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Primary cilia play central roles in signaling during metazoan
development. Several key regulators of ciliogenesis and ciliary
signaling are mutated in humans, resulting in a number of cil-
iopathies, including Joubert syndrome (JS). ARL13B is a ciliary
GTPase with at least three missense mutations identified in JS
patients. ARL13B is a member of the ADP ribosylation factor
family of regulatory GTPases, but is atypical in having a non-ho-
mologous, C-terminal domain of �20 kDa and at least one key
residue difference in the consensus GTP-binding motifs. For
these reasons, and to establish a solid biochemical basis on
which to begin to model its actions in cells and animals, we
developed preparations of purified, recombinant, murine
Arl13b protein. We report results from assays for solution-
based nucleotide binding, intrinsic and GTPase-activating
protein-stimulated GTPase, and ARL3 guanine nucleotide
exchange factor activities. Biochemical analyses of three human
missense mutations found in JS and of two consensus GTPase
motifs reinforce the atypical properties of this regulatory
GTPase. We also discovered that murine Arl13b is a substrate
for casein kinase 2, a contaminant in our preparation from
human embryonic kidney cells. This activity, and the ability of
casein kinase 2 to use GTP as a phosphate donor, may be a
source of differences between our data and previously published
results. These results provide a solid framework for further
research into ARL13B on which to develop models for the
actions of this clinically important cell regulator.

Primary cilia have sparked keen interest in recent years due
to their essential roles in mammalian development, cell signal-
ing, and a group of human diseases called ciliopathies, including

Joubert and Bardet-Biedl syndromes (1–3). Primary, or immo-
tile, cilia play key roles in sensing and responding to cues during
development of metazoans and in the regulation of a variety of
essential cellular processes, including proliferation, differenti-
ation, and cell signaling (4, 5). The formation of cilia (ciliogen-
esis), their maintenance, signaling to the cell body, and the traf-
fic of proteins to and from cilia are highly regulated processes
that are essential to the cell and organism. Defects in any of
these systems can result in alterations in the length or structure
of cilia, with consequences to metazoan development or spe-
cific signaling properties.

Ciliopathy patients present with a broad array of develop-
mental defects, including brain anomalies, kidney disease, vis-
ual impairment or loss, intellectual disability, and obesity. Sev-
eral of these symptoms are due to aberrant cell signaling,
including abnormal Sonic hedgehog (Shh)2 signaling. Mice
without primary cilia lack Shh signaling and die during midg-
estation (6). Inappropriate activation of Shh signaling results in
cancer, whereas its misregulation during development results
in dysmorphologies (7, 8). Developing treatments for each of
these conditions is critical yet very challenging given the intri-
cate connections between ciliogenesis, ciliary maintenance,
and ciliary signal transduction. Human patient mutations and
genetic screens for mutations in mice that present with ciliopa-
thy-related phenotypes have been particularly important in
identifying genes/proteins that are essential to ciliogenesis, cil-
iary maintenance, and/or ciliary signaling (9, 10). Among those
are members of the ARF family of regulatory GTPases, includ-
ing ARL13B, ARL6 (also known as BBS3), and ARL3 (11–15).

ARL13B was first linked to ciliogenesis in zebrafish, where a
mutant in the gene, scorpion, led to polycystic kidneys (12). The
mouse Arl13b null allele, hennin, displays structural defects in
the ciliary axoneme, loss of Shh signaling, and embryonic
lethality (16). Mouse embryonic fibroblasts derived from
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Arl13bhnn display a lower percentage of ciliated cells, shorter
cilia, and a number of defects in Shh signaling and components
(17). To date, three mutations in the coding region of human
ARL13B are known in JS patients (18, 19). These patients reach
adulthood with specific neural, ocular, and renal defects (18,
19). Two of the three Joubert syndrome mutations in ARL13B
map to the predicted GTP-binding sensitive switch region,
termed switch 2, consistent with a specific defect in signaling
mediated by this regulatory GTPase. ARL13B arose early in
eukaryotic evolution and is absent from non-ciliated organisms
(20).

Regulatory GTPases act as molecular switches and cycle
between inactive, GDP-bound, and active, GTP-bound, confor-
mations. This cycle is tightly regulated by interactions with
protein modulators of activity, GTPase-activating proteins
(GAPs), and guanine nucleotide exchange factors (GEFs).
GAPs bind preferentially to the “activated” (GTP-bound) state
and can promote GTP hydrolysis, resulting in termination of
signaling, but can also serve as effectors (21). GEFs serve as
upstream activator of the GTPase by increasing the off-rate of
GDP, which is typically the rate-limiting step in activation. Each
family and sub-family within the RAS superfamily have distinct
non-overlapping collections of these modulators. For example,
the six mammalian ARFs interact with �30 ARF GAPs (22–26)
and �16 ARF GEFs (23, 25, 27). These ARF GEFs and GAPs are
almost without exception inactive against the other members of
the ARF family, the ARLs, or other GTPases. No GEFs or GAPs
are currently known for any ARL13B ortholog, although we
have identified a GAP activity from bovine brain that we
describe below.

ARL13B is a member of the ARF family of regulatory
GTPases but is atypical. Although almost all other ARF family
members are single domain �20-kDa proteins, ARL13B con-
tains a second domain of unknown function, termed the C-ter-
minal domain, which is also �20 kDa in size. The N-terminal
GTPase domain contains a change in the conserved nucleotide-
binding motif, termed the G-3 motif, found in other ARF and
heterotrimeric G proteins (DXXGQ) (12, 16, 28, 29). The glu-
tamine in this motif is commonly mutated to generate domi-
nant-activating mutants, as described earlier (e.g. RAS(Q61L)
(30 –32) or ARF(Q71L) (33)), but is a glycine in ARL13B (Gly-
75). The consequence(s) of such a change is currently unknown
but might be predicted to cause changes in its constitutive level
of activation, its mechanism of GTP hydrolysis, or both.
Because the homologous glutamine in the G-3 motif is directly
involved in GTP hydrolysis, this difference in ARL13B is
expected to be informative as to its regulatory mechanisms.

Dominant-inactivating mutants of a variety of RAS super-
family members have been used in a number of different assays,
based upon mutation of the conserved Ser/Thr in the P-loop
(also termed the G-1 motif, GX4GK(S/T)) (Fig. 1). Their mech-
anism of action is thought to include reduced affinity for gua-
nine nucleotides, mimicking the transition state of the GEF-
bound GTPase, resulting in tighter binding of the GEF and
thereby decreasing its ability to activate endogenous GTPases.
Use of each of these mutants within members of the ARF family
has proven useful in studies of their cellular actions and in
screening for partners (33–37).

At least three previous reports described assays for detecting
guanine nucleotide binding to ARL13B orthologs. Hori et al.
(38) purified the N-terminal truncation mutant of human
ARL13B, ARL13B(�19), from bacteria as a GST fusion protein
and report a KD of 20 �M for GTP�S. Cantagrel et al. (18) puri-
fied full-length human GST-ARL13B from bacteria and report
a half-maximal binding of GTP to be 0.7 �M. Each of these
earlier reports used the classical rapid filtration assay, promi-
nent in GTPase research (39, 40), with minor modifications.
More recently, Miertzschke et al. (41) reported the crystal
structure and nucleotide binding properties of the GTPase
domain (residues 18 –242) of Chlamydomonas arl13, also puri-
fied from bacteria. This protein co-purified with bound nucle-
otides at a ratio of 4:1 GTP/GDP. Using a solution-based fluo-
rescence assay, they found a 5-fold faster off-rate for mant-GDP
than for mant-Gpp(NH)p, consistent with the different stoichi-
ometries of co-purifying nucleotides (42). They did not report
an apparent KD, presumably due to the presence of pre-bound
GXPs that complicated on-rate determinations.

Here we report the expression, purification, and biochemical
characterization of full-length murine and human ARL13B,
and we show them to be stable, soluble proteins with atypical
properties. We also assess consequences of the three Joubert
mutations, the two most common site mutations in the ARF
family and RAS superfamily GTPases predicted to affect nucle-
otide binding or hydrolysis, and the N-terminal truncation
mutant (�19) used previously (38). We demonstrate that casein
kinase 2 (CK2) can phosphorylate murine, but not human,
ARL13B. Because CK2 is an atypical kinase in its ability to use
GTP (or GTP�S) as a phosphate (or thiophosphate) donor,
there is a clear risk that radioligand binding data may be con-
founded by covalent modification of the murine GTPase.
Together, these studies provide a solid framework on which to
develop models for the actions of this clinically important cell
regulator.

Results

Mammalian ARL13B proteins are characterized as atypical
members of the ARF family as the result of the following: 1)
their larger size, about double other family members; 2) lack of
the highly conserved glutamine in the G-3 motif that is critical
for GTPase activity in others; 3) use of a double palmitoylation
motif near the N terminus, and the predicted presence of both
coiled-coil (Fig. 1, gray shadowing) and proline-rich (light blue
highlight) motifs in the C-terminal domain. An alignment is
shown in Fig. 1 with mouse Arl13b, Arl2, Arf1, and H-ras to
highlight the conservation among RAS and ARF family mem-
bers as well as the key differences. In Fig. 1, green indicates the
five motifs found in regulatory GTPase that interact with bound
nucleotides, termed G-1–G-5. Residues highlighted in yellow in
Fig. 1 are involved in post-translational modifications that pro-
mote membrane association. Also shown in red in Fig. 1 are the
residues that are mutated and characterized in our studies, as
described below. Members of the ARF family of regulatory
GTPases typically express to high levels in bacterial systems and
purify as soluble proteins, allowing detailed analyses of nucleo-
tide binding, other activities, and structures (43– 47). However,
we found that full-length murine Arl13b was nearly completely
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insoluble in bacterial lysates, as also reported by others (38).
Thus, we sought a different system for expression of soluble
murine Arl13b.

Generation of purified preparations of murine Arl13b and the
N-terminal truncation mutant Arl13b (�19)

We purified soluble, full-length protein by expressing mam-
malian ARL13B fused at the N terminus to glutathione S-trans-
ferase (GST) in human embryonic kidney 293T (HEK) cells.
The vector used, pLEXm-GST, contains a TEV protease cleav-
age site after the GST sequence, allowing the generation of the
recombinant protein with only five additional residues, after
removal of the GST tag. We were concerned that the full-length
protein may bind guanine nucleotides poorly as a result of the
potential presence of a lipid-sensitive clamp provided by an
amphipathic helix at the N terminus, based upon precedence
established for other ARF family proteins (48). Thus, we puri-
fied murine Arl13b lacking the first 19 residues, designated
Arl13b(�19). This is also the form of the protein first
described and characterized in Hori et al. (38), although in that
case it was purified from bacteria.

We optimized expression and affinity purification of murine
GST-Arl13b and GST-Arl13b(�19) in HEK cells, as described
under “Experimental procedures” and reported previously (49,
50). Typically, we obtained 2–3 mg of purified Arl13b protein/
liter of culture for each construct. Purity was determined, based
upon densitometry of Coomassie Blue-stained SDS-polyacryl-
amide gels, to be 71% after glutathione-Sepharose and 93% after

gel filtration (Fig. 2). The full-length murine Arl13b protein is
427 residues and has a predicted molecular mass of 48 kDa. The
addition of the �28-kDa GST should yield an �76-kDa fusion
protein. However, our purified GST-Arl13b and, after cleavage
of the GST tag, Arl13b migrated in SDS gels with apparent sizes
of just under 100 and �68 kDa, respectively (Fig. 2). This agrees
with previous reports of aberrant migration of ARL13B pro-
teins in SDS gels (16). Note that after cleavage with TEV, five
residues at the N terminus (GVDGT) remain that are not pres-
ent in the native murine Arl13b protein. These residues are
present in every protein purified in this fashion.

Use of the filter trapping assay to measure nucleotide binding

To determine the binding of [35S]GTP�S to Arl13b, we first
used the standard nitrocellulose filter trapping assay used for
decades in GTPase research (39, 40, 51, 52). As described below,
this initial approach resulted in data that were confounded by
covalent transfer of radiolabeled �-phosphate from either
[35S]GTP�S or [�-32P]GTP, used as ligands in the binding
assays, due to the presence of small amounts of contaminating
CK2. We include these initially confusing data here to better
highlight the issues and potential for misinterpretation of GTP
binding data, as CK2 is one of only a very few kinases that can
use GTP or GTP�S as substrate.

We used purified, bacterially expressed human ARL2 as a
positive control in our binding assays (44, 51, 53). We quanti-
fied binding of [35S]GTP�S using time courses of 30 min or less,
as is optimal for ARL2, but we observed little or no binding to

Figure 1. ARL13B is an atypical member of the ARF family of regulatory GTPases. Primary sequence alignment of murine MmArl13b, MmArl2, MmArf1, and
MmHras is shown. Residues of ARL13B mutated and analyzed in our study are highlighted in red. Sites of phosphorylation identified in mouse ARL13B are
underlined and in bold. The G1–G5 motifs are highlighted in green. The predicted coiled-coil and proline-rich regions are highlighted in gray and light blue,
respectively. Residues involved in covalent modifications that promote membrane association are highlighted in yellow: N-terminal glycine for ARF1 myris-
toylation, C-terminal farnesylation for HRAS, and palmitoylation sites near the N terminus of ARL13B.
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Arl13b. We extended the time course at 30 °C to as much as
24 h and explored effects of varied concentrations of Mg2�,
NaCl, and detergents or lipid/detergent micelles (0.7% sodium
cholate, 0.1% Triton X-100, 0.1% Nonidet P-40, 10 mM CHAPS,
0.1% SDS, or the other detergents plus 0.1% SDS). The proto-
type of the ARF family (ARF1) is sensitive to each of these (40,
45, 54). We found the signal for GST-Arl13b increased
steadily with time but was prevented by high (800 mM) NaCl. Of
the conditions tested, the most counts retained on the nitrocel-
lulose filters in the presence of 10 mM MgCl2, 1 mM EDTA, 100
mM NaCl, 3 mM DMPC, and 0.1% sodium cholate. Although the
effects of including DMPC and cholate were much more mod-
est than those found earlier for ARF proteins (40, 45), they did
increase the signal so we included them in our assays.

As we extended the incubation time in the assay, it became
evident that Arl13b’s signal increased more slowly than ARL2’s
signal (Fig. 3A). At 30 °C, ARL2 binding reached a peak within
the first hour, and then lost binding with time due to ARL2
instability; at the same time, the GST-Arl13b and Arl13b sig-

nals steadily and linearly increased (Fig. 3A). We extended the
time course to 24 h, at which point the counts associated with
Arl13b appeared stable and at a plateau. Because of concerns
that the GST tag may alter the rate or extent of binding of
guanine nucleotides, we compared Arl13b before and after
removal of the GST tag in this assay. We found no differences in
either the rate or extent of the signal achieved (Fig. 3A).

The use of non-hydrolyzable or slowly hydrolyzable guanine
nucleotides in GTPase research has been established and veri-
fied over several decades as providing reliable binding data.
However, the chemical differences between various modified
triphosphates (e.g. GTP, GTP�S, Gpp(NH)p, and Gpp(CH2)p)
result in differences in the geometry of the �-phosphate that
could alter binding kinetics or stoichiometries. For this reason,
we performed binding studies using [�-32P]GTP instead of the
[35S]GTP�S. We observed apparent binding that was similar in
time course to that of [35S]GTP�S but lower stoichiometries
and more variability. We attribute these results to the relative
instability of GTP, especially over the many hours of incubation
at 30 °C that are involved in these binding assays.

ARF proteins have higher affinity for GDP than GTP due to
the slower divalent metal- and hydrophobicity-sensitive rate of
release of bound GDP (48, 54). Thus, the slow rate of GTP�S
binding could result from a slow off-rate of co-purifying GDP,
as first observed in heterotrimeric G proteins (55). To address
this, we performed [3H]GDP binding assays under the same
conditions as those used for [35S]GTP�S. Our control, ARL2,
bound the [3H]GDP rapidly and with similar kinetics to that of
[35S]GTP�S (see Fig. 3, A and B), with binding again decreasing
at later times, presumably due to protein instability. Maximal
stoichiometries of GDP binding to ARL2 varied between prep-
arations and experiments, likely related to its relative instabil-
ity, but always exceeded 20%. In stark contrast, binding of
[3H]GDP to any of our Arl13b protein preparations ap-
proached background levels and never exceeded 0.02 mol
of GDP bound/mol of Arl13b (Fig. 3B). We also tested
[�-32P]GTP in the filter trapping assay for Arl13b and found no
evidence of binding at all. Thus, the filter trapping assay yielded
positive results when either [35S]GTP�S or [�-32P]GTP was the
ligand but not when [�-32P]GTP or [3H]GDP was used.

Figure 2. Purified protein preparations of murine Arl13b. Murine GST-
Arl13b was purified from HEK cells as described under “Experimental proce-
dures.” The purified preparation (2 �g) is shown prior to (lane 2) or after over-
night cleavage (at 4 °C) with TEV protease (lane 3). Gel filtration using a
Sephadex S200 column resulted in removal of GST and TEV (lane 4). Protein
standards are shown in lane 1, with sizes of each marked on the left.

Figure 3. Filter trapping assay highlights the aberrant properties of murine Arl13b in this assay. The nitrocellulose filter trapping assay was performed
as described under “Experimental procedures,” using either [35S]GTP�S (A and C) or [3H]GDP (B) as ligands. Purified human ARL2 is included as a positive control
for guanine nucleotide binding. Filled symbols show results with GST-Arl13b or Arl13b. A, GTPases (1 �M) were incubated in the presence of 10 �M [35S]GTP�S
at 30 °C, and time points were taken at the indicated times. Note that the amount of [35S]GTP�S bound to ARL2 declines over time, as a result of protein
instability. B, binding of [3H]GDP is shown for the same two proteins under the same conditions and again ARL2 binds rapidly but this is lost with time due to
protein instability. In contrast, murine GST-ARL13B does not bind GDP. C, dissociation of the [35S]GTP�S was monitored after pre-incubation as described in A
by addition at t � 0 of excess (100 �M) unlabeled GTP�S. The experiments were performed in duplicates, with at least two different preparations of each protein.
Each point shows the mean � S.E.
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Murine Arl13b co-purifies without bound nucleotide

A potential complicating factor that could result in slow
GTP�S binding and even prevent the GDP binding is the pres-
ence of pre-bound nucleotide(s) (40, 55, 56) in our ARL13B
preparations. ARF proteins purify from bacteria or mammalian
tissues with �1 mol of GDP/mol of protein, and its slow and
phospholipid/detergent-dependent release hampered early
detection of GTP binding (45, 57) as well as accurate determi-
nation of on-rates. Previous reports demonstrated stoichiomet-
ric co-purification of GTP and GDP with Chlamydomonas
arl13 (41), heightening concern that a pre-bound nucleotide
may confound interpretation of radioligand binding studies.
We used quantitative HPLC analysis of nucleotide(s) released
from heat-killed preparations of murine GST-Arl13b to assess
the extent of nucleotide co-purification. We generated distinct,
linear standard curves for GDP and GTP in the range of 0.2–30
�M nucleotides by integrating the areas under each peak for
each nucleotide and subtracting backgrounds, determined in
buffer-only runs. We chose to analyze GST-Arl13b, instead of
Arl13b, to minimize the time after purification during which
the nucleotide could dissociate and go undetected. After dena-
turing protein by boiling at 95 °C for 5 min and filtering to
remove denatured protein, we analyzed three different prepa-
rations of GST-Arl13b. As a positive control, we used bacteri-
ally expressed and purified human ARF6, as ARL2 co-purifies
without bound nucleotides. We found 0.095 mol of GDP/mol of
ARF6 and 0.159 mol of GTP/mol of ARF6 for a total stoichiom-
etry of 25.4% nucleotide bound. Three different preparations of
GST-Arl13b yielded 0.005, 0.006, and 0.010 or an average of
0.007 mol of GDP bound/mol of GST-Arl13b (0.7% stoichiom-
etry). We failed to detect GTP coming from GST-Arl13b. Thus,
GST-Arl13b is distinct from the ARFs, although similar to
ARL2, in co-purifying essentially without bound nucleotides.

“Binding” of GTP�S to purified murine Arl13b is essentially
irreversible

To determine the apparent rate of dissociation of GTP�S
from Arl13b, we pre-loaded the protein by incubation with 10
�M [35S]GTP�S for 24 h at 30 °C. We added an excess (100 �M

final concentration) of unlabeled ligand to prevent re-binding
of the nucleotide after dissociation, and we determined the
amount of [35S]GTP�S that remained protein-associated over
time at 30 °C by filter trapping. We used ARL2 as a positive
control, although it was pre-loaded for a shorter period of time
(1 h). GTP�S dissociated from ARL2 rapidly (t1⁄2 � 4.6 min) and
completely within 30 min (Fig. 3C). In contrast, we observed a
very slow rate of dissociation for Arl13b. Even after 24 h of
incubation at 30 °C with excess cold GTP�S, we found �90% of
the [35S]GTP�S remained protein-associated (Fig. 3C). Thus,
the association of radioligand with protein appeared to be
essentially irreversible. This observation drove us to re-inter-
pret our filter trapping data.

Murine Arl13b is a phosphoprotein

The irreversible nature of the protein-associated radioactiv-
ity in our radioligand binding data and absence of signal in the
same assay when using [3H]GDP or [�-32P]GTP as radioligands
are each consistent with a covalent modification, rather than

reversible ligand binding. Therefore, phosphorylation of
murine Arl13b in the presence of GTP, or thio-phosphorylation
in the presence of GTP�S, may explain the data described
above. To test this, we performed the same incubations de-
scribed for our binding assay, but instead of trapping protein on
nitrocellulose filters, we stopped the reaction by the addition of
Laemmli’s sample buffer, resolved in denaturing (SDS) poly-
acrylamide gels, and used autoradiography to visualize any pro-
tein-associated radioactivity. Because thiophosphorylation is
more unusual, and predicted to be more informative, we
focused initially on GTP�S as a possible (thio)phosphate donor.

We found a time-dependent increase in the covalent incor-
poration of 35S into purified murine Arl13b upon incubation
with [35S]GTP�S, as seen by autoradiography of dried SDS-
polyacrylamide gels (Fig. 4A, top right panel). Because the 35S is
on the �-phosphate, we conclude that the reaction taking place
during in vitro incubation is thiophosphorylation. This thiophos-
phorylation displayed similarly slow kinetics (taking several
hours to reach a maximum) to what we observed in the filter
trapping assay.

To test whether murine Arl13b purified from HEK cells is a
phosphoprotein and to confirm whether it can become thiophos-
phorylated upon in vitro incubation with GTP�S, we per-

Figure 4. Murine Arl13b is a phosphoprotein that can be thiophosphor-
ylated on Ser-328 by CK2 in standard in vitro assays for GTP�S binding.
Left panels in each case show Coomassie Blue staining of the gel, and the right
panel shows the results from autoradiography of the dried gel, revealing
covalently bound [35S]thiophosphate incorporation. The times of incubation
at 30 °C are indicated at the top. A, indicated preparations of murine Arl13b (4
�M) were incubated in the radioligand binding assay using [35S]GTP�S, but
instead of filter trapping to detect bound nucleotide, the reactions were
stopped with Laemmli SDS sample buffer, and proteins were resolved in
denaturing SDS gels and stained with Coomassie Blue, prior to drying and
exposure to film. B, murine and human GST-ARL13B (2 �g) were analyzed as
described in A, in the absence or presence of the CK2 inhibitor (10 �M). C,
commercially obtained and purified, recombinant CK2 increases the incorpo-
ration of thiophosphate into murine but not human GST-ARL13B (2 �M). The
GTPases were incubated with [35S]GTP�S for the times indicated at 30 °C with
and without added CK2 (4 �M). Exposure times for films were the same within
each panel but differed between panels. For example, C was exposed to film
for a shorter time than in A, to minimize saturation of the signal.
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formed LC-MS/MS analysis of the purified protein with and
without incubation with GTP�S. We analyzed a total of seven
preparations of purified murine Arl13b and identified five sites
of potential phosphorylation, although the extent varied quite a
lot between sites and preparations, as estimated by the number
of peptide spectrum matches (PSMs) (Table 1). We found ser-
ines 323, 328, 370, 372, and 427 were phosphorylated. As we
only found weak evidence (a single PSM) to support phospho-
serine at residue 427, we do not discuss it further. Because Ser-
370 and Thr-372 are within the same tryptic peptide and could
not be unambiguously resolved by tandem MS/MS, we treat
them as indistinguishable. We compared multiple samples with
and without an overnight incubation with GTP�S (Table 1).
The site(s) with the largest number of PSMs for phosphopep-
tides were Ser-370/Thr-372 which had 712 PSMs and an aver-
age of 102 across the seven samples analyzed (range 71–143).
This is also the most consistent finding as the other sites were
more variable. Ser-328 displayed the largest number of PSMs in
three of the seven samples analyzed (194, 197, and 182) but had
0 PSMs in two others, so Ser-328 was the most variable site.
These modifications appeared stable as overnight (�20 h) incu-
bation of the purified protein at 30 °C with or without the phos-
phatase inhibitor mixture HALT did not result in changes in
the number of PSMs at any site. Thus, murine Arl13b as puri-
fied from HEK cells is clearly a phosphoprotein with modifica-
tions commonly found at Ser-328 and Ser-370/Thr-372,
although we cannot exclude other potential sites as coverage
averaged 69% (range 56 – 80%) of the entire protein. Our find-
ing that all of the sites of thiophosphorylation are in the C-ter-
minal domain of murine Arl13b is consistent with our observa-
tion that no 35S was incorporated into the N-terminal GTPase
domain upon incubation with [35S]GTP�S (Fig. 4A, bottom
lane).

Because fluorography revealed the covalent incorporation of
[35S]thiophosphate into murine Arl13b, we identified sites of
thiophosphorylation after in vitro incubations with GTP�S. We
incubated the protein at 30 °C for 20 h in the presence of a
10-fold molar excess of GTP�S in 25 mM HEPES, pH 7.4, 100

mM NaCl, 10 mM MgCl2, 1 mM EDTA. LC-MS/MS identified
four potential sites of thiophosphorylation, including each of
those listed above, except for Ser-427. Again, Ser-370/Thr-372
had the highest number of PSMs (25, range of 0 –18), with Ser-
328 next (16, range of 0 –13) and Ser-323 with 10 (range 0 –9).
These data (Table 1) suggest that there may be an inverse cor-
relation between the extent of phosphorylation of the protein as
purified and the extent of thiophosphorylation observed after
in vitro incubation with GTP�S.

Human ARL13B purified from HEK cells is not
thiophosphorylated in vitro

With the discovery that murine Arl13b is a phosphoprotein,
we sought to test the generality of this observation to humans.
By aligning the primary sequences of human and murine
ARL13B in the C-terminal region, we found the sites homo-
logous to Ser-370/Thr-372 are conserved, whereas those homo-
logous to murine Ser-323 and Ser-328 are threonine and
asparagine in human ARL13B, respectively. We expressed full-
length human ARL13B with the N-terminal GST fusion in HEK
cells and found similar levels of expression and purity to our
mouse Arl13b preparations. However, after incubation with
[35S]GTP�S and analysis by fluorography using the same con-
ditions described above for the murine protein, we detected no
[35S]thiophosphate incorporation into the protein in SDS gels
(Fig. 4B). This prompted us to focus on Ser-328 as the site in
murine Arl13b likely to be the important acceptor in our in
vitro assays.

Murine Arl13b is thiophosphorylated by contaminating casein
kinase 2

Because ARL13B is predicted to bind guanine nucleotides
and the phosphorylation/thiophosphorylation being moni-
tored during in vitro incubations is using GTP or GTP�S as
phosphate donor, we tested whether autophosphorylation was
the mechanism involved, through mutagenesis of the GTPase.
We note that some RAS GTPases have been shown to autophos-
phorylate during in vitro incubation with GTP (58). The

TABLE 1
Murine Arl13b is a phosphoprotein as purified from HEK293 cells that is thiophosphorylated upon in vitro incubation with GTP�S
Purified murine GST-Arl13b was analyzed by LC-MS/MS to identify sites of phosphorylation and thiophosphorylation, with or without prior incubation in vitro in the
presence of GTP�S and the protein phosphatase inhibitor cocktail HALT. The conditions used to treat each sample are indicated on the left, followed by the number of
peptides, PSMs and coverage for each sample. The numbers of PSMs for each phosphopeptide or thiophosphopeptide are also shown, along with totals and averages over
the seven samples analyzed.
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P-loop/G-1 motif is one of the most highly conserved regions in
nucleotide-binding proteins, including both GTPases and pro-
tein kinases (59), and is involved in binding to the �-phosphate
and Mg2� in the nucleotide-binding pocket. Mutation of this
conserved lysine in different nucleotide-binding proteins has
been shown to result in decreased affinity for nucleotides (60),
loss of enzymatic activity (61), or both (62). In murine Arl13b
this region is 28GLDNAGK34. We mutated Lys-34 to alanine
(K34A), predicting this to disrupt nucleotide binding (see
below), and we purified the protein from HEK cells. We found
thiophosphorylation of murine Arl13b(K34A) with similar
kinetics and stoichiometry to the wild-type protein (Fig. 4A).
This result is inconsistent with autophosphorylation being
responsible for the thiophosphate found covalently attached to
murine Arl13b after in vitro incubation with GTP�S. Rather, it
suggests that the purified protein preparation contains a con-
taminating protein kinase that can use GTP/GTP�S as phos-
phate donor.

Only a few mammalian protein kinases are known to use
GTP as phosphate donor, including CK2 (63), calcium/calmo-
dulin-dependent protein kinase II (CaMKII) (64), and protein
kinase C � (PKC�) (65). Ser-328 in murine Arl13b is within the
sequence 327DSEDEQD333 that includes a number of acidic res-
idues, notably Glu-331 at the �3 position, that fit predictions
for potential sites of phosphorylation by CK2. By searching pro-
teins identified in our LC-MS/MS analysis of purified murine
Arl13b, we confirmed CK2 was present in the samples. To test
whether contaminating CK2 from HEK cells was responsible
for the thiophosphorylation of our purified murine Arl13b, we
incubated purified Arl13b and GTP�S in the absence or pres-
ence of the casein kinase II inhibitor I (EMD Millipore catalog
no. 218697) (Fig. 4B). We detected no thiophosphorylation of
murine Arl13b in the samples containing 10 �M inhibitor I. In
addition, we found increased thiophosphorylation when we
incubated Arl13b and GTP�S with a commercial preparation of
purified CK2 (Novus Biologicals NBC1-18386) (Fig. 4C). These
data reveal that murine Arl13b is a substrate for CK2, present in
our Arl13b preparations from HEK cells.

To test whether Ser-328 is the main site of thiophosphoryla-
tion, we generated both phospho-null (S328A) and phospho-
mimic (S328D) point mutants and purified each from HEK
cells. Each of these mutants expressed to similar levels in HEK
cells and purified indistinguishably from the wild-type protein.
When incubated in the presence of [35S]GTP�S, we found the
S328A mutant was deficient as a thiophosphate acceptor (Fig.
4A), although we note some residual trace incorporation, con-
sistent with the presence of other sites modified by CK2. We
cannot exclude the presence in our preparations of other pro-
tein kinase(s) that use GTP�S as a thiophosphate acceptor.
Interestingly, the phosphomimic mutant S328D displayed
more thiophosphate incorporation than the S328A mutant.
Such a result is consistent with phosphorylation of Ser-328
serving to promote modification(s) at a distinct site(s), perhaps
Ser-370/Thr-372, but we did not pursue this observation
further.

Because some of the sites of phosphorylation, although not
Ser-328, are conserved in the human ortholog of ARL13B and
because trace contaminants between different protein prepara-

tions can vary, we tested whether addition of the commercially
obtained and purified CK2 to our human ARL13B promoted
thiophosphorylation. We found no radioactivity incorporated
into the purified human ARL13B, either with or without added
commercially obtained CK2 (Fig. 4C). Thus, we conclude that
murine Arl13b is a substrate for CK2 with Ser-328 being a
major site of modification, but phosphorylation of this site is
not preserved in the human ortholog.

Murine and human ARL13B display intrinsic GTP hydrolysis

Although confounded by in vitro phosphorylation/thiophos-
phorylation, the filter trapping assay data suggest that murine
Arl13b does not bind guanine nucleotides in this assay. This is
supported by results with human ARL13B or murine Arl13b(1–
194), each of which are not phosphorylated and yield no bind-
ing over background in the filter trapping assay. However,
because this assay requires separation of bound and free nucle-
otides, it is unable to quantify binding when affinities are in the
micromolar range or higher, due to the rapid rate of dissocia-
tion of bound nucleotides. Thus, we sought other assays that
would allow us to determine whether the preparations from
HEK cells are active and allow us to characterize their biochem-
ical properties.

An inherent property of most regulatory GTPases is their
ability to hydrolyze bound GTP, albeit slowly. We used an
established assay (51, 66, 67) to measure the rate of intrinsic
GTPase activity of purified murine and human ARL13B as well
as a series of point mutants or the �19 truncation mutant.
The GTPase assay involves incubating the proteins with
[�-32P]GTP, stopping the reaction by dilution into an ice-cold
suspension of charcoal (which binds irreversibly to all nucleo-
tides but not released phosphate), clarifying by centrifugation,
and quantifying released phosphate using liquid scintillation
counting of the supernatant. Because the rate of GTP hydrolysis
by a GTPase can be on the same order of magnitude as sponta-
neous nucleotide hydrolysis, it is important to subtract out the
amount of GTP hydrolyzed independent of the GTPase from
rates determined for the GTPase. This is done using no protein
controls, performed in parallel and as described under “Exper-
imental procedures.” We also included a GST-only control in
which we purified GST from HEK cells using the same protocol
as that for GST fusions, and we found no GTPase activity over
background in this preparation. We characterized purified
murine and human ARL13B as well as a series of point mutants
or the �19 truncation mutant. We also tested three point
mutants from JS patients; R79Q and Y86C are each in the pre-
dicted GTP-sensitive switch 2 region, and R200C is in the
C-terminal domain.

Using this assay we determined that the rate of intrinsic GTP
hydrolysis by purified murine Arl13b is 0.018 � 0.003 pmol of
GTP hydrolyzed per pmol of Arl13b/min. We determined these
rates under conditions in which they were linearly related to the
time of incubation and amount of Arl13b used in the assay. The
rate we obtained for Arl13b is comparable with (twice) that
described previously for ARL2 (0.0074 GTP hydrolyzed per
pmol of ARL2/min) (44) and faster than that for purified ARF,
which lacks detectable intrinsic GTPase activity (40). The rate
of hydrolysis for the T35N mutant was somewhat higher
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(although not statistically significantly different) than that for
the wild-type protein. This is surprising as the homologous
mutation in other regulatory GTPases results in the loss of
binding to GTP, resulting in the loss of intrinsic GTPase activ-
ities. The G75Q mutant, predicted to increase hydrolysis, also
had no effect. The GTPase rates for the three Joubert mutants
in murine Arl13b as well as the �19 truncation, K34A mutant,
and human protein were also not significantly different from
the wild-type protein (Table 2). These data suggest that each of
these preparations of Arl13b are able to bind GTP and hydro-
lyze it. However, given that all preparations yielded very similar
rates of intrinsic GTP hydrolysis and every purified protein
preparation contains small amounts of contaminants, we can-
not currently exclude the possibility of contaminating, nonspe-
cific nucleotidase(s) being responsible for these weak activities,
despite the use of the GST-only negative control.

Bovine brain ARL13B GAP is active against recombinant
ARL13B

Intrinsic GTPase activity is useful for demonstrating nucle-
otide binding and intrinsic enzymatic activity, but in cells, the
rate of GTP hydrolysis is dictated by its interactions with GAPs.
To date, no ARL13B GAP has been identified. In a screen of
cells and tissues for ARL13B GAP activity, we found that bovine
brain displayed readily detectable and quantifiable activity. We
prepared a brain homogenate, pelleted the activity by centrifu-
gation at 100,000 � g, solubilized the activity in buffer contain-
ing 1% CHAPS, and clarified by centrifugation again at
100,000 � g. This crude preparation increased the rate of GTP
hydrolysis by purified, recombinant murine Arl13b by �35-
fold and was stable to freeze-thaw. Controls for specificity of
this Arl13b GAP activity include a no-protein control run in
parallel (which gets subtracted from others) as well as a GST
control that is purified from HEK cells using the same protocol
as the GST-ARL13B preparations and that has no activity.
Because we also add an excess of unlabeled GTP to the assay, to
prevent (re-)binding of [32P]GTP or binding to proteins in the
GAP fraction, this is a single turnover assay. We found the
GAP-dependent GTP hydrolysis was Arl13b-dependent, indi-
cating that it is a GAP and not a nonspecific nucleotidase. We

used this crude Arl13b GAP activity to determine the sensitiv-
ities of different Arl13b preparations to GAP-dependent GTP
hydrolysis.

Surprisingly, we did not detect any difference in GAP-
stimulated GTP hydrolysis rates between wild-type Arl13b
and most mutants, including the N-terminal truncation
Arl13b(�19), the isolated GTPase domain (residues 1–194), or
the point mutants (T35N and G75Q) predicted to decrease and
activate GTP hydrolysis, respectively (Table 2). These obser-
vations indicate that in contrast to other ARF GTPases, the
residues at positions homologous to Thr-31 and Gln-71 in
ARF1 (Thr-35 and Gly-75 in ARL13B) do not appear to play a
critical role in GAP-stimulated GTP hydrolysis by ARL13B.
Rather, they suggest a mechanism of GTP hydrolysis by Arl13b
that is distinct from other members of the ARF family. In
contrast, the rate of GAP-stimulated GTPase activity of
Arl13b(K34A) was �5-fold lower than that of the wild-type
protein (Table 2). This is consistent with homologous mutants
in other nucleotide-binding proteins that lose enzymatic
activities and supports the conclusion that GTP hydrolysis is
Arl13b- and GAP-dependent, rather than coming from a con-
taminant in either the ARL13B or GAP preparations.

We also tested the mutations in Arl13b linked to Joubert
syndrome (R79Q, Y86C, and R200C) for GAP-stimulated
GTPase activity. Again, we observed no significant differences
between the wild-type and JS point mutants, suggesting that a
change in sensitivity to this Arl13b GAP is not involved in the
phenotypes resulting from these mutations (Table 2).

ARL13B proteins purified from HEK cells bind mant-Gpp(NH)p
with micromolar affinities

The finding that each of these preparations of ARL13B dis-
play intrinsic GTPase activity is consistent with them each
binding GTP. To more directly test this, we used the solution-
based nucleotide binding assay that depends upon changes in
the fluorescent properties of mant-Gpp(NH)p upon binding to
GTPases (41, 68 –70). Phosphorylation/thiophosphorylation is
not a factor in this assay because Gpp(NH)p cannot serve as a
donor for any protein kinase. We used human ARL3, purified
from bacteria, as a positive control and GST as a negative con-
trol (Fig. 5A). By adding murine Arl13b (5 �M) to a mixture that
included mant-Gpp(NH)p (0.5 �M), we observed a time-depen-
dent increase in fluorescence that was reversed upon addition
of excess Gpp(NH)p (Fig. 5). Because we had determined the
absence of pre-bound nucleotides, this enabled us to obtain
both initial on-rates and off-rates (Table 3). Although ARL3
was useful as a positive control for binding, like most ARF fam-
ily GTPases it co-purified from bacteria with bound GDP, pro-
hibiting us from determining accurate on-rates. We compared
the binding of mant-Gpp(NH)p to murine GST-Arl13b with
and without cleavage and removal of the GST tag and found no
differences (Fig. 5A), so we performed all comparisons between
proteins containing the GST tag to conserve on materials.

Up to �3-fold differences were observed in either on- or
off-rates, but no statistically significant differences were found
in the apparent affinities (KD values) for Gpp(NH)p between
GTPase mutants (T35N or G75Q) and wild-type protein (Table
3; Fig. 5B). The same held true when we compared wild type to

Table 2
Intrinsic and GAP-stimulated rates of GTP hydrolysis by ARL13B
proteins
The rates of intrinsic or GAP-stimulated GTP hydrolysis were determined as
described under “Experimental procedures.” Units for each entry shown is in pico-
moles of GTP hydrolyzed per min/pmol of ARL13B � 1 S.E. of the mean. The
concentration of each preparation of ARL13B was 1 �M, and the amount of crude
bovine brain ARL13B GAP was also constant at 15 �g of protein, prepared as
described under “Experimental procedures.” Each sample was assayed at least three
times in duplicate using at least two different preparations of each protein. Each of
the listed proteins contains the N-terminal GST tag.

Intrinsic GTPase GAP-stimulated

MmArl13b 0.018 � 0.003 0.64 � 0.025
MmArl13b(�19) 0.027 � 0.004 0.58 � 0.044
MmArl13b(K34A) 0.018 � 0.002 0.13 � 0.028
MmArl13b(T35N) 0.024 � 0.002 0.54 � 0.027
MmArl13b(G75Q) 0.019 � 0.005 0.57 � 0.023
MmArl13b(R79Q) 0.020 � 0.004 0.58 � 0.040
MmArl13b(Y86C) 0.021 � 0.008 0.56 � 0.026
MmArl13b(R200C) 0.033 � 0.007 0.56 � 0.004
HsARL13B 0.018 � 0.003 0.65 � 0.020
HsARL13B(�19) 0.019 � 0.003 0.66 � 0.032
MmArl13b(1–194) 0.018 �0.003 0.64 �0.029
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each of the Joubert mutations, R79Q, Y86C, or R200C (Table 3;
Fig. 5C). In contrast, the K34A mutation did not appear to bind
Gpp(NH)p under these conditions. This was surprising, as this
mutant displays GTPase activities. However, because 1) the
apparent KD value determined for Arl13b is in the micromolar
range, 2) the GTPase assays use GTP at 10 �M, 3) the mant-
Gpp(NH)p binding assay uses ligand at 0.5 �M, and 4) the K34A
may result in the loss of GXP binding, we pushed the sensitivity
of the solution-based binding assay by increasing the concen-
tration of mant-Gpp(NH)p used in the assay. At 10 �M ligand
the background is so high as to obscure any increases with any
of our Arl13b proteins. However, at 5 �M mant-Gpp(NH)p we
can detect Arl13b protein-dependent increases in fluorescence
that are also time-dependent. Under this condition we find
essentially the same apparent KD of �0.4 �M for wild-type
Arl13b and an �5-fold weaker affinity for Arl13b(K34A) (Table
3). Thus, this highly conserved lysine in the P-loop, found in
both GTPases and protein kinases to be critical for nucleotide
binding, is also critical for the binding of this non-hydrolyzable
GTP analog by Arl13b. Finally, we compared murine and
human ARL13B and found no differences in apparent KD values
(Table 3). The finding that apparent KD values are in the micro-
molar range is consistent with the failure to detect binding in
the filter trapping assay, due to rapid off-rates, and with detec-
tion of ARL13B-dependent GTPase activities (�GAP), in
assays that use 10 �M GTP as substrates.

Joubert mutants lack activity as ARL3 GEFs

A construct that includes the GTPase domain and N-termi-
nal fragment from the C-terminal domain of Chlamydomonas
and murine Arl13b (residues 20 –278) bind ARL3 and cause its
increased rate of release of GDP, i.e. Arl13b is a GEF for ARL3
(70, 71). To examine whether this activity was conserved in our
preparations, we monitored the dissociation of GDP from
ARL3 for 15 min with or without addition of Arl13b proteins. In
each panel shown in Fig. 6, it is the amount of [3H]GDP bound
to the ARL3 that is plotted, with normalization to 100% of the
zero time point to allow ready comparisons between experi-
ments. We determined spontaneous release of GDP (0 Arl13b)
in every experiment but only show these data in Fig. 6, A and B,
for clarity. We found no differences in GEF activity of GST-
tagged and -untagged murine Arl13b, suggesting no interfer-
ence of the GST tag in this assay (Fig. 6A, compare open and
closed squares). Therefore, we used Arl13b preparations con-
taining the GST tag to minimize loss of protein from further
manipulations.

The presence of two different guanine nucleotide-binding
proteins in this assay, coupled with the weak affinity of Arl13b
for nucleotides (which results in very rapid exchange), and the
need for excess unlabeled GDP in the assay (to prevent binding/
re-binding of [3H]GDP in the assay) makes quantification of the
GEF activity challenging and the determined GEF activities
underestimated. We thus provide the raw data in Fig. 6 and do
not use it to calculate rates. Despite this limitation, several
results are of large enough magnitude that clear interpretations
are evident.

Pre-incubation of murine GST-Arl13b with GTP�S (100
�M), prior to its addition into the ARL3 GEF assay, resulted in

Figure 5. Solution-based binding of mant-Gpp(NH)p reveals that all
ARL13B mutants, except K34A, bind with similar apparent affinities.
The relative fluorescence intensity of different preparations of ARL13B
were determined using mant-Gpp(NH)p in the binding assay, performed
at 26 °C as described under “Experimental procedures.” Initial rates of
binding were used to determine on-rates. After 25 min, excess (100 �M)
unlabeled Gpp(NH)p was added to initiate monitoring of the rates of dis-
sociation. A, binding and dissociation of mant-Gpp(NH)p to murine GST-
Arl13b with (red circles) human GST-ARL13B (blue circles) are shown.
Human ARL3 (green circles) is included as a positive control and GST alone
(black circles) as a negative control. B, comparison of wild type to T35N and
G75Q (red circles, black squares, and blue squares, respectively) reveal no
significant differences in on- or off-rates. Murine GST-Arl13b (K34A) (green
squares) was included as another negative control. C, three Joubert
mutants GST-Arl13b (R79Q) (blue triangles), GST-Arl13b (Y86C) (green tri-
angles), and GST-Arl13b (R200C) (black triangles) were analyzed in the
same binding assay and are shown in comparison with the wild-type pro-
tein (red circles).
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clearly increased GEF activity, with complete dissociation of
[3H]GDP at the first time point (Fig. 6A, open triangles). In
contrast, pre-incubation with GDP resulted in a much smaller
increase in GEF activity over that seen for the same protein
without any pre-incubation (Fig. 6A, compare filled diamonds
with open squares). However, whether apo-Arl13b has activity
or not is open to question because of the excess GDP present in
the 15-min GEF assay. Thus, we focus only on comparisons
between Arl13b preparations pre-incubated with no nucleotide
or with GTP�S.

Human GST-ARL13B displays comparable ARL3 GEF activ-
ity to that of the murine ortholog (compare Fig. 6, B to A,
respectively) with clearly increased activity after pre-incuba-
tion with GTP�S (open triangles). The T35N and G75Q
mutants each displayed a loss of ARL3 GEF activity, although
with distinct characteristics. We found the T35N mutant to be
completely devoid of GEF activity whether pre-incubated with
GTP�S or not (Fig. 6D). In contrast, the G75Q mutant showed
a GEF activity comparable with that of the wild-type protein but
not increased by pre-incubation with GTP�S. This was despite
the fact that each of these mutants was found to bind mant-
Gpp(NH)p in the binding assay. Arl13b (K34A) also lacks ARL3
GEF activity (Fig. 6E), although this is not surprising given its
�5-fold decreases in both affinity for mant-Gpp(NH)p and in
GAP-stimulated GTPase activities. The fact that Lys-34 and
Thr-35 are adjacent residues in the P-loop and N-terminal por-
tion of switch I may suggest the involvement of this region in
GEF activity as well as in GXP binding.

We also tested the three Joubert mutants for activity as GEFs
and found each of them completely devoid of ARL3 GEF activ-
ity (Fig. 6, G–I). These mutants bound mant-Gpp(NH)p indis-
tinguishably from wild type, indicating the specific loss of GEF
activity. Because two of these three mutations, R79Q and Y86C,
are in the predicted GXP-sensitive switch 2 loop, it is likely that
switch 2 is also directly involved in binding to ARL3. Finally, the
two mutations at residue Ser-328 of murine Arl13b were
assayed and found to be largely unchanged from the wild-type
protein (Fig. 6F).

Because the ARL3 GEF activity of Arl13b is greatly increased
when incubated with GTP�S prior to adding it to the GEF assay,
we performed a few experiments to examine the concentration
dependence of this effect. When the concentration of GTP�S
was varied in the pre-incubation phase, we observed a concen-
tration dependence in the ARL3 GEF assay. We found half-
maximal values in the range of 1–5 �M, which is 2–10-fold
higher than the apparent KD values determined by direct mea-
surement of mant-Gpp(NH)p binding. Because of issues cited
above, we believe the values from the GEF assay to be quite soft
and underestimates, but on the whole consistent between the
two assays as they both reveal affinities that are among the
weakest reported for any regulatory GTPase.

Discussion

ARL13B is an atypical member of the ARF family of regula-
tory GTPases with essential roles in kidney development, cilio-
genesis, ciliary maintenance, and Shh signaling. In humans,
ARL13B mutations cause Joubert syndrome. Despite these bio-
logical functions, the lack of a stable, purified preparation has
delayed fundamental studies of ARL13B as a cell regulator and
GTPase, as well as characterization of likely cellular defects
resulting from specific disease-related mutations. We over-
came this roadblock by purifying full-length mouse and human
proteins as well as mutant variants, enabling us to analyze their
biochemical properties in several different assays. Consistent
with the atypical features of the ARL13B sequence, we found
several biochemical properties were unusual for a regulatory
GTPase, including relatively low affinity for guanine nucleo-
tides, purification, and stability as an apoprotein, tolerance of
conserved residue changes on intrinsic GTPase activity, and
phosphorylation by CK2. We showed that the full-length and
truncated mammalian proteins are active as a GEF for ARL3
and that the JS mutants have lost this activity, although not
intrinsic or GAP-stimulated GTPase activities. These results
implicate the ARL3 GEF activity in the physiological role of
ARL13B that is impaired in Joubert syndrome.

Table 3
On-rates, off-rates, and apparent affinities (KD) for mant-Gpp(NH)p of ARL13B and mutants
The binding of mant-Gpp(NH)p (0.5 or 5 �M) was determined for each protein (5 �M) listed as described under “Experimental procedures.” Nucleotide association and
dissociation data were fit to one- (0.5 �M datasets) or two (5 �M datasets)-phase exponential association and one-phase exponential decay equations using the GraphPad
Prism software package. The experiments were performed in duplicate, repeated at least three times, and at least two different protein preparations were analyzed. No
statistically significant differences were found, except for the K34A mutant, which displayed no binding above background when the low concentration of ligand was used
and �5-fold weaker binding at the high concentration of ligand.

kon koff Apparent KD

(M	1 min	1) � S.E. (min	1) � S.E. (�M) � S.E.
0.5 �M ligand

MmArl13b 3.4 � 105 � 0.32 � 105 0.13 � 0.01 0.40 � 0.05
MmArl13b(K34A) No binding
MmArl13b(T35N) 1.5 � 105 � 0.26 � 105 0.07 � 0.01 0.50 � 0.01
MmArl13b(G75Q) 3.2 � 105 � 0.28 � 105 0.12 � 0.01 0.36 � 0.05
MmArl13b(R79Q) 1.7 � 105 � 0.42 � 105 0.07 � 0.01 0.40 � 0.01
MmArl13b(Y86C) 1.2 � 105 � 0.22 � 105 0.07 � 0.01 0.44 � 0.08
MmArl13b(R200C) 1.1 � 105 � 0.15 � 105 0.06 � 0.01 0.56 � 0.01
MmArl13b(S328A) 2.6 � 105 � 0.27 � 105 0.13 � 0.01 0.51 � 0.07
MmArl13b(S328D) 2.5 � 105 � 0.28 � 105 0.14 � 0.01 0.58 � 0.09
HsARL13B 3.3 � 105 � 0.29 � 105 0.11 � 0.01 0.34 � 0.05

5 �M ligand
MmArl13b 5.9 � 105 � 0.30 � 105 0.22 � 0.01 0.37 � 0.05
MmArl13b(K34A) 1.2 � 105 � 0.22 � 105 0.23 � 0.02 1.91 � 0.03
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As the first reported purification of full-length mammalian
ARL13B from mammalian cells, comparing our findings to pre-
viously published data are revealing. Hori et al. (38) first
reported biochemical analyses of ARL13B as a guanine nucle-
otide-binding protein and found that human ARL13B(�19)
purified from bacteria bound with an apparent Ka of 20 �M,
using the classical filter trapping assay. They showed the time
and concentration dependence of this binding, consistent with
reversible radioligand binding. However, it is unclear how they
detected such a weak affinity using this assay as it requires sep-
aration of bound and free ligand. This process is predicted to
allow time for the complete dissociation of bound nucleotides
when affinities are in the micromolar range. Before we realized
that our filter trapping assay monitored thiophosphorylation
and not reversible ligand binding, we generated similar data to

that shown in Hori et al. (38). Subsequently, we found our data
to result from contaminating CK2 from our HEK cell expres-
sion system. Their bacterially expressed protein should not be
affected by this artifact found in our HEK cell-expressed pro-
teins. Our data reveal apparent binding affinities for Gpp(NH)p
to different ARL13B preparations to be in the range of 1 �M

(Fig. 5), but binding is not detected in the filter trapping assay
(Fig. 3), presumably due to the rapid rates of dissociation. The
fact that the protein used in Hori et al. (38) is purified from
bacteria requires a different explanation, which we cannot pro-
vide at this time. Similarly, Cantagrel et al. (18) used bacterially
expressed human ARL13B and the R79Q mutant proteins in
filter trapping assays to estimate apparent KD values for GTP�S
of 0.7 �M. Although this value is very close to the apparent KD
values we observed in the mant-Gpp(NH)p assay, we were

Figure 6. All three Joubert mutations are devoid of ARL3 GEF activity. The ARL3 GEF assay was performed as described under “Experimental procedures.”
This involved pre-incubation of purified ARL3 with [3H]GDP and then monitoring the rate of dissociation of the radioligand by addition of excess unlabeled GDP
in the absence or presence of ARL13B preparations, as indicated above each graph. Time points were collected up to 15 min, and nucleotide remaining bound
to ARL3 was determined by filter trapping. The amount of binding observed prior to addition of cold GDP and ARL13B was normalized to 100% to facilitate
comparisons. Dissociation of [3H]GDP from ARL3 alone (no ARL13B added; filled circles) was determined in every assay performed but is only shown in A and B
for clarity. The activity of each indicated ARL13B was determined for the apoprotein (no pre-incubation; filled squares) of after pre-loading of the ARL13B with
GTP�S (100 �M; open triangles). A, we also show the results from pre-incubation of murine GST-Arl13b with 100 �M GDP (open squares). F, data for apo-GST-
Arl13b (S328A) and apo-GST-Arl13b (S328D) are shown with asterisk and squares, respectively, and that for the same proteins pre-incubated with 100 �M GTP�S
are shown with crosses and triangles, respectively. Each sample was assayed at least three times in duplicate using at least two different preparations of each
protein. Bars represent one standard error, based upon at least six determinations.
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unable to detect binding like theirs using the filter trapping
assay (Fig. 3). Cantagrel et al. (18) also reported that the R79Q
mutant is impaired (�50%) in GTP binding, although we found
no significant differences in apparent affinities for Gpp(NH)p
(Table 3) or in activities in GTPase assays that depend upon
GTP binding (Table 2). Although we cannot explain the appar-
ent differences between the data in these two published papers
and our own results, it is possible that bacterial expression of
the mammalian ARL13B proteins results in alteration(s) in
nucleotide binding characteristics, particularly slower off-rates.
Expression in mammalian cells provides its native environ-
ment, compared with expression in bacteria, for the folding and
stability of the active mammalian proteins, but more work is
needed to help reconcile these data.

Using the arl13 ortholog from Chlamydomonas reinhardtii
(CrARL13) represents another approach to circumvent prob-
lems of solubility or inactivity of mammalian ARL13B proteins
expressed in bacteria. As a unicellular alga, Chlamydomonas
carry a single arl13 gene, although it is not clearly an ARL13B
ortholog because conservation of the C-terminal domain is
not high. CrARL13 is 527 residues in length, or about 100 resi-
dues longer than mammalian ARL13B. Residues 18 –242 of
CrARL13 could be expressed and purified from bacteria in
amounts sufficient for both biochemical and structural deter-
minations (41, 70). This protein purifies with 1 mol of bound
guanine nucleotides/mol of protein at a ratio of 4:1 GTP/GDP
(41) and no detectable intrinsic GTPase activity. These results
are distinct from our observations as we barely detected any
GDP co-purifying with murine Arl13b and found no GTP. The
same study reported their truncated CrARL13 preparation to
be unstable in the absence of bound nucleotide so on-rates
were not determined, but they showed off-rates for mant-
Gpp(NH)p (using the same assay employed in our studies) as 10-
and 30-fold higher for the point mutants homologous to R79Q
and R200C (R77Q and R194C), respectively. Each of these
observations differ from our data as we found the mouse and
human proteins to be quite stable in the absence of nucleotides,
and we identified no significant differences in off-rates of mant-
Gpp(NH)p for any of the JS mutations (Table 3). Note that
given our determined affinities for GTP to be in the micromolar
range, we would predict that no nucleotide would co-purify.
These discrepancies could be explained by any of the several
differences between the purified protein preparations: 1) the
deleted regions from the purified CrARL13; 2) the addition of
the five residues at the N terminus of our purified proteins; 3)
differences in bacterial versus mammalian expression systems;
4) differences in primary sequence, or 5) despite confirming
identical results with GST-ARL13B and ARL13B, we missed an
effect of the GST moiety often retained in our assays. Despite
these qualifiers, we currently conclude that the Chlamydomo-
nas ortholog does not retain key properties of the mammalian
orthologs, and extrapolations from use of this protein to human
or mouse ARL13B should proceed cautiously.

Despite these differences between ARL13 orthologs, it was
the truncated Chlamydomonas protein, CrARL13(18 –278),
that first revealed the ARL3 GEF activity (70), which is retained
in the full-length mammalian proteins examined in our studies.
Because CrARL13 holds onto nucleotides much longer than do

either mammalian ortholog, they were better able to document
that, and although GTP-bound ARL13 is the most active spe-
cies, the GDP-bound protein is also active as an ARL3 GEF. Our
data qualitatively agree with those previously published results.
When the same two mutations described above, homologous to
Joubert mutations, were tested in their GEF assay, they found
them to have lost 97–99% of the GEF activity seen in their
positive control, which is consistent with our less quantitative
data (due to technical limitations resulting from our rapid off-
rates), in which we see essentially complete loss of GEF activity.
Thus, ARL3 GEF activity is a well preserved property of ARL13
orthologs between alga and mammals. Therefore, the observa-
tions that in both studies point mutations homologous to or the
same as those found in Joubert patients result in the loss of this
GEF activity are consistent with, but do not prove, this activity
being correlated with disease.

In contrast to earlier reports, including those with CrARL13,
results from our assays of intrinsic and ARL13B GAP-depen-
dent GTPase assays and mant-Gpp(NH)p binding data, we
found that JS mutations do not significantly alter the binding of
guanine nucleotides (Tables 2 and 3). Our data are consistent
with a wealth of data from a large number of regulatory
GTPases in which point mutations in the switch 2 loops can
result in specific loss of one effector or binding partner with
retention of others (72–76), rather than cause changes in the
binding of guanine nucleotides. This rationale supports the
argument that ARL3 is an effector of ARL13B in mammals that
is predicted to interact at least in part through switch 2. The
increased ARL3 GEF activity observed when ARL13B binds
GTP, compared with GDP, is consistent with its switch 2 acting
in the canonical way as a nucleotide-sensitive switch and effec-
tor interactor.

We also examined three different point mutations that were
predicted to alter nucleotide handling in our assays. One of the
features that distinguish ARL13B from other ARF family mem-
bers is the presence of a glycine, instead of glutamine, in the G-3
motif (DXXGQ). This glutamine is highly conserved in other
GTPases as it is directly involved in the hydrolysis of GTP (32,
77, 78). Thus, we predicted that restoration of this key gluta-
mine, G75Q, may increase both intrinsic and GAP-stimulated
GTPase activities. Our data did not support this prediction.
Rather, they show that this mutant displays GTPase activities
and Gpp(NH)p binding that are indistinguishable from the
wild-type protein (Tables 2 and 3). However, Arl13b (G75Q)
was deficient in the GTP�S-stimulated ARL3 GEF activity,
despite displaying lesser activity for the apoprotein that is com-
parable with wild type (Fig. 6C). Because this residue is at the
end of the G-3 motif and beginning of switch 2, and because the
two Joubert mutants in switch 2 also have lost ARL3 GEF activ-
ity, we speculate that this residue is important to this activity.
The lack of effect of Gly-75 mutation on GTPase activities sug-
gests ARL13B employs a distinct mechanism of GTP hydrolysis
from that described for other ARF family members (79). This is
potentially comparable with RAP1, which also lacks a gluta-
mine at the homologous position (80, 81). We should be in a
position to test this prediction upon purification of our ARL13B
GAP activity. Mutation of the homologous glutamine in other
GTPases results in dominant-activating mutants, due to the
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lack of GTP hydrolysis, that have proven to be very helpful in
cell-based studies of signaling pathways. Our data suggest that
this tool is not currently available to ARL13B researchers.

The use of dominant-negative (also known as dominant-in-
activating) mutants of GTPases are critical tools in analyzing
effects and pathways in cells. Mutation of the homologous thre-
onine (in ARF family) or serine (in RAS family) residues is most
commonly used in this way. They are thought to act by reducing
affinity for guanine nucleotides and mimic the transition state
of the GTPase bound to its GEF, thereby inactivating the GEF
and preventing endogenous GTPases from becoming active.
However, we found Arl13b (T35N) was unaltered in GTP bind-
ing, intrinsic and GAP-stimulated GTPase assays. This suggests
again a difference in ARL13B in guanine nucleotide handling,
compared with other family members. Despite this, we showed
that this mutant is lacking in ARL3 GEF activity (Fig. 6D),
despite its ability to bind nucleotides. This residue is immedi-
ately adjacent to the G-1 motif (P-loop) and start of switch 1,
and thus we speculate that both switch 1 and switch 2 may be
involved in binding to ARL3 as a GEF.

We initially used K34A to test whether autophosphorylation
occurred on mouse Arl13b as this residue in the P-loop is per-
haps the most highly conserved residue in ATP- and GTP-
binding proteins, and its mutation typically results in loss of
nucleotide binding and/or enzymatic activities (59, 60, 82). We
found Arl13b(K34A) expressed and purified like the wild-type
protein despite its weaker binding to mant-Gpp(NH)p (Table
3), as predicted. These data support the conclusions that
murine Arl13b is stable as an apoprotein, as seen in the wild-
type proteins, and that autophosphorylation is not occurring.
For this reason, we used it as a negative control in the ARL3
GEF assay, where it was indeed found to be lacking in activity
(Fig. 6).

We showed for the first time that Arl13b is a phosphopro-
tein, and we identified several sites in the murine ortholog that
are modified in HEK cells. In this study we did not examine the
sources of those post-translational modifications that occurred
in cells as we focused on the possibility that Arl13b was thiophos-
phorylated in vitro in what we thought originally were radioli-
gand binding assays. The data in Fig. 4 demonstrate that mouse,
but not human, ARL13B can be thiophosphorylated by incuba-
tion with GTP�S. We identified Ser-328 as a site of phosphor-
ylation in cells and of thiophosphorylation, based upon data
from mass spectrometry (Table 1) and autoradiography (Fig. 4).
Other sites, most notably the pair of Ser-370/Thr-372, are also
sites of phosphorylation and may be even more relevant to reg-
ulation as they are conserved in the human ortholog, although
Ser-328 is not. Indeed, the lack of thiophosphorylation of the
human protein and dramatic loss in the murine S328A mutant
are consistent with this conclusion. The observation that there
is clearly more thiophosphorylation seen on the S328D phos-
phomimetic mutant than on S328A phospho-null mutant sug-
gests the likelihood of interactions between sites of phosphor-
ylation. For example, phosphorylation of Ser-328 may promote
phosphorylation at another site. Given that thiophosphoryla-
tion is seen on the S328D mutant upon incubation with
[35S]GTP�S, we speculate that it is CK2 that is also modifying
this other site(s), as it was shown to be present in our purified

ARL13B preparation and is one of a very few kinases that can
use GTP as phosphate donor. We also showed that CK2 can
phosphorylate Arl13b in vitro, but we have not yet investigated
the kinases responsible for modifying the GTPase in cells or
how and under what conditions such modifications may be reg-
ulated. Such studies are predicted to be fruitful as we and others
seek to discover the mechanisms of action and regulation of
ARL13B in cells and animals.

The availability of stable, functional mammalian ARL13B
preparations is expected to facilitate such further functional
and structural studies, extending the information already avail-
able, as well as the development of new assays for ARL13B
binding partners and modulators of its activities. Such mod-
ulators of ARL13B activity are certain to provide important
information on its cell biology and actions in development,
as well as deficiencies resulting from specific point muta-
tions that cause JS.

Experimental procedures

Plasmids

The murine Arl13b complete open reading frame, encoding a
protein of 427 residues (NCBI Gene ID 68146), was amplified
by PCR using primers that introduced KpnI and SphI restric-
tion sites at the 5� and 3� ends, respectively, to facilitate sub-
cloning into the pLEXm-GST vector (the generous gift of
Dr. James Hurley, National Institutes of Health) resulting
in pLEXm-GST-Arl13b. DNA sequencing confirmed the se-
quence of the open reading frame, matching NM_026577.3. A
truncation mutant that deleted the first 19 residues, termed
Arl13b(�19), was also generated and cloned into pLEXm-GST
using the same strategy. Point mutants were also generated
in the full-length pLEXm-GST-Arl13b plasmid, using the
QuikChange Lightning site-directed mutagenesis kit (Agilent
Technologies). The complete reading frame of human ARL13B,
encoding 428 residues (NCBI Gene ID 200894) as well as the
same open reading frame lacking the first 19 codons, encoding
HsARL13B(�19), were subcloned into pLEXm-GST using the
same strategy as that for murine Arl13b. Each open reading
frame was sequenced to confirm the desired mutation and lack
of others.

Bacterial protein expression and purification

The complete open reading frames of human ARL2 or ARL3
were cloned into pET3C for bacterial expression and purified as
described previously (44, 53, 83). Briefly, expression of the
GTPase was induced by the addition of 1 mM IPTG in Luria
Broth (LB) medium. Bacteria were lysed with a French press
and homogenates clarified by centrifugation at 100,000 � g for
1 h. Recombinant protein was purified on sequential ion-ex-
change and gel-filtration columns, as described previously (44).
TEV protease was expressed and purified as described previ-
ously, using the plasmid generously provided by Dr. David
Waugh, NCI, National Institutes of Health (84).

Mammalian cell expression and protein purification

Human embryonic kidney 293T cell transfection conditions
were optimized in pilot experiments using varied amounts of
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DNA, DNA/PEI ratio, and time of protein expression. HEK
cells were grown in 10-cm plates in DMEM (Gibco), supple-
mented with 10% fetal bovine serum (Atlanta Biologicals), at
37 °C in a humidified environment gassed with 5% CO2. When
the cells reached a confluence of �90%, the medium was
switched to DMEM with 2% fetal bovine serum, and cells were
transfected with 1 �g of DNA and 3 �g of polyethyleneimine
(PEI Max; Polysciences, catalog no. 24765-2)/ml of medium.
Cells were routinely harvested 48 h after transfection, pelleted
by centrifugation at 3,000 rpm, frozen in liquid nitrogen, and
stored at 	80 °C until used for protein purification.

Cells were lysed in 5 volumes of lysis buffer (50 mM HEPES,
pH 7.4, 100 mM NaCl, 1% CHAPS), with protease inhibitor mix-
ture (Sigma S8830), and 10 �g/ml deoxyribonuclease I (DNase,
Sigma D4263). The cells were maintained on ice for 30 min
before cell debris was removed by centrifugation at 14,000 rpm
for 10 min at 4 °C. GST fusion proteins were purified by affinity
chromatography, using glutathione-Sepharose 4B (GE Health-
care catalog no. 17-0756-01). Beads were added to protein
lysate, incubated at 4 °C for 2 h, and washed three times with 5
column volumes of lysis buffer, and elution of specifically
bound proteins was achieved with 3 column volumes of Elution
Buffer (25 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM glutathi-
one). GST cleavage used 5% (w/w protein) purified TEV/GST-
ARL13B, incubated overnight at 4 °C. The typical yield of puri-
fied GST-ARL13B was �5 mg/liter of culture for all constructs
reported, and about half as much after cleavage and removal of
the GST tag. The most common and often most abundant con-
taminant was a protein migrating at �24 kDa, predicted to be
an endogenous glutathione-binding protein analogous to those
described in insect cells (85). This contaminant is present in
every preparation from HEK cells after GST affinity purifica-
tion, regardless of the fusion protein, and is readily removed by
filtration. The purity of ARL13B preparations was determined
by densitometry of Coomassie Blue-stained SDS-polyacryl-
amide gels, using the Gel Quant software. The purity was cal-
culated as the ratio of intensity of the band corresponding to
ARL13B to the intensity of the whole lane. The purity of GST-
Arl13b was 71% after affinity chromatography, and after gel
filtration it rose to 93% (Fig. 2).

Rapid filtration also known as “filter trapping” and related
nucleotide binding assays

To quantify the binding of guanine nucleotides to GTPases,
the classical assay involves binding of radioligands to proteins
in solution prior to separation of bound and free ligands by
rapid filtration through BA85 nitrocellulose filters (25 mm,
0.45 �m, Whatman) and counting by liquid scintillation, as
described previously (39, 40, 44). All reactants were combined
at 4 °C immediately prior to initiation of the binding reaction,
performed at 30 °C. Each data point was performed (at least) in
duplicate, and reactions were stopped by the addition of 2 ml of
ice-cold TNMD (20 mM Tris, pH 7.5, 100 mM NaCl, 10 mM

MgCl2, 1 mM dithiothreitol) immediately prior to filtration.
Assays typically included GTPases (1 �M) in a buffer consisting
of 20 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl2, 1 mM

EDTA, 3 mM DMPC, 0.1% sodium cholate, and 10 �M nucleo-
tide ([35S]GTP�S, [�-32P]GTP, or [3H]GDP (PerkinElmer Life

Sciences)), at specific activities of 5000 – 8000 cpm/pmol for
each nucleotide. Specific activities of radioligands were deter-
mined for each experiment, and bound nucleotide was deter-
mined after first subtracting backgrounds using binding mix-
ture lacking proteins.

To measure the rate of GTP�S dissociation, 1 �M ARL13B or
ARL2 was first bound with 10 �M [35S]GTP�S at 30 °C for up to
24 or 1 h, respectively. At that time 100 �M unlabeled GTP�S
was added, and time points were collected to determine the
amount of radionucleotide remaining bound.

Quantification of co-purifying guanine nucleotides was
determined using a modification of the method described in
Paoli et al. (86). Briefly, GTPases were heat-denatured at 95 °C
for 3 min to release bound nucleotide. Samples were cooled on
ice for 5 min, and clarified by centrifugation for 5 min at
13,000 � g. Supernatants (�200 �l) were applied to a DEAE
5PW column (7 � 75 mm) run on a Shimadzu HPLC system.
Buffer A was 25 mM Tris-HCl, pH 8.0, and buffer B was the same
but supplemented with 1 M NaCl. A 0 –50% B gradient was run
over 30 min, at a flow rate of 0.8 ml/min. GTP and GDP stan-
dards (0.2–30 �M) were also heated and treated as experimental
samples prior to use to generate standard curves. Purified bac-
terially expressed human ARF6 was used as a control. The con-
centration of GTP/GDP in the ARL13B and ARF6 samples was
extrapolated based on a linear fit of the standards.

Phosphorylation assay

Mouse or human GST-ARL13B (4 �M) were incubated with
10 �M [�-35S]GTP for various times (0 –20 h) at 30 °C in 25 mM

HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl2, 1 mM EDTA,
before stopping by adding Laemmli sample buffer. Samples
were then resolved by SDS-PAGE, and gels were dried, and
covalent incorporation of radioactivity was determined by
autoradiography. To test phosphorylation of ARL13B by
CK2, the assay was performed as described above but in the
presence of a commercial preparation of purified CK2 (4 �M;
Novus Biologicals NBC1-18386) and in the absence or pres-
ence of casein kinase II inhibitor I (10 �M; EMD Millipore
catalog no. 218697).

Solution-based nucleotide binding assay using
mant-Gpp(NH)p

A real-time nucleotide binding assay was performed, as
described previously (41, 68 –70), using the non-hydrolyzable
mant-Gpp(NH)p (Thermo Fisher Scientific catalog no.
M22353) as ligand. This assay is based upon monitoring the
changes in fluorescent properties of the ligand resulting from
its binding to protein. ARL13B preparations (typically 5 �M)
were incubated in the presence of 0.5 or 5.0 �M mant-
Gpp(NH)p in 25 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl2,
1 mM EDTA. Human ARL3 purified from bacteria and GST
purified from HEK cells were used as positive and negative con-
trols, respectively. Fluorescence was monitored at 26 °C using
an excitation of 340 nm and emission of 460 nm. Initial rates of
change in fluorescence were used to determine on-rates of
ligand. After 25 min, 100-fold excess of Gpp(NH)p (Abcam
catalog no. ab146659) was added, and fluorescence measure-
ments were continued to determine off-rates. All reactions
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were performed in 96-well plates (Corning catalog no. 3991),
and fluorescence changes were determined using a BioTek Syn-
ergy 4 Hybrid Microplate Reader connected with the dual re-
agent injector for fast enzyme kinetics. All binding studies were
performed in (at least) duplicate and repeated with at least two
different preparations of each protein/mutant. The raw data
were fit to one-phase exponential association and decay
equations, respectively, and analyzed with GraphPad Prism
software.

Intrinsic and GAP-stimulated GTPase assays

The intrinsic and GAP-stimulated GTPase activity of puri-
fied, recombinant ARL13B proteins were determined using the
GAP assay described previously for ARL2 (51, 67), with minor
modifications. The source of ARL13B GAP was bovine brain,
which was homogenized prior to preparing a detergent (1%
CHAPS) extract and clarifying by centrifugation at 14,000 � g.
GST-ARL13B (1 �M) was pre-loaded with [�-32P]GTP (10 �M)
at 30 °C for 1 h in loading buffer (25 mM HEPES, pH 7.4, 100 mM

NaCl, 10 mM MgCl2, 1 mM EDTA, 5 mM ATP, 0.1% cholate, 3
mM DMPC). In parallel, the same amount of GTP was incu-
bated under the same conditions in the absence of ARL13B and
served as a control for ARL13B specificity. The GTPase reac-
tion was performed in a total volume of 50 �l containing 20 �l
of the bovine brain extract (0.25 mg/ml) in 25 mM HEPES, pH
7.4, 2.5 mM MgCl2, 1 mM dithiothreitol, 2.5 mM GTP. The reac-
tions were initiated by the addition of 5 �l of pre-loaded
ARL13B, incubated for 4 min at 30 °C, and stopped by the addi-
tion of 750 �l of ice-cold charcoal suspension (5% NoritA char-
coal in 50 mM NaH2PO4) with mixing. To determine the intrin-
sic GAP activity of ARL13B, the reactions were performed in
the absence of the brain extract.

Intrinsic GTPase activity was determined after subtracting
the amount of 32Pi released in parallel incubations lacking pro-
teins. GAP-stimulated activities were those in which the bovine
brain GAP preparation was added to the assay; intrinsic GTP
hydrolysis rates were deducted to determine the GAP-stimu-
lated rates. Any hydrolysis of GTP contributed by the brain
extract that was independent of ARL13B was also subtracted,
although this was always very small as a result of the vast excess
of cold GTP added to the assay. Charcoal, with bound nucleo-
tides, was pelleted by centrifugation at 3,000 � g for 10 min at
4 °C. The amount of 32Pi released during GTP hydrolysis was
measured by liquid scintillation counting. The experiments
were repeated at least twice with at least two different prepara-
tions of each protein, performed in triplicate.

ARL3 GEF assay

The ability of purified, recombinant ARL13B preparations to
serve as a GEF for ARL3 was determined using a modification of
the assay described in Gotthardt et al. (70). Briefly, purified
recombinant human ARL3 was incubated with 1 �M [3H]GDP
(PerkinElmer Life Sciences, specific activity 3,000 cpm/pmol)
for 1 h at 30 °C in 25 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM

MgCl2, although the ARL13B (10 �M) was pre-incubated with 0
or 100 �M unlabeled GTP�S for 1 min at room temperature.
After each pre-incubation, the two solutions were mixed to
yield a final concentration of 1 �M ARL3, 1 �M ARL13B, 0 or 10

�M GTP�S, and 100 �M unlabeled GDP to prevent further
binding or re-binding of any released [3H]GDP. A sample lack-
ing ARL13B was included to determine the intrinsic rate of
GDP release from ARL3 in each assay. The GEF reactions were
stopped at different times (0 –15 min) by dilution of 10 �l of the
reaction mixture into 2 ml of ice-cold buffer (20 mM Tris, pH
7.5, 100 mM NaCl, 10 mM MgCl2, 1 mM dithiothreitol). The
amount of ARL3-bound [3H]GDP was determined by rapid fil-
tration through BA85 nitrocellulose filters (0.45 �m, 25 mm,
Whatman), as described previously (83), and quantified using a
liquid scintillation counting.

LC-MS/MS analysis

ARL13B was purified as described above and analyzed by
LC-MS/MS to identify sites of phosphorylation (of the protein
as purified from HEK cells) or thiophosphorylation (upon in
vitro incubation with GTP�S). Separate samples were protease-
treated either while still bound to glutathione-Sepharose or
after elution. Digestion buffer (200 �l of 50 mM NH4HCO3, 1
mM dithiothreitol) was incubated at 25 °C for 30 min, followed
by addition of 5 mM iodoacetamide and repeat incubation at
25 °C for 30 min in the dark. Proteins were digested with 1 �g of
lysyl endopeptidase (Wako) at room temperature for 2 h and
further digested overnight with 1:50 (w/w) trypsin (Promega).
Resulting peptides were desalted with a Sep-Pak C18 column
(Waters) and dried under vacuum. The peptides were resus-
pended in 10 �l of loading buffer (0.1% formic acid, 0.03% trif-
luoroacetic acid, 1% acetonitrile), and then 2 �l was analyzed on
a C18 (1.9 �m Dr. Maisch, Germany) fused silica column (25
cm � 75 �m internal diameter; New Objective, Woburn, MA)
by a Dionex Ultimate 3000 RSLCNano and monitored on a
fusion mass spectrometer (Thermo Fisher Scientific, San Jose,
CA). Elution was performed over a 120-min gradient at a rate of
350 nl/min with buffer B ranging from 3 to 80% (buffer A, 0.1%
formic acid in water; buffer B, 0.1% formic acid in acetonitrile).
The mass spectrometer cycle was programmed to collect at the
top speed for 3-s cycles. The MS scans (400 –1,600 m/z range,
200,000 AGC, 50-ms maximum ion time) were collected at a
resolution of 120,000 at m/z 200 in profile mode and the HCD
MS/MS spectra (0.7 m/z isolation width, 30% collision energy,
10,000 AGC target, 35 ms maximum ion time) were detected in
the ion trap. Dynamic exclusion was set to exclude previously
sequenced precursor ions for 20 s within a 10 ppm window.
Precursor ions with �1 and �8 or higher charge states were
excluded from sequencing.

Spectra were searched using Proteome Discoverer 2.0
against the mouse Uniprot database (53,289 target sequences).
Searching parameters included fully tryptic restriction and a
parent ion mass tolerance (�20 ppm). Methionine oxidation
(�15.99492 Da), asparagine and glutamine deamidation
(�0.98402 Da), serine, threonine, and tyrosine phosphoryla-
tion (�79.966331 Da), and protein N-terminal acetylation
(�42.03670) were variable modifications (up to 3 allowed per
peptide); cysteine was assigned a fixed carbamidomethyl mod-
ification (�57.021465 Da). Percolator was used to filter the
peptide spectrum matches to a false discovery rate of 1%.
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Statistics

Every assay reported was repeated at least twice, although
typically more, using at least two different preparations of each
GTPase. Every data point was the average of at least duplicates.
Binding data were analyzed with the GraphPad Prism 6 pro-
gram using a non-linear regression fit. The statistical signifi-
cance was evaluated in terms of p values calculated with the
unpaired two-tailed t test. p values less than 0.05 were consid-
ered as significant.
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