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Abstract
ARL5 is a member of ARLs, which is widespread in high eukaryotes and homologous between species. But no structure or biological function of this member is reported. We expressed, puriﬁed, and resolved the structure of human ARL5 with bound GDP3 0 P
at 2.0 Å resolution. A comparison with the known structures of ARFs shows that besides the typical features of ARFs, human
ARL5 has speciﬁc features of its own. Bacterially expressed human ARL5 contains bound GDP3 0 P which is seldom seen in other
structures. The hydrophobic tail of the introduced detergent Triton X-305 binds at the possible myristoylation site of Gly2, simulating the myristoylated state of N-terminal amphipathic helix in vivo. The structural features of the nucleotide binding motifs and
the switch regions prove that ARL5 will undergo the typical GDP/GTP structural cycle as other members of ARLs, which is the
basis of their biological functions.
 2005 Elsevier Inc. All rights reserved.
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ARFs are a family of Ras-related GTP-binding proteins [1]. ARLs [2] belong to the subfamily of ARFs
and share 40–60% primary sequence identity to that of
ARFs. At least six ARFs and eight ARLs comprise this
small G-protein family. Existing studies on ARFs indicate that they show diverse functions in many organelles. ARF1 regulates the recruitment of vesicle coat
polymers to the Golgi apparatus [3]; ARF6 coordinates
endocytotic membrane traﬃc with aspects of cytoskeleton organization [3,4]; ARL1 regulates Golgi structure
and functions [5–7]. These functions depend on the release of the tightly bound GDP which is catalyzed by
appropriate guanine exchange factors (GEFs) and the
hydrolysis of GTP which is stimulated by the GTPase*
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activating proteins (GAPs) [8]. Solved structures reveal
that ARFs fold into a conservative structure [9–17].
Most of these members undergo the typical GDP/GTP
structural cycle, which is adapted to their functions.
ARL5 is widespread in high eukaryotes [18,19]. They
are homologous between species, but we do not have
any related structural or biochemical information. The
structure of human ARL5 can help us reveal the structural features of this subfamily and the possible conformational change during the GDP/GTP structural cycle,
which is the basis of their biological functions in vivo.

Materials and methods
Cloning, expression, and puriﬁcation. Cloning of the gene encoding
human ARL5 was carried out by the Shanghai Institute of Hematology. The ampliﬁed gene was cloned into pET22b (+) (Novagen)
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between the restriction sites of NcoI and XhoI. The expression vector
pET-ARL5 added a C-terminal His6 tag and linker peptide to the
expression protein. The construction was conﬁrmed by DNA
sequencing. ARL5 was expressed in E. coli stain B834(DE3) (Novagen)
after induction with 0.5 mM isopropyl-b-D-thiogalactopyranoside
(IPTG) for 4 h at 37 C. The cells were harvested by centrifugation and
were lysed with a cell disrupter. Soluble fraction was loaded on a 5 ml
Chelating Sepharose Fast Flow resin loaded with NiSO4 and preequilibrated in 50 mM Tris–HCl (pH 8.0), 500 mM NaCl, and 20 mM
imidazole. After three washes with increasing concentrations of imidazole (20, 50, and 100 mM), the bound protein was eluted with
300 mM imidazole. Proteins eluted from the resin were further puriﬁed
to high homology by size exclusion chromatography on Superdex 200
column (Amersham Biosciences).
Crystallization and data collection. Human ARL5 was crystallized
using the hanging-drop, vapor diﬀusion method. Screening experiments were performed with commercial kit Screens 1 and 2 from
Hampton Research. Microcrystals were obtained in 0.1 M sodium
acetate (pH 4.6), 1.5 M ammonium sulfate. The crystals were ﬁrst
urchin like clusters, without deﬁnite shape. By tuning pH ﬁnely and
adding detergents, we ﬁnally got the single rod like crystals from a
protein solution of 10 mg/ml mixed in a 1:1 ratio with well solution
containing 0.1 M sodium citrate (pH 5.3), 1.4 M ammonium sulfate,
and 0.1% Triton X-305 at 15 C. We did not introduce any GDP
molecules or magnesium ions during the crystallization process. The
crystals grew to about 0.4 · 0.06 · 0.06 mm3 within a week.
Diﬀraction data were collected at Spring-8 (Himeji, Japan) and
Photon Factory (Tsukuba, Japan). They were integrated and scaled
with DENZO and SCALEPACK from the HKL program suite [20].
The results show that the crystal belongs to the space group I222/
I212121 (ﬁnally identiﬁed as I212121), with one molecule in the crystallographic asymmetric unit. The diﬀraction data statistics are summarized in Table 1.
Structure determination and reﬁnement. The structure was solved by
molecular replacement with MolRep [21] in the CCP4 [22] suite. The
search model was the structure of rat ARF1 (PDB entry 1RRG), which
displays 49% sequence identity with human ARL5. The initial model was
manually rebuilt with the program O [23] and reﬁned with CNS [24]. The
reﬁned model was put into ARP/wARP [25], resulting in a partially
Table 1
Crystal data, data collection, and reﬁnement statistics
Space group
Unit cell parameters (Å)
a
b
c
Molecules (a.u.)
Mosaicity ()
Resolution range (Å)
Unique reﬂections
Average redundancy
Completeness
Rmerge (%)
I/r (I)
Non-hydrogen atoms
Amino-acid residues
Sulfate ions
Water molecules
Rwork (%)
Rfree (%)
r.m.s.d. bond lengths (Å)/angles ()
Average B-values (Å2) for main
chain/sidechain/water/sulfate ions/
GDP3 0 P
a

I212121
76.8
81.5
84.6
1
0.45
50.00–2.00 [2.06–2.00]a
16149
5.5
88% [91%]
0.091 [0.44]
34.1 [3.3]
1403
173
2
114
21.2%
22.2%
0.007/1.44
29.6/34.2/36.3/27.3/28.3

Numbers in parentheses correspond to the highest-resolution shell.
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docked model. The new model was further reﬁned with CNS and rebuilt
with O. After several cycles of reﬁnement, we obtained the ﬁnal model. A
summary of the reﬁnement statistics is given in Table 1. The coordinates
and structure factors for human ARL5-GDP3 0 P have been deposited in
the RCSB Protein Data Bank with accession code 1ZJ6.
Structure analysis and ﬁgure preparation. The structure alignments
and r.m.s.d calculations were performed by O. The molecule surface
was drawn by GRASP [26]. Structure and electron density representations were drawn by MolScript [27], rendered by Raster3D [28].

Results and discussion
Overall structure
The structure of human ARL5-GDP3 0 P complex has
been determined to a resolution of 2.0 Å by X-ray diffraction using molecular replacement. The core of this
structure is a six-stranded b-sheet surrounded by ﬁve a
helices, linked by loops and three 310 helices. It exhibits
the typical fold of ARFs and has the typical components
of this family: the N-terminal amphipathic a helix that
rests at the hydrophobic pocket between the C-terminal
helix and the interswitch [13,19] region; two switch regions (switch I and switch II) that interact with the eﬀectors when they are in their active GTP-bound form; the
interswitch region which transmits the conformational
change during the GDP/GTP structural cycle. Human
ARL5 gene encodes 179 amino acids, the crystal structure showing it as a monomer. The reﬁned model includes residues from 2 to 178 (missing residues from
70 to 73 which are located at the loop region and where
the electron density is poor) one molecule of guanosine
5 0 -diphosphate-3 0 -monophosphate (GDP3 0 P), two sulfate ions, and 114 ordered water molecules. The overall
structure is shown in Fig. 1.
Bacterially expressed human ARL5 contains bound
GDP3 0 P
The higher aﬃnity for GDP over GTP and lipid
dependence on the binding of activation guanine nucleotides likely explain the presence of GDP in the nucleotide binding site of ARFs as puriﬁed from mammalian
tissues or bacteria [29]. We did not introduce any
GDP molecules in the crystallization trials, but the
solved structure shows distinct positive density at the
GDP-binding site. During model rebuilding and reﬁnement, a well-deﬁned mass of 2Fo  Fc and Fo  Fc density within the sequence from Gly23 to Lys29 (P-loop)
clearly indicated the presence of a small molecule. We
put one GDP molecule into the nucleotide binding site;
it ﬁtted well into the density, except that there was still a
clear, unﬁlled positive density at the 3 0 position of the ribose. Composite omit map conﬁrmed the continuous
density as well. The distance from the center of the density to the 3 0 hydroxyl suggests that the 3 0 ribose is covalently modiﬁed by an additional phosphate as referred
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Fig. 1. A stereo view of the human ARL5-GDP3 0 P. We colored the a helices red, b-strands yellow, and the coils green. GDP3 0 P is shown in ball-andstick representation. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this paper.)

[12]. 2Fo  Fc and Fo  Fc maps rebuilt with GDP3 0 P as
ligand exhibited no positive or negative density at the
nucleotide binding site. See Fig. 2 for details. This is another evidence that GDP3 0 P is a natural ligand of
ARLs. GDP3 0 P involves in the stringent responses in
E. coli [30,31]. We do not know of its biological signiﬁcance in eukaryotes; but from the structure we can see
that the modiﬁed phosphate points to the solvent region
and is not involved in any electrostatic interactions. So
we can predict that as the analog of GDP, GDP3 0 P
can bind other ARLs with high aﬃnity. It can compete
for the binding site at the nucleotide binding pocket with
GDP, and it may be a universal substrate of these proteins. That GDP3 0 P plays a similar or opposite role
when taking the place of GDP remains to be proved.
But it provides us with a clue in devising small medical
substrate to these proteins. By covalently modifying the
3 0 position of the ribose, we can produce the competitive
substrate to ARLs, which suggests a possible way to regulate these proteins.

N-terminal switch and the myristoyl motif
ARF1 interacts with the membrane through its
amphipathic N-terminal helix [32], which is also called
the N-terminal switch. The N-terminal switch is very
important, because it regulates the structural cycle and
the spatial cycle of the protein. Corresponding to the
GDP/GTP structural cycle, ARFs undergo the spatial
cycle of moving between the cytoplasm in GDP-bound
form and anchored to the membrane in GTP-bound
form. The N-terminal switch interacts with the membrane through two components: one is the myristoyl
motif at Gly2 by myristoylation. Myristoylation irreversibly adds a saturated C:14 fatty acid to the N-terminal glycines of some ARFs. The long hydrophobic tail
of the myristate gives a basal aﬃnity for the lipid regardless of the protein conformation. The other is the clusters of hydrophobic residues of the N-terminal helix,
whose sidechains insert into the membrane when dissociated from the pocket in active GTP-bound state. But

Fig. 2. Left is an electron-density map of GDP3 0 P. The 2Fo  Fc map is shown contoured at 1r level. Right is a GRASP model showing the
electrostatic surface of ARL5. GDP3 0 P is drawn in ball-and-stick model. We colored carbon atoms white, oxygen atoms red, nitrogen atoms blue,
and the phosphate atoms yellow. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
paper.)

Z.-X. Wang et al. / Biochemical and Biophysical Research Communications 332 (2005) 640–645

we still need to determine the structural features that account for stable existence of saturated C:14 hydrophobic
tail in the cytoplasm in GDP-bound form and its rapid
switch to the aﬃnitive form when approaching the membrane. The N-terminal myristoylation site of human
ARL5 is circled by the tail of the crystallization detergent Triton X-305, mimicing the natural conﬁrmation
of myristate, providing us a visual explanation to the
question mentioned above. Myristoylation occurs at
the N-terminal glycine [33], which means that the encoded N-terminal methionine was excised during the
expression. We propose that human ARL5 is myristoylated in native form. The high similarities of N-terminal
sequence with that of ARF1 (which is myristoylated at
the N-terminal glycine) and the hydrophobic environment around the N-terminus make it possible. Expressed human ARL5 starts from Gly2, which is
necessary for myristoylation. Furthermore, the N-terminal glycine is circled by a well-deﬁned, half-ring-shaped
density. The density is evident even when the Fo  Fc
map is contoured at the 3r level. It has the shape of a
detergent tail, but not the shape of any residue. We happened to add Triton X-305 in the crystallization process,
which is a key component in crystal optimization. As the
tail of Triton X-305 is similar to that of Triton X-100,
except the diﬀerence in length, we used the known structure of Triton X-100 as model, ﬁlled just 14 atoms (–C–
C–O–C–C–O–C–C–O–C–C–O–C–C–) into the density,
corresponding to the 14 carbon atoms of myristate.
The ﬁnal result is illustrated in Fig. 3. The conformation
of the detergent tail reveals how it can be stable while
keeping a basal aﬃnity to the membrane. The hydrophobic tail is like a rope ﬁrmly wrapping the terminal
glycine, but not extending freely into the solvent region
as we had expected. The half-ring-shaped conﬁrmation
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lowers the free energy by burying most of the hydrophobic atoms in the hydrophobic pocket. This conformation
also facilitates the end of myristate to disassociate from
the gap of the half ring and keep a basal aﬃnity to the
membrane. It is the ﬁrst structure that illustrates a possible conformation of myristoylation at N-terminal glycine in ARLs.
As the least hydrophobic lipid modiﬁcation [32,34],
myristoylation alone cannot explain the GTP dependent
hydrophobic interaction between ARFs and the membrane. It is rather weak and dissociates quickly, but is
strengthened when the sidechains of N-terminal hydrophobic residues are inserted into the membrane. Comparing the N-terminal sequence of ARL5 with that of
ARF1, we ﬁnd that it exhibits more hydrophobicity with
the three clusters of hydrophobic components L4F5,
I8W9, and L11F12. N-terminal sequence alignment is
shown in Fig. 3. Replacement of Phe9 of ARF1 with
Trp9 (which is the counterpart in ARL5) increases the
aﬃnity of N-terminus for the lipids [32]. In addition to
the insertion of hydrophobic sidechains, the long sidechains of the following polar residues are responsible
for the non-speciﬁc electrostatic interactions. The above
evidences reveal that the N-terminus of human ARL5
plays an important role in the GDP/GTP structural
cycle.
Key motifs in the GDP/GTP cycle
It is well illustrated that ARFs exhibit functional cycle during the GDP/GTP structural cycle. The process
involves the exchange of GDP for GTP and is in principle reversible. The bound GTP can be hydrolyzed to
GDP with the help of GAPs, which is irreversible. Does
ARL5 undergoes this GDP/GTP structural cycle? What

Fig. 3. Above is a stereo view of the additional electron density around the N-terminal glycine. We ﬁlled 14 atoms (10 carbon atoms and four oxygen
atoms) of the hydrophobic tail of Triton X-305 into the density. We colored the carbon atoms yellow, the oxygen atoms red, and the nitrogen atoms
blue. Below is the N-terminal sequence alignment of human-ARL5 and rat-ARF1. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this paper.)
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Fig. 4. Left: the overlapped structures of ARL5-GDP3 0 P and ARF1-GDP. We only kept the N-terminus, switch regions, and interswitch region of
ARF1, and colored them purple. We colored the corresponding parts of ARL5 light blue and the remaining parts white. GDP3 0 P, Gly69, and Asp66
of ARL5 are represented in ball-and-stick model. Right: the overlapped structures of ARL5-GDP3 0 P and ARF1-GTP. The structures were
represented the same way as the left. GTP, Gly70, and Asp67 of ARF1 are represented in ball-and-stick model. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this paper.)

are the structural elements that make this cycle possible?
Comparing the ARL5 structure with the known structures of ARF1-GDP, ARF6-GDP, and their GTP
bound forms, we found that two key motifs contribute
to the structural cycle. One is the GLDxxGK motif (in
ARL5 is GLDNAGK), called P-loop [35]. During the
cycle, GDP/GTP rests at the highly conserved polar
pocket which changes less and holds the nucleotide
tightly via hydrogen bonds. The other key motif is the
DxGGQ motif (in ARL5 is DIGGQ) upstream of switch
II. We may call it a movable lid. It covers the top of the
pocket constructed by P-loop, facing the 5 0 phosphate of
the nucleotide. During the GDP/GTP cycle, the lid
moves accordingly to adjust the space between the 5 0
phosphate and the lid, so that the pocket can hold the
nucleotide ﬁrmly. In ARL5, the conserved Asp66 in the
motif occupies the position just opposite the b-phosphate of GDP, leaving no room for binding the c-phosphate of GTP. When activated, the interswitch will
undergo a two-residue register shift that pulls the two
tandem glycines to the place of Asp66, making enough
room to facilitate GTP binding. The structure of the
key motif P-loop is very conservative throughout this
family [36]. These two key motifs altogether compose
the structural basis of the GDP/GTP cycle.

ARF1-GDP, the switch regions of ARL5 show the
highest variation (r.m.s.d = 2.1 Å in switch I region
and 1.9 Å in switch II region), while residues from
Asn83 to Arg175 converge to very similar structures
(r.m.s.d = 0.72 Å). These structural diﬀerences explain
their speciﬁcity in target protein selection. Comparing
ARL5-GDP with GTP-bound ARFs, we can uncover
that the switch I region undergoes the most remarkable
conformational change. In human ARL5, part of
switch I is folded into a b-strand that forms part of
the central b-sheet core. This ordered structure is further stabilized by the N-terminal amphipathic helix.
In ARF1-GTP, with the release of the N-terminus,
the auxiliary hydrophobic interaction disappears,
switch I exhibits a relax conformation, exposing a larger contact surface. WhatÕs more, this extended conformation eliminates steric hindrance in GEF binding.
Switch II changes less during its interaction with
GEFs, but confers the main recognition surface. We
did not construct the residues of ARL5 from Gln70
to Leu73 where the electron density is poor. The region
does not form an ordered structure, which is consistent
with its property as the speciﬁc recognition site. Structural alignment of ARL5 and ARF1 is shown in Fig. 4.

Variations in the switch regions
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