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a b s t r a c t

Glial fibrillary acidic protein (GFAP) is a homopolymeric type III intermediate filament (IF) that plays
essential roles in cell migration, mitosis, development, and signaling in astrocytes and a specific type of
glial cells. Its overexpression and genetic mutations lead to abnormal IF networks and accumulation of
Rosenthal fibers, which results in the fatal neurodegenerative disorder Alexander disease. Herein, we
present the first crystal structure of human GFAP spanning the central coiled-coil 1B domain at 2.5 Å
resolution. The domain forms a tetramer comprising two equivalent parallel coiled-coil dimers that pack
together in an antiparallel manner. Its assembly is stabilized by extensive networks of intermolecular
hydrogen bonds, salt bridges, and hydrophobic interactions. Furthermore, mapping of the GFAP muta-
tions associated with Alexander disease reveals that most involve residues buried in the core of the
interface, and are likely to disrupt the intermolecular interactions and/or introduce steric clashes,
thereby decreasing GFAP solubility and promoting aggregation. Based on our structural analysis and
previous biochemical studies, we propose that GFAP assembles in the A11 mode in which coiled-coil 1B
dimers lie in close axial proximity in an antiparallel fashion to provide a stable tetrameric platform for
the organization of the GFAP filament.
© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Intermediate filaments (IFs), together with microtubules and
microfilaments, form the cytoskeleton of eukaryotic cells that
provides mechanical support and strength to cells and tissues [1].
There are ~70 different genes encoding five classes of IF proteins
based on sequence homology and intron position [2]. Glial fibrillary
acidic protein (GFAP), along with desmin, peripherin, and vimentin,
belongs to the type III IF proteins. Since complete GFAP gene was
first identified in mouse [3], a large body of biochemical and
physiological evidence indicates that GFAP plays a critical role in
cell migration, motility, and mitosis [4]. GFAP-/- mice showed
morphological and functional impairment in the blood-brain bar-
rier [5], and displayed loss of white matter and disturbance of
myelination in the central nervous system (CNS), indicating a role
of GFAP in CNS development [6]. Furthermore, gene expression
profiling of GFAP-null astrocytes showed that several genes
involved in lysosomal degradation and inflammatory responses are
altered, strongly supporting a role for GFAP in cell signaling [7,8].
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In the past two decades, more than 200 mutations associated
with Alexander disease have been identified throughout the GFAP
gene. These mutations lead to abnormal GFAP IF formation and a
higher propensity for Rosenthal fibers in astrocytes, which are
aggregates of ubiquitinated GFAP proteins along with aB-crystallin
and heat shock protein 27 (HSP27) [9]. Overexpression of wild-type
GFAP or alteration in its splicing pattern is also found in brain tis-
sues from patients suffering from reactive astrogliosis, including
neurotrauma, ischemic stroke, brain tumors, and neurodegenera-
tive disease [9,10]. However, the relevance of these findings for
disease mechanisms remains unknown.

All IF proteins typically consist of four a-helical segments (1A,
1B, 2A, and 2B) flanked by non-helical N-terminal head and C-
terminal tail domains. The fundamental ‘building block’ of IFs is an
elongated a-helical coiled-coil dimer structure. In general, coiled-
coil proteins contain seven-residue heptad repeats, denoted as (a-
b-c-d-e-f-g)n, with hydrophobic amino acids leucine, isoleucine,
and valine at the a and d positions, and polar amino acids elsewhere
[11]. Residues at the e and g positions are frequently charged, and
influence the orientation and specificity of coiled-coil assembly.
Assembly of cytoplasmic IF proteins is initiated by the lateral as-
sociation of dimers into tetramers, and followed immediately by
the formation of nanometer-long unit-length filaments (ULFs).
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ULFs then anneal longitudinally to form short IFs, which ultimately
elongate further into a micrometer-long, mature filament [12]. For
nuclear lamins, however, elementary coiled-coil dimers start to
assemble into polymers via linear head-to-tail association [13].

Crystallization of full-length IF proteins is difficult due to their
intrinsic structural flexibility and tendency to self-assemble into
filaments. To date, a ‘divide-and-conquer’ approach is the only
method enabling successful structure determination of IF proteins,
and this has revealed a central a-helical domain fragmented into
short sections of 60e100 residues, the structures of which overlap
to establish the complete filament [14]. Using this strategy, struc-
tures of several fragments from keratin, vimentin, and lamin have
been studied extensively by X-ray crystallography (Table S1).
Herein, we present the first crystal structure of the human GFAP 1B
domain at 2.5 Å resolution. Structural analysis allows us to under-
stand not only the mechanism of GFAP assembly into filaments, but
also its role in Alexander disease at the molecular level.

2. Materials and methods

2.1. Cloning, expression, and purification

The gene encoding the human GFAP 1B domain (residues
110e213) was cloned into the NdeI and BamHI sites of the pET15b
vector that contains an N-terminal thrombin-cleavable hex-
ahistidine tag. Recombinant protein was produced in Escherichia
coli BL21 (DE3) cells. Cells were cultured in Luria-Bertani (LB) me-
dium at 37 �C. When the culture reached an absorbance at 600 nm
(OD600) of 0.7e0.8, protein expression was induced by addition of
1mM isopropyl-b-d-thiogalactopyranoside (IPTG), the temperature
was dropped to 20 �C, and cells were cultured for a further 16 h.

For purification, thawed cells were resuspended in lysis buffer
containing 20mM TRIS-HCl pH 8.0, 200mM NaCl, 10mM imid-
azole, 10 mg/mL DNaseI, and 1mM phenylmethylsulfonyl fluoride
(PMSF). Cells were broken by sonication at 40% amplitude with 30 s
on/off pulses for several cycles. Unbroken cells and cell debris were
removed by centrifugation at 40,000 g for 20min, and the super-
natant was loaded onto Ni-NTA affinity resin (Incospharm) equili-
brated with lysis buffer. Protein was eluted with 20mM TRIS-HCl
pH 8.0, 200mM NaCl, and 300mM imidazole. Removal of the his-
tidine tag was achieved by incubating with 0.1% (w/w) thrombin
protease for 16 h. The protein was further purified by Superdex 200
(GE Healthcare) gel filtration chromatography.

2.2. Glutaraldehyde crosslinking analysis

For glutaraldehyde-mediated crosslinking, glutaraldehyde
(Sigma-Aldrich) was added to purified protein (0.9mM) at varying
final concentrations (2.5%, 0.25%, 0.025%, 0.0025%, and 0.00025%
w/v). Mixtures were incubated for 30min on ice, and reactions
were quenched with 20mM TRIS-HCl pH 8.0, then analyzed on a
15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel.

2.3. Crystallization, data collection, and structure determination

Rod-shaped crystals were grown at 22 �C by the sitting-drop
vapor diffusion method using a reservoir solution containing
100mM TRIS-HCl pH 8.0, 400mM NaCl, and 22% (w/v) poly-
ethylene glycol (PEG) 10,000. Well-formed crystals were trans-
ferred into a cryoprotectant solution containing 100mM TRIS-HCl
pH 8.0, 400mM NaCl, 27% (w/v) PEG 10,000, and 3% (v/v) EG, and
flash-frozen in liquid nitrogen. The diffraction data were processed
with the HKL2000 software package (HKL Research Inc.). Initial
phases were obtained by molecular replacement (PHASER, CCP4)
using the separate helices of the human vimentin 1B structure (PDB
code 3UF1) as searchmodels [15]. The atomicmodel was built using
COOT [16]. Refinement of the structurewas performed by REFMAC5
[17] and PHENIX [18]. X-ray crystallographic data and refinement
statistics are summarized in Table S2. All figures in the manuscript
were generated using PyMOL (www.pymol.org).

3. Results and discussion

3.1. The human GFAP 1B domain forms a homotetramer in solution

To explore the oligomeric state of the human GFAP 1B domain
(hGFAP_1B) in solution (Fig. 1A), the purified protein was treated
with glutaraldehyde and analyzed on SDS-PAGE gels. At low
glutaraldehyde concentrations between 0.00025% and 0.025%,
monomeric or dimeric forms of hGFAP_1B were evident on gels,
whereas at a glutaraldehyde concentration above 0.25%, the major
bandwas shifted to a position corresponding to the tetrameric form
of hGFAP_1B, accompanied by the disappearance of the monomer
(Fig. 1B). We observed that crosslinked multimeric products of
hGFAP_1B migrate more slowly on SDS-PAGE gels than would be
expected on the basis of its predicted molecular mass; the dimeric
and tetrameric forms of hGFAP_1B were observed at positions
corresponding to molecular masses of ~30 and ~60 kDa, compared
with calculated molecular masses of 24 and 48 kDa, respectively.
Their slower migration during gel electrophoresis is probably due
to a significant increase in structural rigidity induced by cross-
linking that retards the mobility of multimeric hGFAP_1B through
the gel. A shift to the trimeric species was barely observed on SDS-
PAGE gels, suggesting that hGFAP_1B is likely to exist as a stable
‘dimer-of-dimers’ complex.

The oligomeric state of hGFAP_1B in solution was confirmed by
size exclusion chromatography. The elution profile revealed the
appearance of a single peak between the aldolase (158 kDa) and
ovalbumin (43 kDa) protein markers, which corresponds to the
molecular weight of the hGFAP_1B tetrameric complex (Fig. 1C).
Consistent with the crosslinking data obtained using glutaralde-
hyde, the hGFAP_1B tetramer displayed a shorter retention time
thanwould be expected for the molecular mass. Taken together, the
crosslinking and gel filtration results suggest that the tetrameric
assembly of hGFAP_1B provides a structural basis for stability and
integrity in the organization of the GFAP filament.

3.2. Overall structure of the human GFAP 1B tetramer

Consistent with the above crosslinking and gel filtration ana-
lyses, the crystal structure revealed that hGFAP_1B forms a
tetramer comprising two equivalent parallel coiled-coil dimers that
pack together in an antiparallel manner (Fig. 2A and S1). The
crystallographic asymmetric unit contains two sets of tetramers
(Fig. S2) that are fundamentally the same, with Ca root mean
square deviation (rmsd) values of 0.3 Å, suggesting that this tetra-
meric state is structurally stable under our crystallization condi-
tions (Fig. S3). Intriguingly, one half of the hGFAP_1B tetramer
exhibits higher B factors than the other half (Fig. S4A). This polar-
ization of structural flexibility appears to be related to the lack of
local crystal contacts in the P1 lattice (Fig. S2). Also, formation of
the flexible coiled-coil over a large area may allow a more rapid
formation of ULFs by regulating precise lateral interactions with
other GFAP tetramers.

Given the acidic isoelectric point (pI) of 4.7, we expected that
hGFAP_1B would have a strong negative electrostatic potential
throughout the protein. However, our structure showed that
hGFAP_1B has regions of both negative and neutral charges on the
molecular surface (Fig. S4B). This suggests that hydrophobic
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Fig. 1. The GFAP 1B domain forms a homotetramer. (A) Schematic representation of full-length human GFAP. The 1B domain that was crystallized in this study is highlighted in
green. Sequence alignment of 1B domains in human GFAP and vimentin is shown underneath the diagram, with the heptad repeat assignment included. Heptad a and d positions
and the ‘stutter’ region (h-i-j-k) are highlighted in yellow and cyan, respectively. (B) Purified hGFAP_1B was crosslinked with various concentrations of glutaraldehyde and analyzed
by SDS-PAGE. (C) Size exclusion chromatography profile of purified hGFAP_1B following separation on a Superdex 200 increase 10/300 GL column. Elution of standards is shown in
the top panel, and elution of hGFAP_1B is shown in the bottom panel. Molecular mass standards are as follows: thyroglobulin, 669 kDa; ferritin, 440 kDa; aldolase, 158 kDa;
ovalbumin, 43 kDa; ribonuclease A, 13.7 kDa.
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residues are not only buried in the coiled-coil interface, but also
exposed on the solvent-accessible surface, where they can
mediate helix-helix interactions and filament organization. This
observation is consistent with previous data indicating that a
small surface hydrophobic strip composed of four residues in the
mouse keratin 16 1B domain plays a critical role in homotetramer
stabilization [19]. In our structure, single apostrophes indicate
residues that differ between the two large helices.

3.3. Structure of the GFAP 1B coiled-coil dimer

Analysis of the heptad register in hGFAP_1B using the pro-
gram SOCKET [20] revealed that the homodimeric coiled-coil
packing is formed by 13 characteristic heptad repeats (Fig. 1A).
The hGFAP_1B dimer interaction is mediated by equivalent hy-
drophobic residues of the two chains, predominantly leucine, at
heptad positions a and d, following the ‘knobs-into-holes’ pack-
ing arrangement (Fig. 2A and S5) [21]. These homotypic
interactions include amino acids A113, L120, L127, L148, L155,
L169, A176, I190, I197, and V208 in a layers, and Y116, L123, L130,
L137, L144, V151, A165, A179, L186, L193, L200, and L211 in
d layers. The coiled-coil interface of hGFAP_1B also includes
charged or polar hydrophobic residues that are relatively unfa-
vorable for the formation of canonical coiled-coils [22]. Aromatic
or aliphatic side chains stabilize the hydrophobic core of the
coiled-coil, while charged head groups create a number of
intermolecular hydrogen bonds (Y116-Q1170, S134-S1340, E158-
T1590, and Y172-R1730) and salt bridge (R141-E1400 and E158-
R1620) interactions (Fig. 2BeE). This indicates a strong contri-
bution by these residues to dimer stabilization. Interestingly,
R183 at the d position forms a water-mediated hydrogen bond
with the backbone carbonyl oxygen of E1780, allowing the coiled-
coil interface to complete the network (Fig. 2F). Notably,
hGFAP_1B has two regions lacking this heptad periodicity; the N-
terminal three amino acids (110e112), and a ‘stutter’ region
containing four residues (194e197) denoted as h-i-j-k at the C-



Fig. 2. Structure of the human GFAP 1B domain. (A) The hGFAP_1B tetramer is assembled as a dimer-of-dimers with two parallel a-helices. Residues involved in ‘knobs-into-
holes’ interactions are shown in stick representation. Areas enlarged in (B) to (G) are boxed. (BeG) Detailed dimer interfaces in the hGFAP_1B structure. Residues associated with
coiled-coil irregularities are labeled. Heptad repeat positions are written in parentheses. An ordered water molecule (W) is represented by a red sphere.
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terminal end [23]. Although these regions were not assigned as
heptad repeats, they both adopted an extended a-helix and
contributed to the formation of the continuous coiled-coil. In
particular, H204 at the h position of the stutter region lies within
the hydrophobic interface, and plays a key role in maintaining
the coiled-coil geometry through p-p stacking interactions via
the two imidazole rings (Fig. 2G). These extensive intermolecular
interactions in the coiled-coil, together with those in the dimer-
dimer interface, may facilitate interaction between hGFAP_1B
monomers and stabilize the tetrameric structure (Supplementary
Discussion and Figs. S6 and S7).

3.4. Structural comparison between human GFAP and vimentin 1B
domains

This study showed that the coiled-coil structure of hGFAP_1B is
very similar to that of the corresponding domain of human
vimentin, with a Ca rmsd value of 1.7 Å, as expected on the basis of
their high sequence identity of 61% (Figs. 1A and 3A). In both
structures, the two a-helices (chains A and B) form a highly
asymmetric parallel dimer in which chain B has a fully intact a-
helix, while chain A is composed of two distinct a-helices. How-
ever, superposition analysis revealed small but significant struc-
tural differences near the bent region of chain A (residues 169 to
172), where the extent of the bend differs. Calculation using the
CCbends program indicated that the coiled-coil axis of hGFAP_1B
contains a very large ~15.7� bend in this vicinity (Fig. S8A) [24].
However, vimentin contains a bend of only ~9.2� in the corre-
sponding region. This difference may be associated with two as-
pects. First, we observed that backbone hydrogen bonds of chain A
are broken between residues E166 and A170, as well as N167 and
A171, in the hGFAP_1B structure, which presumably increases the
flexibility of the molecule at this point (Fig. 3B). By contrast,
vimentin contains only one broken hydrogen bond between Q204
and Q208, which correspond to A170 and Q174 in hGFAP_1B,
allowing for less flexibility at the vicinity of the bent region
(Fig. 3C). Second, we found that two small alanine residues of
hGFAP_1B, A176 and A179, are located in the coiled-coil interface,
occupying a and d positions of the heptad repeats (Fig. 3B). As
indicated using the program TWISTER [25], these consecutive
alanines appear to enable tighter packing of the a-helices by
shortening the coiled-coil radius by ~0.8 Å compared with the
remaining more canonical segments (Fig. S8B). By contrast,
vimentin contains the branched V210 residue, structurally corre-
sponding to A176 of hGFAP_1B, which forms a canonical homo-
typic core packing interaction with the equivalent residue of the
partner helix, indicating increased coiled-coil radius compared
with hGFAP_1B (Fig. 3C and S8B). Therefore, the degree of bending
is smaller in vimentin than hGFAP_1B.We predict that, despite the
high sequence identity, differences in the degree of bending be-
tween GFAP and vimentin are likely to affect the specificity of
homopolymeric coiled-coil pairing because at least some essential
interactions may be missing in the assembly of heteropolymeric
coiled-coil dimers.



Fig. 3. Comparison of parallel coiled-coil packing in human GFAP and vimentin 1B domains. (A) The coiled-coil 1B domain of human GFAP is pairwise superimposed with that
of human vimentin. Least squares alignment of the whole protein (left) and that of the N-terminal half within GFAP (residues 110e160) and the corresponding region of vimentin
(residues 144e194, right) are indicated. Chains A and B are drawn as ribbons and colored green and orange in GFAP, and dark and light gray in vimentin, respectively. Areas enlarged
in (B) and (C) are boxed. (B) Close-up view of coiled-coil packing in GFAP, and (C) in vimentin, with side chains shown in stick representation.
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3.5. Impact of Alexander disease-related mutations on the human
GFAP 1B structure

Among Alexander disease-associated mutations identified in
GFAP, 14 mutations, including missense, insertion, deletion, and
duplication, are present in the rod 1B domain (Table S3). To seek a
structural explanation for the impacts of these mutations, we
mapped the 14 amino acid changes on the crystal structure of
hGFAP_1B determined in this study (Fig. 4A). The results indicate
that these alterations may affect the stability of the coiled-coil
dimer, as well as the formation of the GFAP tetramer. For
example, mutation of V115 to isoleucine or phenylalanine creates
steric clashes with the neighboring K2020 and E2060 residues
(Fig. 4B) [26], likely resulting in distortion of the helical structure,
which would perturb the dimer-dimer interface. In the structure,
L123 in heptad position d is inserted into a hole formed by the
neighboring four residues L1200, L1230, R124, and L1270 in heptad
positions a, d, e, and a, respectively (Fig. 4C). Accordingly, the L123P
mutation may eliminate this characteristic knobs-into-holes
interaction, thereby destabilizing the parallel coiled-coil structure
[27]. In addition, the L123P mutation results in steric clashes be-
tween the proline and the backbone carbonyl oxygens of E119 or
L120, which may result in a locally kinked configuration to avoid
steric clashes. D128 is involved in key hydrogen bond and ionic
interactions with three residues, R1880, K1890, and S1920, in the
dimer-dimer interface (Fig. 4D) [28]. Mutation to asparagine may
disturb these interfacial interactions due to loss of local negative
charge. The structure also indicates that mutation of E207 to valine,
glutamine, or lysine would eliminate the stabilizing ionic interac-
tion with H2040 in the coiled-coil interface by altering the local
electrostatic potential from negative to positive (Fig. 4E) [26]. In
particular, mutations to glutamine or lysine would cause direct
collision with H204'. These mutations would likely induce a kink in
the helix to avoid charge repulsion or steric clashes, thereby
causing aberrant GFAP filament formation.We alsomapped D157N,
E205K, and E210K mutations on the hGFAP_1B structure (Fig. 4A)
[26,28]. The side chains of these residues are not involved in
hydrogen bond or electrostatic interactions stabilizing the coiled-
coil or tetrameric structure. Rather, they are exposed on the sur-
face of the molecule, and these mutations would change the elec-
trostatic potential at the surface of the molecule without inducing
steric clashes. Hence, we predict that these mutations would affect
the lateral annealing of GFAP tetramers into ULFs, in turn pre-
venting normal GFAP filament formation.

Compared with the single missense mutations mentioned
above, insertion, deletion, and duplication mutations would be
expected to cause more severe structural changes in GFAP helices.
For example, insertion of amino acids between R124 and L125, or
their duplication, may destabilize not only the structure of the a-
helix, but also the GFAP tetrameric assembly, due to the loss of ionic
interactions with the neighboring E1190 and E1960, and cation-p
interactions with F199' (Fig. 4F) [29,30]. Insertion of amino acids
between R126 and L127, or their duplication, may result in the loss
of hydrophobic interactions with L1230, L1270, and L130' (Fig. 4G)
[30,31]. R201 forms a salt bridge interaction with E1960 in the
parallel coiled-coil structure; hence its deletionwould likely induce
local disturbance during coiled-coil assembly (Fig. 4H) [32]. In
summary, modeling of Alexander disease-associated mutations
based on the hGFAP_1B structure suggests that mutations are likely
to destabilize the fundamental helical structure, and result in the
loss of stabilizing interactions in the GFAP dimer and tetramer,
thereby disrupting in vivo GFAP filament assembly.

In summary, we determined the first crystal structure of the
human GFAP 1B domain. Similar to the previously reported
vimentin structure, our structure suggests that the GFAP filament is
assembled via lateral association of two parallel coiled-coil dimers



Fig. 4. Structural impacts of Alexander disease-associated mutations on the hGFAP_1B structure. (A) Residues involved in Alexander disease-related mutations are labeled on
the hGFAP_1B structure and shown as cyan and magenta balls. (B�H) Close-up views of mutations associated with Alexander disease. The mutated residues are drawn as cyan sticks
and superimposed on the corresponding wild-type residues in the hGFAP_1B structure.
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with their 1B domains arranged in an antiparallel manner (the A11
mode; Fig. S9). We conclude that extensive networks of intermo-
lecular interactions, together with distinct bending of the helical
molecule, increase the stability of the coiled-coil, and the specificity
of its intramolecular and intermolecular interactions.
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