252-356 was preincubated with the fluorescence
probe Sypro Orange (Molecular Probes) in different buffer con-
ditions. The fluorescence signal was recorded on a Bio-Rad
MyiQ real-time PCR machine with an excitation wavelength of
490 nm and an emission wavelength of 530 nm (the absorption
and emission maxima of Sypro Orange are 470 and 570 nm,
respectively) and a heating rate of 1 °C/min. Measured fluores-
cence intensity values of protein melting transitions were nor-
malized, fitted to a Boltzmann sigmoidal equation to calculate
Tm, and plotted between 40 and 80 °C (GraphPad Prism).
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Raising Mouse Monoclonal Antibodies against hDCX and
Production of Fab1/108 —For generation of novel anti-hDCX
mAbs, Naval Medical Research Institute mice were immunized
intraperitoneally with hDCX 82—441. The serum was tested for
the presence of anti-hDCX antibodies by ELISA. Animals with
strong immune response were selected for fusion, and the
mAbs were prepared using a protocol described previously (16).
Antibody mAb 1/108 was sequenced under contract by Gen-
Script. It is of the IgG2b class, and the sequences of heavy and
light chains are MKESWVIFFLMAVVTGVNSEVQLQQSGA-
DLVRPGASVKLSCTASGFDIKDDYVHWVKQRPEQGLEW -
IGRIDPANGATKYAPKFQDKATLTADTSSNTAYLQLSSL-
TSEDTAVYYCGRSKYFDSWGQGTTLTVSSAKTTPPSVYP-
LAPGCGDTTGSSVILGCLVKGYFPESVTVTWNSGSLSSS-
VHTFPALLQSGLYTMSSSVTVPSSTWPSQTVTCSVAHPA-
SSTTVDKKLEPSGPISTINPCPPCKECHKCPAPNLEGGPSV-
FIFPPNIKDVLMISLTPKVTCVVVDVSEDDPDVQISWFVN-
NVEVHTAQTQTHREDYNSTIRVVSTLPIQHQDWMSGK-
EFKCKVNNKDLPSPIERTISKIKGLVRAPQVYILPPPAEQLS-
RKDVSLTCLVVGENPGDISVEWTSNGHTEENYKDTAPV-
LDSDGSYFIYSKLNMKTSKWEKTDSFSCNVRHEGLKNYY-
LKKTISRSPGK and MEFQTQVFVFVLLWLSGVDGDIV-
MTQSQKLMSTSVGDRVSITCKASQIVDTAVAWYQQKPG-
QSPKPLIYLASNRHTGVPDRFTGSGSGTDFTLTINNVQSD-
DLADYFCLQHWNYPLTFGAGTKLELKGADAAPTVSIEPP-
SSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGV-
LNSWTDQDSKDSTYSMSSTLTLTKDEYERHNSYTCEATHK-
TSTSPIVKSENRNEC, respectively.

To produce Fab1/108 for crystallization, mAb 1/108 was
cleaved with papain at 293 K for 1 day, the reaction was stopped
using the cysteine protease inhibitor E64, and the antibody Fab
was separated from Fc and remaining mAb by sequential chro-
matography on a protein A column with a final polishing step
by size exclusion chromatography (SEC). The T-DCX-Fab
complexes were formed by mixing T-DCX and Fab in a molar
ratio of 1:1.5. The complexes were purified by SEC (TSK
G3000SW), and the complex-containing fractions were
selected by simultaneous multiangle light-scattering analysis
(TriStar, Wyatt Technology).

Raising and Producing Llama V,,, against C-DCX—Anti-
body Fab fragments are established as crystallization helpers
(17, 18). The corresponding fragments of camelid heavy chain-
only antibodies (V,;; or Nanobodies™) have only one “Ig
domain” (19, 20). Such V,y;; are often called “Xaperones™"”
when used for crystallization and have been applied to confor-
mationally stabilize unstructured protein domains, trans-
membrane proteins, and protein complexes for crystallization
(21). C-DCX-specific Xaperones were generated by a protocol
similar to that described previously (22). Two llamas were
immunized four times with T-DCX. Four and 8 days after the
final antigen boost, peripheral blood lymphocytes were
extracted, and their RNA was purified and converted into
c¢DNA via RT-PCR. The Xaperone repertoire was cloned into a
phage display/expression vector (pMESy4), containing a C-ter-
minal His, and EPEA tag, resulting in two Xaperone libraries. In
parallel biopanning experiments, the target protein was solid
phase immobilized or captured via an antibody or neutravidin.
Xaperones that bind T-DCX and also C-DCX were identified.
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For characterization, the His-tagged Xaperones were produced
periplasmically in E. coli WK6 cultures on a 24-well plate and
purified by nickel-nitrilotriacetic acid superflow. C-DCX was
mixed with a 1.5-fold excess of Xaperones followed by a 1-h
incubation at room temperature. The complex was separated
from the unbound Xaperone by SEC (S75 column), and the
stoichiometries of the complexes were determined by RP-
HPLC. For subsequent large scale preparation, selected Xaper-
ones were purified directly from the periplasmic extract on a
HisTrap column followed by SEC. The sequence of
C-DCX-specific XA4551 was determined to be QVQL-
QESGGGLVQAGGSLRLSCTASVNIIGGNHWAWYRQAPG-
QQRDLVASLSRYNANYADSVKGRFTISRDNAKNAAYLQM-
NSLKPEDTAIYFCALENYYWGQGTQVTVSSHHHHHHEPEA.

Microtubule Binding Experiments—Taxol-stabilized micro-
tubules were used in a standard microtubule pelleting assay to
test the binding of various protein samples with microtubules
(23). For preparing taxol-microtubules, 10 pm tubulin in
BRB-80 buffer (80 mm PIPES-KOH, pH 6.8, 1 mm MgCl,, 1 mm
EGTA) supplemented with 0.5 mm GTP was incubated at 37 °C
for 10 min. Y100 volume of 20 um, 200 uM, and 2 mm taxol was
added in a stepwise manner with a 5-min incubation time at
37 °Cin between. Various test proteins plus taxol-microtubules
and controls were incubated at room temperature for 15 min
(reaction mix). A taxol-glycerol cushion (BRB-80 buffer supple-
mented with 40% glycerol and 20 uM taxol) was also incubated
at room temperature for 15 min. Microtubule binders (pellet
fraction) were separated from non-binders (supernatant frac-
tion) by centrifugation on a taxol-glycerol cushion at 70,000
rpm for 30 min at 37 °C. Equivalent amounts of reaction mix,
pellet, and supernatant fractions were loaded on a 12% SDS-
polyacrylamide gel, and protein bands were visualized by Coo-
massie staining.

Surface Plasmon Resonance (SPR) Binding Assays—SPR
binding experiments were performed on a Biacore 3000 instru-
ment using CM5 sensor chips. Two different strategies for pro-
tein immobilization were used when working with antibodies
and Xaperones, respectively.

The antibodies Abcam 187328 and mAb 1/108 were cap-
tured on the surface by a covalently immobilized anti-Fc anti-
body. Anti-rabbit Fc or anti-mouse Fc was used for Abcam
18732 or mAb 1/108. These capturing antibodies were immo-
bilized via standard amine coupling chemistry. Captured anti-
hDCX antibodies were cleaved off with 100 mm H,PO, and
fresh anti- hDCX antibody recaptured after each binding
experiment. When working with Xaperones, either the hDCX
or the Xaperone was covalently immobilized using standard
amine coupling chemistry.

All binding experiments were performed in 10 mm HEPES,
150 mm NaCl, 3 mm EDTA, 0.01% P20, pH 7.4, to 7.6. Experi-
ments were performed at 25 °C. A 1:1 binding model was fit to
the recorded binding curves to extract the equilibrium and
kinetic constants.

Analytical Ultracentrifugation (AUC)—A sample of 8 um
C-DCX (residues 251-356) was centrifuged at 42,000 rpm and
20 °C in 12-mm Epon charcoal-filled centerpieces on a Pro-
teome Lab XLI analytical ultracentrifuge equipped with an
An-60Ti rotor (Beckman Coulter). The partial specific volume
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of 0.74 ml/g was calculated from the amino acid sequence. The
buffer was 25 mm HEPES/NaOH, pH 7.5, 100 mm NaCl, 5 mm
DTT. Sedimentation velocity data (radial scans with interfer-
ence optics) were analyzed with Sedfit (24), and sedimentation
coefficient distributions with s, , values corrected for buffer
viscosity and density were plotted with GUSSI (25).

NMR Measurements and Assignment—The protein sample
for the NMR studies contained 500 um uniformly ">N-">C-la-
beled C-DCX in 20 mM sodium acetate (pH 4.0), 5 mm TCEP,
and 5% D,0. All of the NMR spectra were collected at 300 K on
either a Varian Unity Inova 600-MHz spectrometer equipped
with a triple resonance probe or a Bruker 600-MHz Avance II
spectrometer equipped with a cryogenic TCI probe head. The
backbone and aliphatic side chain resonances of C-DCX ('H,
5N, and "*C) were assigned using a combination of experi-
ments, including two-dimensional *H-'*N HSQC, three-di-
mensional HNCO, three-dimensional HNCACB, three-dimen-
sional (HB)CBCA(CO)NNH, three-dimensional C(CO)NNH,
three-dimensional HNCA, three-dimensional HN(CO)CA,
and three-dimensional HN(CA)CO. Chemical shifts of the pro-
ton, carbon, and nitrogen nuclei were referenced externally to
that of 4,4-dimethyl-4-silapentane-1-sulfonic acid at 0 ppm.
NMR data were processed using the NMRPipe/NMRDraw
package (26) and analyzed with NMRView (27). The 'H, *C,
and '°N chemical shift assignment for C-DCX has been depos-
ited in the BioMagnResBank under accession number 26727.

Crystallization and Structure Determination—For the crys-
tallization of N-DCXp,, or SEC-purified heterodimeric com-
plexes of T-DCX with Fab1/108 or C-DCX with XA4551, sit-
ting drop plates in combination with various screens (Hampton
Research) and temperatures were used. Crystallization droplets
contained a 45 or 70% fraction of protein in a total volume of
400 nl. N-DCX,, crystals were obtained out of either 20 mm
CAPS, pH 10.5,100 mm NaCl, 5 mm TCEP or 20 mm HEPES, pH
7.5, 100 mm NaCl, 5 mm DTT. For data collection, N-DCX,,
crystals were harvested directly from the screening plates with-
out further optimization. Complex crystals of T-DCX with
Fab1/108 grow out of 20 mm HEPES, pH 7.5, 100 mm NaCl, 5
mM DTT. The C-DCX XA4551 complex crystallized from 20%
polyethylene glycol monomethyl ether, 100 mm BisTris, pH 6.5.
Crystals obtained from C-DCX alone at pH 4 and at pH 10 did
not yield a structure. All crystals of the DCX variants appeared
within the first 4 days after setup with the exception of the
Fab1/108 complex, where the first crystals were visible after
several weeks. Crystals were harvested either without or with
glycerol as cryoprotectant and then flash-cooled in liquid
nitrogen.

All diffraction images were collected at a temperature of 100
Kat the beam line X10SA (PXII) of the Swiss Light Source using
a Pilatus pixel detector (Dectris). Images were processed with
XDS (28) and scaled with SADABS (obtained from BRUKER
AXS). All N-DCX data sets were phased by molecular replace-
ment with either MOLREP or PHASER (29), initially using the
coordinates of human N-DCXy, (PDB entry 2BQQ) as the
search model and later in-house N-DCX,, coordinates of bet-
ter resolution. Antibody search models were extracted from
PDB entry 12E8 for the Fab and PDB entries 2X10, 2X1P,
2X6M, 3DWT, 3EAK, 3G9A, and 3P0G for the V;;,;. The Fab
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and Xaperone CDRs could be easily traced using COOT (30).
Attempts to determine the structures of C-DCX crystals by
molecular replacement with DCX domains failed. However, for
the C-DCX XA4551 complex crystals, molecular replacement
with a Viy;; ensemble search model resulted in electron density
maps that allowed us to autobuild the DCX domain with ARP/
wARP (31). The structures were refined with either BUSTER
(32), REFMACS5 (33), or PHENIX (34). All structural modeling
was performed with COOT (30), and the CCP4 program suite
(35) was used for all other crystallographic calculations. Table 1
gives an overview on the structures and their quality.

Results

mAb 1/108 Binds N-DCX—The commercial doublecortin
antibodies, such as the rabbit polyclonal Abcam 18732, are
widely used for immunohistochemistry to detect brain neuro-
genesis and did bind to hDCX in Western blotting as adver-
tised. However, Abcam 18732 failed to bind N-DCX, C-DCX,
or T-DCX in Western blotting and in ELISA, indicating an
epitope in the serine/proline-rich C-terminal region of dou-
blecortin (Table 2). To obtain domain specific antibodies as
tools for assessing doublecortin structure and function, we
raised new mouse monoclonal antibodies against native human
doublecortin that bind the protein in ELISA but not in Western
blot experiments. Among the obtained antibodies, only mAb
1/108 formed a defined 1:1 complex with T-DCX, as deter-
mined by sedimentation velocity AUC (data not shown). The
complex was soluble and did not show light scattering due to
protein aggregation. Therefore, the mAb 1/108-derived Fab1/
108 was selected for T-DCX co-crystallization. Binding of mAb
1/108 to N-DCX, T-DCX, and hDCX but not to C-DCX was
observed in SPR experiments. The equilibrium binding con-
stant (K,) of Fab1/108 to hDCX was determined by SPR to be
27 nM (Table 2). The above results suggest that mAb 1/108
binds specifically the N-terminal domain of doublecortin and
could be a unique research tool to distinguish the roles of indi-
vidual DCX domains in doublecortin function.

The V,;;; XA4551 Binds C-DCX—Because no antibody spe-
cific for C-DCX could be identified among the mouse clones
raised against hDCX (data not shown), single chain camelid
antibodies against T-DCX were raised in llamas. To generate
tool antibodies for assessing C-DCX structure and function, the
resulting V;;; cDNA libraries generated from the blood lym-
phocytes were panned for V,y; that bind C-DCX. XA4551
belongs to a panel of 12 Vi clones, all showing a unique
sequence, that bind both T-DCX and C-DCX in ELISA exper-
iments. SPR assays revealed binding to hDCX, T-DCX, and
C-DCX but not to N-DCX (Table 2). The binding constants of
XA4551 to full-length doublecortin were determined by SPR
analysis to be as follows when the XA4551 was immobilized and
full-length doublecortin was present in the mobile phase: K, =
29.8 nm (k,, = 3.13 X 10° s~ !, k4 = 0.0931 s~ ). However,
binding was weaker, with K, = 451 nm (k_, = 1.95 X 10°s™ ",
ki = 0.0881 s~ ') when hDCX was immobilized and XA4551
was present in the mobile phase. Random amine coupling of
C-DCX to the surface chip may have hampered access of
XA4551 to its epitope, resulting in apparently slower &, and
higher K,, and indeed, the crystal structure showed four of the

16296 JOURNAL OF BIOLOGICAL CHEMISTRY

10 lysines on the C-DCX surface available for amine coupling to
be <8 A from the XA4551 binding epitope (Lys>®>, Lys*"%,
Lys®®*3, and Lys®°°). Despite the relatively high dissociation con-
stants measured by SPR, XA4551 formed stable complexes of
1:1 stoichiometry with C-DCX and T-DCX, as shown by a con-
stant 1:1 molar ratio across the whole SEC peak when investi-
gated with SEC/RP-HPLC and also by sedimentation velocity
AUC (data not shown). In conclusion, camelid V,;; XA4551
binds specifically the C-DCX domain of doublecortin and could
be a suitable research tool for C-DCX structure determination.

Effect of Domain-specific Antibodies on Microtubule
Binding—T o specify the role of the single DCX domains in dou-
blecortin function, we assessed the effect of the domain-specific
antibodies on microtubule binding and on tubulin polymeriza-
tion. The doublecortin tandem domain construct T-DCX was
able to bind taxol-stabilized microtubules in a microtubule pel-
leting assay, whereas isolated N-DCX and C-DCX domains did
not bind microtubules, as expected from previous studies (5)
(Fig. 1a). When added in equimolar concentrations, mAb 1/108
did not interfere with microtubule binding of T-DCX (Fig. 1¢),
whereas XA4551 disrupted T-DCX microtubule binding (Fig.
1d). This is consistent with other results derived from truncated
doublecortin variants (5) but appears to be in conflict with
'H-">N HSQC NMR spectra showing substantial line broaden-
ing for both isolated N-DCX and C-DCX when incubated
together with microtubules (7).

Crystal Structures of N-DCX ,, Show Variable Interactions of
Trp**” with the Domain Core—The C-terminal region of
N-DCX (residues 221-245), which links the N-DCX core with
C-DCX and includes Trp**’, was proposed to play an important
role in doublecortin function, because it mediates the confor-
mational changes between open and closed doublecortin states
(13). To further elucidate the conformations important for
doublecortin function, crystal structures of N-DCX, were
obtained in three novel crystal forms and were refined to reso-
lutions between 2.48 and 1.3 A (Table 1). The N-terminal clon-
ing artifact sequence LVPRG, which is missing in the N-DCX,
variant described previously (13), may explain why we obtained
different crystals. And indeed it is involved in a crystal packing
interaction in our hexagonal crystal form (PDB entry 510I).
Despite the same space group, also the packing in our tetrago-
nal crystals (PDB entry 5IN7) differs from the previously
reported crystal (PDB entry 2BQQ). Because each of the three
different crystals contained several molecules of N-DCX,, in
the crystallographic asymmetric unit, the structures of overall
10 independent N-DCX,, chains are available for comparison.
In all structures, N-DCXp,, assumes the typical ubiquitin-like
fold of DCX domains (Fig. 2a). The residues 133—220 represent
the core region that is well ordered in all structures and corre-
spond well to the generic DCX domain (residues 129-220) as
defined by the SMART database (36). This core region is virtu-
ally identical in all N-DCX,, structures (main chain root mean
square (r.m.s.) distances of 0.7-1.2 A). By contrast, the
observed conformation of the C-terminal residues 221-231 dif-
fers drastically (Fig. 2). In two of the 10 N-DCX,, chains, this
C-terminal region is disordered, and residues 221-231 are
excluded in the respective model (Table 1). Among the remain-
ing eight N-DCX,, structures, three conformations of the
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TABLE 2

Binding analysis

SPR, surface plasmon resonance on a Biacore instrument with the DCX variant immobilized. WB, Western blot. +, —, and ND, binding, not binding, and not determined,
respectively. If a K, value was determined, it is given. The value in parentheses is from an inverse setup, with the XA4551 immobilized on the SPR chip and the hDCX in
the mobile phase.

Abcam 18732 XA 4551 XA 4551 mAb 1/108 mAb 1/108 mAb 1/108
Abcam 18732 (SPR) (WB) XA 4551 (SPR) (WB) (ELISA) (SPR) (WB) (ELISA)
hDCX + + + - + + - +
1 nm* 451 nMm (30 nMm) 27 nM
T-DCX - - + ND + + ND ND
N-DCX - - - ND ND + Weak ND
C-DCX - - + ND + - Very weak ND

“ Estimated apparent K. The SPR binding curve cannot be fitted with a 1:1 binding model, as expected for a polyclonal antibody mix.

a T-DCX N-DCX C-DCX b
+MT +MT +MT MTCtrl  T-DCX N-DCX c-DCX
MSP MSP MSP M S PMSPMSP MSP
Tubulin = [ -
- ew VvV e e Tubulin— % we  w -
T-DCX —> e s o T-DCX —> r— |
-
- -
N/C-DCX—> —— e — N/C-DCX—> _ e M ——
C mAb1/108 T-DCX T-DCX+MT d T-DCX T-DCX+MT T-DCX+MT
+MT +MT +mAb1/108 +MT  +XA4551 + Ctrl Vi
M S P M S P M S P MSPMSPMSP
Tubulin — -
Tubulin—> [ = o W= - v -
T-DCX — e o o — e 7
T-DCX — -—— - 5
MAb —»> " = -
Viy — —_—
e T-DCX
| ——
UNIPROT Seqnr. 82 126 231 251 341 |356 S/P-rich 441
| | |
i
Doublecortin 1 45 N-DCX 150 170 C-DCX 260 275 360

FIGURE 1. Effect of doublecortin-specific antibodies on doublecortin binding to microtubules and on tubulin polymerization. g, the doublecortin
variant with the complete domain tandem T-DCX co-pelleted with taxol-stabilized microtubules in a microtubule pelleting assay, whereas isolated N-DCX and
C-DCX domains did not (M, reaction mix; S, supernatant; P, pellet; MT, microtubule). b, the controls show that the faint bands of N-DCX and C-DCX observed in
the pellet are independent of microtubules. ¢, the N-DCX-specific antibody mAb 1/108 co-pelleted with T-DCX and microtubules while showing no effect on
binding of DCX to microtubule. mAb 1/108 did not co-pellet with microtubule alone. d, the addition of the C-DCX-specific Nanobody XA4551 inhibited
co-pelleting of T-DCX with microtubules. A control (Ctr) Xaperone not binding doublecortin had no effect on microtubule binding of T-DCX. e, overview of
doublecortin domain arrangement. Construct boundaries for N-DCX, C-DCX, and T-DCX are given in both the UNIPROT numbering scheme used in this study
and in the numbering used in some other doublecortin publications.

C-terminal peptide are observed that are distinct from those microtubule binding, and our structures hint at a critical role of
described previously (7, 13). Despite the large differencesinthe ~ Trp**” in controlling this conformational switch.

main chain trace of the N-DCX C-terminal residues, the side Wild Type N-DCX Crystal Structure in Complex with Fab1l/
chain of Trp>*” always stacks against the side chain of Arg'®” 108 Confirms N-DCX,, Structures—To gain insight into the
and interacts with Val'*° of the N-DCX core (Fig. 2). Thisinter-  architecture of the DCX tandem domains, the complex of
action is intramolecular in PDB entries 5109 and 5IN7 and T-DCX with the Fab1/108 was set up for crystallization. After 2
chains C and F of PDB entry 5101, whereas in chains A and Eof months, a crystal appeared. Two copies of a complex of N-DCX
PDB entry 5101, Trp>*” stacks against Arg'®” of a crystal lattice ~ core residues with Fab1/108 could be unambiguously placed
neighbor in an intermolecular interaction. Thus, the novel into the crystallographic asymmetric unit, but no electron den-
structures of N-DCX,; include the first x-ray structures in the  sity for C-DCX could be located. Furthermore, the crystal pack-
closed conformation and illustrate the full conformational ing provides no space for two additional C-DCX domains, and
space that is available to the C-terminal region of the N-DCX the solvent content calculated from the model is in the normal
domain. Conformational changes in region 221-245 are pro- range (48%). The absence of residues C-terminal of Thr**° in
posed to modulate the doublecortin domain arrangement in  both N-DCX molecules in this crystal is consistent with the
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FIGURE 2. The high resolution structures of N-DCX illustrate the different conformations occupied by its mobile C-terminal region. g, a superposition
of three N-DCX structures from different crystals (chain A of 5109 colored light gray; chain E of 510l colored pink; chain A of 5IN7 colored magenta) onto PDB entry
2BQQ (7) (colored blue) shows new open and closed N-DCX conformations. b, the superposition shown in a but rotated by 90° around the vertical axis. ¢, despite

the big differences in open and closed conformations of the C-terminal region, Trp??” always contacts a shallow pocket created by residues Lys'**, Val'3¢,

Arg'¥’, Gly?°3, Glu?®*, and Ser?®® on the DCX core. In the open conformation observed in 510l, this contact is intermolecular, Trp??” binding the pocket on a
crystal neighbor. d, stereo image showing the 2F, — F_ electron density at 10 and 510l chain E Trp?’” (magenta) interacting with Lys'3*, Val'3¢, Arg'’, Gly?%,

Glu2°%, and Ser?®® of chain A (yellow).

observation of multiple distinct conformations of this region in
our N-DCX,, structures. The inherent flexibility in this re-
gion probably allowed a contaminating protease to cleave
T-DCX. Hence, comparing the conformation of the C-ter-
minal peptide 222-245 of wild type N-DCX with those
observed in N-DCX,, was not possible. The structure of the
human wild type N-DCX domain core when bound to the
antibody is virtually identical to the isolated N-DCX,,
domain and can be superimposed on the various N-DCX,
structures with r.m.s. distances ranging from 0.5 to 1.0 A
(Fig. 3a). This result demonstrates that the surface entropy-
reducing double mutation K214D/K215D introduced for
crystallization did not affect the conformation of the N-DCX

SASBMB
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core. Fab1/108 recognizes the N-DCX loops 142-146, 174 —
177, and 213-216. N-DCX residue Ile’”® binds deeply into a
cleft between the two CDR3 of the light and heavy chains,
mainly interacting with the aliphatic atoms of heavy chain
Lys'? and Arg®° and with light chain Tyr®*. N-DCX Tyr'*®
has an aromatic stacking interaction with light chain Tyr*’.
N-DCX Asp'*3, Arg'**, Tyr'**, and Lys®'® are hydrogen-
bonded to Fab1/108, and N-DCX Phe?'® and Val®*'” make
additional hydrophobic contacts (Fig. 3). It is noteworthy
that the Lys*'® side chain that is mutated to Asp in the
N-DCX,;, that was specially designed for crystallization is
also part of the epitope recognized by the crystallization
helper Fab1/108. This first structure of wild type N-DCX
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lle176.

C Asn175

A

aY.
b tet7e € TY145 Argt44

=~ Phe213

FIGURE 3. The complex of wild type N-DCX with Fab1/108. g, schematic of the complex, N-DCX colored orange, Fab light chain colored blue, and heavy chain
colored cyan. N-DCX lle'”® at the center of the antibody epitope is highlighted in a ball representation. b, superposition of wild type N-DCX (orange) onto
N-DCXpp, (gray) shows that the double mutation K215D/K216D introduced for crystallization did not disturb the DCX core structure in N-DCXp. The side chains
of other residues interacting with the Fab1/108 are also shown. ¢, stereo image of the binding interface shows how Fab1/108 wraps around lle'”® with the
hydrophobic atoms of Lys'%° and Arg®° from heavy chain and Tyr®* and His®' from light chain. Additionally, N-DCX Asp'*3, Arg'**, Tyr'#°, Asp'”4, Asn'”’, and
Lys*'* are hydrogen-bonded to Fab1/108, and Phe?'® and Val?'” make hydrophobic contacts. Notably, Lys*'* of the K215D/K216D crystallization mutation in
N-DCXpp is part of the epitope recognized by the crystallization helper Fab1/108. d, the crystal packing is dense, without voids that would provide space for the

C-DCX domain.

confirms the validity of using the structural information
obtained from the N-DCX,, variant and also serves to
determine the epitope of the new N-DCX-specific mAb
1/108 research tool.

C-DCX Shows Cooperative Thermal Unfolding—To identify
optimal protein formulations for structural studies, C-DCX
(residues 251-356) was subjected to a thermofluor screen (14).
In the buffer 125 mMm NaAc, pH 4.5, 400 mMm NaCl, and 180 mm
CAPS, pH 10.0, 400 mm NaCl C-DCX displayed cooperative
unfolding transitions with melting temperatures of 59 and
68 °C, respectively. At more neutral pH (e.g. 180 mm Hepes, pH

16300 JOURNAL OF BIOLOGICAL CHEMISTRY

7.0, 400 mMm NaCl), Sypro Orange fluorescence was already
present at ambient temperature, indicating an exposed hydro-
phobic surface; hence, no melting temperature could be
detected (Fig. 4a). The protein was therefore stored in sodium
acetate buffer, pH 4, or CAPS buffer, pH 10.5, for subsequent
structural analysis.

NMR Shows Isolated C-DCX to Assume the DCX Fold in
Solution—To characterize the solution structure of C-DCX,
NMR experiments were conducted. Two-dimensional 'H-'>N
HSQC NMR spectra of C-DCX obtained at almost neutral pH
showed broad peaks indicative of protein aggregation. In con-
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FIGURE 4. C-DCX assumes an ordered structure. g, thermal shift curves from the thermofluor buffer screening show thermal unfolding transitions for C-DCX
in the buffers 125 mm NaAc, pH 4.5, 400 mm NaCl (blue) and 180 mm CAPS, pH 10.0, 400 mm NaCl (red), whereas in 180 mm Hepes, pH 7.0, 400 mm NaCl (green),
fluorescence is already present at the start and decays with protein precipitation. b, the assigned two-dimensional "H-'>N HSQC spectrum of C-DCX in NMR
buffer at 300 K and pH 4. Additional residues at the N terminus (residues 244 -250) are due to a cloning artifact. ¢, chemical shift index (CS/) histogram shows
the predicted secondary structure for C-DCX to be consistent with the DCX fold. Consensus CSl values of —1 indicate a-helix, whereas values of 1 correspond
to B-strand structures. d, sedimentation coefficient distribution c(s,,,,) for C-DCX at pH 7.5 reveals a dominant monomer peak at 1.15 S, which is consistent with
a folded DCX domain. The top panel with the integrated distribution shows that the monomer peak comprises 48% of the total loading signal and a series of

oligomers accounts for the rest.

trast, the NMR spectrum obtained in sodium acetate at pH 4
showed sharp peaks and high dispersion both in the "H and '°N
chemical shift dimensions, indicating that C-DCX assumes a
defined structure at pH 4 (Fig. 4b). The data quality allowed the
complete assignment of the backbone nuclei (*HN, **N, **Cq,
and '*Cp) and partial assignment of the side chain heavy atoms
for residues 251-356 of C-DCX. The secondary structure of
C-DCX was predicted by the chemical shift index (37), based on
the chemical shifts for the **Ca, *3*C’, and **CB nuclei. The
chemical shift index method predicted one a-helix between
residues 288 and 298 and four B-strands between residues 262
and 266, 274 and 280, 307 and 311, and 328 and 332 (Fig. 4c).
These secondary structure elements are consistent with
C-DCX assuming the archetypical ubiquitin-like fold of other
DCX domains. After the crystal of the C-DCX XA4551 com-
SASBMB
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plex became available, no further structure determination by
NMR was attempted.

AUC Sedimentation Data of C-DCX at pH 7.5 Indicate a
Folded Structure—To study the behavior of C-DCX at more
neutral pH, C-DCX was analyzed by AUC in HEPES buffer at
pH 7.5. The sedimentation coefficient distribution, ¢(s), shows a
dominant peak at s, ,,, = 1.15 S that comprises 48% of the total
loading signal (Fig. 4d). This peak belongs to the monomer of
C-DCX (residues 251-356), and the peaks at s,,,, > 1.5 S cor-
respond to oligomers. Despite the sample heterogeneity, the
molecular mass of 12.1 kDa calculated from the s, ,, for the
main species is within 93% of the molecular mass expected from
the C-DCX amino acid sequence (13.0 kDa).

For sedimentation data, the observed frictional ratio f,/f,,
a low resolution descriptor of shape or particle asymmetry,

JOURNAL OF BIOLOGICAL CHEMISTRY 16301
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equals the ratio of radii, r,/r,. The subscript /& denotes the
Stokes frictional coefficient and the Stokes radius of the
actual protein, whereas the subscript 0 denotes the value for
an equivalent sphere with the same mass and density. From
the sedimentation data of the dominant peak, a frictional
ratio of f,/f,, = 1.56 is fitted, which translates into r, = 2.42
nm and r, = 1.52 nm. These values are consistent with
C-DCX having at pH 7.5 a compact, folded DCX core
domain structure with flexible terminal extensions as
opposed to a molten globule.

Crystal Structure of C-DCX in Complex with XA4551 Con-
firms Its DCX Fold—For crystallization, a complex of C-DCX
and the V;;; XA4551 in 20 mm CAPS, pH 10.5, was purified by
SEC and mixed with 20% polyethylene glycol monomethyl
ether, 100 mm BisTris, pH 6.5, as precipitant, resulting in pH 6.5
in the crystallization droplet. The data set to 1.81 A resolution
collected from the obtained crystal was used to solve the struc-
ture of the complex (Table 1). C-DCX core residues 255-324
are defined in the electron density. As expected from the
sequence and from our NMR results, C-DCX assumes
the archetypical DCX fold (Fig. 54). When superimposed on the
NMR structure of the C-terminal DCX domain of DCDC2 that
shares 32% sequence identity with C-DCX (PDB entry 2DNF),
the resulting r.m.s. distance is 1.9 A (Fig. 5b). The C-DCX struc-
ture superimposes equally well on N-DCX with r.m.s. distances
ranging from 1.9 to 2.3 A between C-DCX and the 10 different
N-DCX chains available for comparison. The regions with the
largest differences compared with N-DCX are the loops around
residues 303 and 271 (Fig. 5¢). The V,;;; XA4551 recognizes
mainly the surface-exposed residues on the -strand 276 -280
and on the a-helix 291-298 as well as on the loop connecting
them and the neighboring loop 260-262 (Fig. 5, a and e). This
epitope on C-DCX comprises a hydrophobic surface that
includes a shallow groove exposing aliphatic side chain atoms
of residues Val*”®, Val*’%, Leu®®°, Ala**", 1le***, and Val**'. The
corresponding residues in N-DCX and N-doublecortin-like
kinase domains are deeply buried in the hydrophobic core by
the Phe'”® side chain emerging from a neighboring loop (Fig. 5,
d and e). The paratope on XA4551 consists mainly of frame-
work 1 and CDR1 residues, with Ile*! from CDRI filling the
hydrophobic groove on C-DCX. No residue from CDR3 and
only 2 residues from CDR2 and framework 3 interact with
C-DCX (Fig. 5e).

Discussion

A conformational switching model between an open and a
closed conformation of doublecortin was previously proposed
with the sequence region 221-245 that connects the DCX
domains expanding or folding back on the N-DCX core and
thereby modulating the distance between the N-DCX and
C-DCX domains (13). This model postulates that the resulting
changes in the distance between N-DCX and C-DCX are of
functional importance in the control of tubulin polymerization
and microtubule bundling. The model was based on three inde-
pendent observations on three different proteins. 1) A closed
doublecortin conformation was observed in the NMR structure
of N-DCX characterized by an intramolecular interaction of
Trp**” with Arg'®’. 2) Also, a similar molecular interaction

16302 JOURNAL OF BIOLOGICAL CHEMISTRY

between Trp'°° and the aliphatic part of Arg® is present in the
crystal structure of doublecortin-like kinase N-terminal DCX
domain (7). 3) The only observation of an open conformation
was in the one x-ray structure of N-DCX, (PDB entry 2BQQ).
However, there the extended C-terminal region of the dou-
blecortin N-DCX domain had extensive contacts with its crys-
tal neighbor molecule across a crystallographic 2-fold axis,
which stabilized the extended conformation (13).

With the 10 independent N-DCX domain structures dis-
cussed here, we provide more evidence corroborating and
extending the conformational switching model of doublecortin
function. The C-terminal region folds back onto the N-DCX
domain core, and the side chain of Trp**” contacts Arg"*” in an
intramolecular interaction in the N-DCX,, PDB entries 5109
and 5IN7 and in chains C and F of 5101, which therefore con-
firm the closed doublecortin conformations (Fig. 2). A closed
conformation derived from the NMR structure of N-DCX was
also used to fit the doublecortin density at the vertex of four
tubulin dimers in microtubules observed in cryo-EM (8, 10). In
PDB entry 5I0I chains A and E, the C-terminal sequence
regions are observed in an extended open conformation (Fig. 2).
Because Trp>*’ in 5IOI is interacting intermolecularly with
Arg"?” of a crystal lattice neighbor (Fig. 2c), we cannot rule out
the possibility that also our experimentally observed open con-
formation is stabilized by the crystal lattice. A high conforma-
tional freedom of the C-terminal region of N-DCX is also indi-
cated by the proteolytic cleavage of T-DCX that led to the wild
type N-DCX Fab1/108 crystal. Also, the absence of the C-ter-
minal linker region in 2 of 10 observed N-DCX copies in our
crystals could be explained by conformational heterogeneity.
Taken together, the differences in the trace of the C-terminal
regions of the N-DCX crystal structures and the observation of
three distinct closed conformations and two distinct open con-
formations in DCX domains suggest that each state in the con-
formational switch model of doublecortin function may com-
prise an ensemble of several conformations.

The minimal doublecortin fragment needed for co-assembly
with microtubules in pelleting assays was T-DCX, and the
'H-*>N HSQC NMR spectra of both N-DCX and C-DCX
showed line broadening consistent with binding, when incu-
bated with microtubules (5, 7). Also, patient mutations on both
domains weakened the cooperative binding of doublecortin to
13-protofilament microtubules in fluorescence microscopy
assays (11). However, in all cryo-EM structures of doublecortin
bound to 13-protofilament microtubules, only one of the two
DCX domains was observed at the corner of four tubulin
dimers (8 —10). Even from careful mapping and structural clas-
sification of X-linked lissencephaly and subcortical band heter-
otopia patient mutations onto this structure, the identity of this
DCX domain, N-DCX or C-DCX, could not be unambiguously
determined (6, 8). From these cryo-EM maps at ~8 A resolu-
tion, distinction of the structurally similar N-DCX or C-DCX
domains by their sequence alone is not possible. Actually, all
C-DCX and N-DCX core domain coordinates resulting from
the present study could be fitted into the density. In one
cryo-EM study, additional density was visible C-terminal of the
DCX domain core and reminiscent of the interaction with
Trp**” observed in the structures of N-DCX assuming the
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FIGURE 5. The C-terminal DCX domain has the DCX fold. g, overview of the complex between C-DCX (green) and the V,;,; XA4551 (cyan). The orientation is the
same as in b and c. b, superposition of the C-DCX domain (green) on DCDC2 C-terminal domain NMR structure (PDB entry 2DNF) (dark gray) shows that both
assume the classical DCX fold. The N and C termini as well as a few surface loops are labeled with residue numbers. c, superposition of the C-DCX domain (green)
on N-DCX core (gray). d, the hydrophobic surface patch on C-DCX (green) that is recognized by XA4551. Black labels indicate the C-DCX residues contributing
to the hydrophobic surface. Superimposed is the structure of N-DCX (gray), where Tyr'>" and Phe'*® side chains prevent the formation of a hydrophobic surface
pocket. e, stereo image showing how XA4551 (cyan) binds its epitope, which is a cluster of aliphatic side chains on the C-DCX surface on a 3-strand-loop-helix
motif (residues 276-298) and on an adjacent loop (residues 260-262). lle*' of XA4551 CDR1 plugs a shallow pocket lined exclusively by aliphatic side chains.

closed conformation. Based on the similarity to closed N-DCX
and the structural difference from the C-terminal DCX domain
of the distant homolog DCDC2, it appeared reasonable to
assign the domain bound to microtubules as N-DCX (10),
although the main chain trace around Trp**’ fitted the
observed density only poorly. Later it was observed that only
doublecortin patient mutations on C-DCX and not N-DCX
affected binding to curved microtubules in single molecule fluo-
rescence microscopy experiments, and all of those mutations
(R259L, P272R, T303I, and G304E) are interacting with micro-
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tubules when the DCX domain in the cryo-EM is modeled as
C-DCX (Fig. 6b) (12). And indeed, our data also indicate
C-DCX to be the domain bound to microtubules in the
cryo-EM studies, as will be detailed below.

Only the C-DCX-specific XA4551 disrupted T-DCX micro-
tubule binding, whereas the N-DCX-specific Fab1/108 did not
(Fig. 1, cand d). Because antibody binding did not alter the DCX
domain structures (Figs. 3b and 5b), we assume that neither
antibody induces a significant conformational change in dou-
blecortin that prevents its binding to microtubules. A steric
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FIGURE 6. The binding of anti-DCX domain antibody complexes isincom-
patible with the cryo-EM-derived binding mode of a DCX domain to
13-protofilament microtubules. g, superposition of the DCX domainsin the
C-DCX XA4551 complex and the N-DCX Fab1/108 complex shows that the
two antibodies recognize epitopes on different regions of the DCX domain
fold (N-DCX orange, C-DCX green, antibodies cyan and blue). The DCX
domains are in the same orientation as in b and c. b, superposition of the
C-DCX-XA4551 complex on the DCX domain observed in the doublecortin
microtubule complex PDB entry 2XRP shows that XA4551 clashes with tubu-
lin &2 and B2. The location of the patient mutations R259L, P272R, T303l, and
G304E that affected doublecortin binding to curved microtubules in single
molecule fluorescence microscopy experiments is indicated by arrows. ¢, the
same superposition of the N-DCX-Fab1/108 complex shows that Fab1/108
clashes with tubulin a1.

clash between DCX-bound antibody and the microtubule is
therefore needed to prevent T-DCX from microtubule binding.
If the antibody inhibits microtubule binding by steric clash, we
can deduce that the regions of C-DCX interacting with micro-
tubule include the XA4551 epitope. By similar reasoning, the
N-DCX region in contact with Fab1/108 cannot be part of
the microtubule binding interface. The superposition of the
N-DCX and C-DCX antibody complexes with the DCX domain
found in the cryo-EM structure showed that both XA4551 and
Fab1/108 would clash with the microtubule lattice (Fig. 6). If
N-DCX interacted with microtubules in the geometry observed
in the cryo-EM reconstructions, Fab1/108 should prevent
T-DCX from co-pelleting, which is not the case (Fig. 1c).
Because only the C-DCX-specific XA4551 prevented T-DCX
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from co-pelleting with microtubules (Fig. 1d), the DCX domain
observed in the cryo-EM density is very likely the C-DCX
domain, although direct interaction of N-DCX with microtu-
bules in a different binding geometry cannot be ruled out. If
mAb 1/108 bound to a surface of N-DCX facing away from
microtubules, it would not prevent co-pelleting of T-DCX with
microtubules, even when N-DCX formed part of the binding
interface to microtubules. Conformational heterogeneity of
N-DCX could have led to loss of electron density for this
domain during cryo-EM image processing and averaging.
Future cryo-EM studies can use the DCX domain-specific anti-
bodies described here as markers to distinguish the two DCX
domains.

The isolated C-DCX domain was previously assigned to have
molten globule-like properties, solely based on the recovery of
ANS fluorescence ambient temperature and neutral pH and the
extensive Stokes radius calculated from SEC retention times.
But already the same study detected reasonably wide chemical
shift dispersion of the C-DCX HSQC spectrum obtained at pH
7, and only the line broadening prevented NMR structure
determination (7). C-DCX did not show all of the required hall-
marks of molten globules, which include poor amide signal dis-
persion and rapid H;D exchange, and indeed, we observed
C-DCX to be a soluble and monodisperse monomer by SEC and
AUC, showing cooperative thermal denaturation in Sypro
Orange thermofluor assays at pH 4.5 and 10. Also, the AUC
experiment at pH 7.5 yielded values for the Stokes frictional
coefficient and radius that are consistent with a compact,
folded DCX core domain structure with flexible terminal
extensions (Fig. 4). Both the NMR assignment at pH 4 and the
x-ray structure at pH 6.5 now showed that C-DCX assumes a
defined structure with DCX fold. The hydrophobic surface
pocket on C-DCX exposing several aliphatic side chains may
explain the quenching of ANS and Sypro Orange fluorescence
at neutral pH, although it does not explain why there is no
quenching observed at acidic or basic pH.

Binding of XA4551 to this hydrophobic patch may indicate
that this part of the C-DCX surface may be predisposed for
protein-protein interactions. Such extended hydrophobic
regions on globular proteins are characteristic for permanent
protein-protein interfaces but are less often observed in tran-
sient protein-protein interactions, which instead frequently
involve hydrogen bonds from side chains (38). N-DCX appears
as the most obvious partner for a functionally important per-
manent intramolecular protein-protein interaction. However,
this seems unlikely, because NMR data did not reveal any sig-
nificant interaction between the two DCX domains within a
tandem construct (7). In agreement with this view, isolated
C-DCX and N-DCX did not form a stable complex, as judged by
SEC (data not shown). Also, the N-DCX domain neither pre-
vented ANS from binding to T-DCX nor protected the C-DCX
domain from cleavage by contaminating proteases during crys-
tallization of T-DCX. Superposition of C-DCX with the dou-
blecortin domain bound to microtubules showed that the
hydrophobic surface recognized by XA4551 is oriented toward
the microtubule. This indicates a possible role of this hydro-
phobic patch in the transient protein-protein interaction with
the microtubule lattice (Fig. 6).
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In summary, this study presents the first high resolution
structure of human C-DCX and the first crystallographic obser-
vation of closed conformations of the peptide region that links
doublecortin N-DCX domain core to C-DCX. The C-DCX-
specific antibody fragment XA4551 prevented co-assembly of
T-DCX with microtubules, whereas the N-DCX-specific anti-
body mAb 1/108 did not. When overlaid on the microtubule-
bound DCX domain observed in cryo-EM structures, the crys-
tal structures of the antibody complexes suggest this domain to
be C-DCX. Although the results presented here are in agree-
ment with most previous data in the literature, their straight-
forward interpretation is incompatible with a substantial part
of the current theories on doublecortin molecular mode of
action. Full clarification of this apparent paradox will require
further work in the future that may result in a new appreciation
of the role of the C-DCX domain in doublecortin function.
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