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Sorting of lipidated cargo by the Arl2/ArI3 system
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ABSTRACT

Arl2 and Arl3 are Arf-like small GTP-binding proteins of the Arf subfamily of the Ras superfamily.
Despite their structural similarity and sharing of many interacting partners, Arl2 and Arl3 have
different biochemical properties and biological functions. Growing evidence suggest that Arl2 and
Arl3 play a fundamental role as regulators of trafficking of lipid modified proteins between different
compartments. Here we highlight the similarities and differences between these 2 homologous
proteins and discuss the sorting mechanism of lipidated cargo into the ciliary compartment
through the carriers PDE6S and Unc119 and the release factors Arl2 and Arl3.

The similarity between Arl2 and ArlI3

The Ras superfamily of proteins comprises 20-25 kDa
small GTP-binding proteins categorized in several subfa-
milies such as the Arf subfamily. They cycle between
GDP- and GTP-bound conformational states and are
regulated by Guanine Nucleoide Exchange Factors
(GEFs) and GTPase Activating Proteins (GAPs). The
existence of Arl2 and Arl3 genes was revealed by PCR
amplification using degenerate primers in a search for
new members of the Ras superfamily." Although they are
classified as Arf-like GTP-binding proteins they have no
ADP ribosylation factor activity.” Unlike most Arfs, they
are not N-terminally myristoylated even though the gly-
cine residue at position 2 is highly conserved between
organisms, but the serine at position 6 important for
myristoylation is missing.” However they do fit into the
Arf subfamily of the Ras superfamily because the struc-
tural analysis has shown that both Arl2 and Arl3 display
the very dramatic conformational change between the
GDP- and the GTP-bound conformations, whereby the
first 2 strands of the S-sheet, also called the interswitch
toggle, move by 2 residues along the rest of the sheet.*
Both proteins also have an N-terminal amphiphatic helix
characteristic for the Arf subfamily.”

A strong argument for an apparently similar biologi-
cal function of Arl2/3 comes from the fact that they
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interact with the same set of effectors. According to their
interaction mode Arl2/3 effectors can be divided into 2
distinct types (Fig. 1). The first to be identified typel
effectors was BART (Binder of Arl Two) which despite
its name binds to both Arl2 and Arl3.*” A homolog of
BART, originally identified as CCDC104 (coiled-coiled
domain containing 104), now called BARTLI, is much
longer than BART but has a domain very similar to the
latter.® Both BART and BARTLI1 bind to the switch
regions and also to the amphiphatic helix of the proteins
in a similar way.*” The second type of effectors (type2)
which bind to both Arl2 and Arl3 are the carrier proteins
PDE66'"’ and HRG4/Uncl19a'' and Uncl19b.'? These
proteins have a f-sandwich fold and bind only to the
switch regions of Arl2 and Arl3. The binding of type 1
and type 2 effectors is nevertheless mutually exclu-
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Functional differences between Arl2 and Arl3

Differences in the properties of Arl2 and Arl3 have grad-
ually emerged and it is now established that they have
different biochemical and biological functions. One of
the biochemical differences is the affinity to nucleotides.
While Arl3 is a typical member of the Ras superfamily
proteins, with affinities to GDP and GTP in the nano- or
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Figure 1. Type 1 and type 2 effectors of Arl2 and Arl3. Crystal structures of Arl2 and Arl3 in complex with type 1 effectors (BART and
BARTL1; PDB codes: 3DOI and 4Z12), which interact with the switch regions and the N-terminal helix and type 2 effectors (PDE6S and
Unc119a; PDB codes: 1KSG and 4GOJ), which interacts with the switch regions only. Arl2/3 (light blue), type 1 effectors (green), type 2
effectors (pink), Switch | (blue), Switch Il (red), GppNHp (a non-hydrolysable GTP analog; yellow).

subnanomolar range, the affinity of Arl2 toward nucleo-
tides falls into the micromolar range.'®'” Thus the nucle-
otide dissociation rate for Arl3 is 2-3 order of
magnitudes slower than that of Arl2. As a consequence
Arl3 definitively requires a GEF for its activation while
this does not seem necessary for Arl2.

RP2, a protein mutated in X-linked Retinitis pigmen-
tosa, is an Arl3-specific GAP and does not act on Arl2.18
It is classic GAP with an arginine finger pointing into
the active site.'® A number of RP2 patient mutations
have been described. They cluster at the RP2-Arl3 inter-
action interface and have been shown to display much
lower GAP activity for Arl3.'® A family of ELMO
domain containing proteins (ELMODs) has been identi-
fied as GAPs for Arl2. Their specificity is very relaxed, as
they act on both Arl2 and Arl3 and also on some other
Arf proteins. They also have an arginine residue required
for their activity, but no mechanistic or structural details
of the interaction have been reported sofar.'”*' Another
major difference between Arl2 and Arl3 concerns the
involvement of Arl2 in tubulin folding.** After tubulin
monomers exit from the TRiC/CCT chaperonin system,
the formation of aB-tubulin heterodimers requires the
activities of the tubulin cofactors TBCs. Arl2 has been

shown to bind to the tubulin-specific chaperone cofactor
TBCD. A recent study in yeast (which however has only
a single Arl2 homolog) Arl2 was found to form a high
molecular weight complex with a cage-like structure
involving Arl2 and tubulin cofactors TBCC, TBCD,
TBCE.” In this complex, TBCC, the homolog of RP2
which has a similar B-helix domain structure, seems to
be responsible for the GTP hydrolysis of Arl2. An addi-
tional difference between Arl2 and Arl3 touches their
interaction with membranes. Both proteins bind into the
liquid-disordered domain, but in contrast to Arl2 the
binding of Arl3 is strongly dependent on nucleotide
loading.**

One more indication of a different biological function
came from cellular studies by Zhou et al. which showed
that the knockdown of Arl2 and Arl3 or the overexpres-
sion of a GTPase negative mutant have entirely different
(or no apparent) effects on cell function.”” The latter
study revealed that Arl3 localizes in cilia, which we could
confirm using a kidney cell line stably transfected with
GFP-labeled Arl2 and Arl3, showing Arl3 to be localized
inside (and outside) cilia, whereas Arl2 is excluded from
cilia.® The mechanism that allows Arl3 but not Arl2 cili-
ary entry (or retention) is not resolved considering that
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the proteins are small enough to be able to cross the bar-
rier of cilia.*® Arl2 has recently been implicated in the
function of mitochondria.”’

While an Arl2 knockout mouse has not been
described, its downregulation in cell culture by RNAi has
drastic consequences on cell function®® in particular the
localization of Ras. A germline Arl3 knockout causes a
syndromic ciliopathy, with ciliary dysfunction in kidney,
liver and pancreas.”” Recently Arl3 was shown to regu-
late trafficking of prenylated proteins in photoreceptors
and a photoreceptor specific knockout of Arl3 causes
severe defects in photoreceptor function and structure,
in line with the recent identification of an Arl3 mutant
in retinitis pigmentosa.”®~>*

The cargo carriers PDE65 and Unc119

The structure of the complex between Arl2 and PDE6S
was solved many years ago."” The high homology with
RhoGDI and the presence of a hydrophobic pocket sug-
gested that PDE6S might also bind prenyl groups. This
was indeed verified by a number of biochemical and cel-
lular studies which suggested that PDE66 is a general
prenyl binding protein (therefore also called PrBP) with-
out apparent selectivity.”>>* In contrast to RhoGDI and
RabGDI which are specific for the GDP-bound confor-
mation of prenylated Rho or Rab proteins,”>*’ PDE6§

binds Ras and Rheb independent of their nucleotide-
bound conformation.’**' The structure of the Arl2-
PDE66 complex shows however that the hydrophobic
pocket is partially occupied suggesting a mutually exclu-
sive binding to prenylated cargo and/or Arl2. Biochemi-
cal studies with farnesylated peptides showed that both
Arl2 and Arl3 in the GTP-bound conformation can allo-
sterically release Ras or Rheb from PDE6S*' and that
Arl2/3 or cargo binding are indeed mutually exclusive.
When the structures between PDE66 and farnesylated
Rheb or certain farnesylated peptides were determined,
the mutual exclusive binding could be defined in more
detail (Fig. 2). The structures showed how the binding of
Arl2 (or Arl3) induces the hydrophobic pocket to narrow
such that the C-terminal farnesylated end of the protein
gets squeezed out of the pocket.*! A structure of PDE6§
and a geranylgeranylated peptide (with 4 isoprenyl
groups rather than 3 compared to farnesylated peptides)
from the o subunit of PDE6 could also be solved. It
shows that the C20 modification can bind into the same
pocket such that the extra 5 residues of the geranylger-
anyl group extend the pocket by 5 C atoms.*” Since Ras
requires farnesylation to be bound to membranes and
since membrane binding is required for Ras function it
was argued that PDE6S might be a target for anti Ras
drugs. This was indeed verified and a number of com-
pounds such as Deltarasin and Deltazinone were

Uncl19-Lauryl

Figure 2. The cargo release by Arl2 and Arl3. Left panel; crystal structures of PDE6S in complex with farnesyl peptide (PDB code: 3T5I)
and Unc119 in complex with laurylated peptide (PDB code: 3RBQ). Middle panel; the binding of Arl2/3 to the carrier proteins PDE6S
and Unc119 result in the release of the lipid moiety. Right panel; the N-terminal helix of Arl3 and Arl2 display different conformation in

the complex with the carrier proteins.



identified which inhibited Ras function in cells and in
Xenograft mouse models.*>**

In a proteomic study Uncl19a and Uncl19b were
identified as proteins binding to nephrocystin 3
(NPHP3) and the binding was found to be dependent on
the N-terminal myristoyl group of NPHP3."” Further-
more Uncl19b was found to be required for the import
of NPHP3 into cilia. The structure of a complex between
Uncll9a and Arl3 showed that Arl2/3 binding to
Uncl19 might be unfavorable for the binding of myris-
toylated cargo. This was deduced from a superimposition
with the structure between a lauroylated peptide from
GNATI1 (the « subunit of transducin)’® and Uncl19a
(Fig. 2). We have recently shown that both Unc119a and
Unc119b bind with similar affinity to a variety of myris-
toylated peptides.*®

Cargo release from PDE65 by Arl2/3

We and others had established that PDE66 is a carrier for
prenylated cargo proteins, while Unc119 binds myristoy-
lated cargo. Based on studies with Ras or Rheb, 2 prenylated
proteins that reside in cytoplasmic membranes, it was
assumed that the nature of cargo does not influence the
interaction with PDE66.*" It was also shown that the affinity
is dictated by only the last few C-terminal residues of these
proteins, since C-terminal peptides of 6-7 residues bind
with the same affinity as the full-length protein.’* However,
investigation of the interaction of the ciliary protein inositol
5’ phosphatase (INPP5E) with PDE64 revealed a difference
in the binding affinity when compared to the non-ciliary
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proteins Ras and Rheb. INPP5E showed an approximately
100 fold higher binding affinity to PDE6S with a dissociation
constant in the nanomolar range as compared to submicro-
molar affinities for Ras and Rheb.*® Stimulated by the find-
ings that only Arl3 can release high affinity ciliary cargo
from Unc119'>"° and from PDE68,*® we could confirm that
under identical concentrations only Arl3 is able to release a
C-terminal prenylated INPP5E peptide from its complex
with PDE68, while Arl2 did not.*® Kinetic studies showed
that the stimulated release of farnesylated INPP5E peptide
by Arl3eGTP is 600fold faster than by Arl2eGTP.* Struc-
tural and biochemical analysis of Arl2/3 complexes with
PDE66 and Uncl19 showed that the major determinant for
this difference is the structure and dynamics of the N-termi-
nal amphiphatic helix which is absolutely required for the
release activity of Arl3. The N-terminal helix of Arl3 but not
Arl2 folds into a hydrophobic pocket on the surface of the
protein and contributes to the release of the bound lipidated
cargo'*** (Fig. 2).

Manipulation of the affinity between carrier and
cargo and cargo sorting by Arl2/3

Analysis of the structures of PDE6§ in complex with
INPPSE peptide or Rheb peptide (or full-length Rheb pro-
tein) revealed that the farnesyl groups in both structures
superimpose very well and that the first 3 residues N-termi-
nal to the F-Cys-OMe (the farnesylated and methylated cys-
teine) are also located in the binding pocket. Differences in
the interaction pattern due to the difference in sequence
could be observed here.*® The structures suggested that the

3-1

INPPSE: SQNSSTI-Cys(far)-OMe
-3 -1

Rheb: SQGKSS-Cys(far)-OMe

“\®

Figure 3. The sorting signal of farnesylated cargo. Superimposition of PDE6§ structures in complex with farnesylated INPP5E peptide
(PDB code: 5F2U) and Rheb protein (PDB code: 3T5G). The residues at the -1 and -3 positions (arrows) relative to the farnesylated cyste-
ine (F-Cys) from Rheb (green) and INPP5E (yellow) display different interaction patterns with the surrounding residues from PDE6S

(gray).
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residues -1 and -3 relative to the farnesylated cysteine are
responsible for the difference in affinity (Fig. 3). We thus
created chimeric peptides where the residues at -1 and -3
positions were swapped, by changing Ser and Ile in INPP5E
to Lys and Ser, and Lys and Ser in Rheb to Ser and Ile. Bind-
ing experiments with INPP5E(KS) and Rheb(SI) showed
that we could reverse the binding affinities of these peptides
to PDE65.*

That the difference in affinity of the cargo-carrier
complex is the major factor for ciliary entry was demon-
strated by expressing the mutated proteins INPP5SE(KS)
and Rheb(SI) as GFP fusion proteins from a stable pro-
moter in IMCD3 cells. This resulted in a dramatic turn-
around in the specificity of localization of the proteins.*®
INPP5E is no longer exclusive in the cilium and Rheb is
now able to be localized inside the organelle. The fact
that the localization of the mutated proteins is not exclu-
sive for cilia or cytoplasm argues for a retention mecha-
nism of lipidated ciliary proteins which keeps them
inside once they have entered the compartment. Inciden-
tally, the experiments also show that the low affinity
mutant can be released by Arl2 in the cytoplasm.*®

The combination of these data with the different
release activities and localization pattern of Arl2/3 sug-
gested a sorting mechanism of fanesylated proteins
between cilia and other compartments (Fig. 4). The first
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step is the binding of high or low affinity farnesylated
cargo to PDE66. In the second step high-affinity cargo is
released by Arl3 inside cilia and low-affinity cargo by
Arl2 in the rest of the cell. The last step is mediated by
the specific retention of the farnesylated cargo at its des-
tination. In line with this mechanism we showed that
knockdown of Arl3 results in the redistribution of high
affinity cargo (INPP5E) over the entire cell*® and a
knockdown of Arl2 was shown to induce mis-localiza-
tion of low affinity cargo such as Ras.*® We assume that
a similar sorting mechanism applies also for the carrier
protein Uncll9 and its myristoylated cargo. This
assumption is supported by the findings that Uncl19
binds with different affinities to myristoylated
cargo,'>'>*>*” where the high affinity cargo is exclusively
released by Arl3.">"> A further support for such a mech-
anism comes from our recent study which showed that
manipulating the affinity between Uncl19 and its cargo
results in changing its cellular distribution.*

The cilium as an Arl3¢GTPcompartment

If lipidated ciliary cargo, due to its high affinity to the
carrier proteins PDE6S or Uncll9, is supposed to be
released by Arl3 only inside the cilium and not outside,
the presence of an Arl3-specific guanine exchange factor
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Figure 4. Sorting of farnesylated cargo by the Arl2/Arl3 system. The localization of Arl13B (ArI3GEF) inside the cilia and RP2 (Arl3GAP) at
the ciliary exit creates an Arl3eGTP domain inside the cilium (the Arl13B domain is shaded blue and the RP2 domain is shaded gray). Far-
nesylated cargo such as INPP5E which binds to PDE6S with high affinity cannot be released in the cytosol by Arl2eGTP or the inactive
Arl3eGDP. Arl3eGTP releases INPP5E from its complex with PDE6S inside the cilium. In contrast, Ras which binds to PDE6S with low affin-
ity can be released by Arl2eGTP in the cytosol. Mislocalization of Ras is observed after knockdown of both PDE6S and Arl2.25*® After
release from PDE6S, INPP5E is retained inside the cilia by the interaction with the ciliary membrane or specific interacting partners while
Ras is retained outside the cilia by the interaction with plasma membrane and endomembranes.



exclusively localized inside the organelle is required to
spatially activate Arl3. Such an Arl3-GEF was indeed
identified as Arl13B.** Arl13B is a GTP-binding protein
itself, which in addition to the G domain contains a
coiled-coil and a proline-rich domain and localizes
exclusively inside the cilium.* Surprisingly the G
domain and a part of the CC domain are responsible for
the GEF activity. The structure shows that Arl13B con-
tacts Arl3 via its switch regions, which explains the find-
ing that the GEF activity of Arl13B is dependent on its
nucleotide state. Although the structure could not delin-
eate the exact mechanism of how the nucleotide is kicked
out, biochemical experiments suggest that an extended
helical end (not visible in the structure) could directly
reach into and interfere with the nucleotide binding site
of Arl3,*® as demonstrated previously for many other
GEFs.

The exclusive release of high affinity ciliary cargo by
active Arl3 inside the cilia requires the additional condi-
tion, that active Arl3 is prevented from escaping the cil-
ium. We have shown earlier that RP2 is an Arl3-specific
GAP."® In line with the proposal that the cilium is a com-
partment enriched in activated Arl3 (ie. Arl3eGTP),
localization studies using a GFP-RP2 stably expressed in
IMCD3 cells show that RP2 is excluded from cilia. It is
localized to the rest of the cell and is enriched at the base
of the cilium.”®" Taken together, one would postulate
that Arl3, which is small enough to cross the barrier of
the cilium, would get activated by Arl13B only inside the
cilium and Arl3-bound GTP would be hydrolyzed by
RP2 when exiting this compartment (Fig. 4). Further-
more the available evidence would suggest that these
findings are not confined to IMCD?3 cells but are applica-
ble to most if not all ciliated cells, as all proteins involved
in this mechanism (PDE6S, Uncl19, Arl2, Arl3, Arl13B
and RP2) are conserved in evolution of high eukaryotics
and ubiquitously expressed in cells and tissues. More-
over, RP2 and Arl13B are mutated in Retinitis Pigmen-
tosa®® and Joubert syndrome (JBTSS),>* respectively,
suggesting that both an increased concentration of
Arl3eGTP (when RP2 activity is missing) or a decreased
concentration of Arl3¢GTP (when the GEF activity is
low) lead to human diseases commonly called ciliopa-
thies. Incidentally mutations in PDE66 (JBTS22) and
INPP5E (JBTS1) also lead to ciliopathies.”®

Conclusion

We have summarized here the finding that the cilium is a
compartment enriched in Arl36GTP. This gradient of
activated Arl3 across the barrier that separates the cilium
from the rest of the cell is required and considered the
driving force for the sorting of lipidated cargo into this
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structure. This situation is very much reminiscent of the
nucleus where the action of a RaneGTP gradient regu-
lates nuclear transport across the nuclear pore complex
(NPC) which is the barrier between nucleus and cyto-
plasm.”* The Ran-specific guanine nucleotide exchange
factor RCC1 is located inside the nucleus because it binds
to chromosomes.”® Ran-GAP is found in the cyto-
plasm but is concentrated at the exit site of the NPC
because Ran-GAP is bound to a component of the
NPC.”” The hydrolysis of RaneGTP outside the nucleus
leads to the release of the RaneGTP-cargo-exportin com-
plex, whereas the active RaneGTP inside the nucleus dis-
sociates the importin cargo complex by allosteric
regulation just as Arl3eGTP allosterically releases cargo
from PDE6d and Unc119.”®

Localized activation should be a more general princi-
ple of the function of small G proteins, and is for exam-
ple described for the Rab proteins, where the localization
of GEF is responsible for the localized activation of a spe-
cific Rab and the initiation of specific transport pro-
cesses.”” The same is true for the activation of Rho
proteins which require a distinct localization of a partic-
ular Rho-GEF and a halo of a particular Rho-GAP
around the area of activation, in order to induce locally
defined and directed membrane deformations such as
neurite protrusions or filopodia.”” A good example of
temporal hierarchical regulation of the GTPase cycle has
been demonstrated for the entry of Salmonella typhimu-
rium into cells. The bacterium first injects, via the type
III secretion system the Rho-GEF SopE into cell to acti-
vate actin remodeling and later injects the Rho-GAP
SptP to finish the uptake.’’ One can conclude that the
separation of GEF and GAP activity in space and/or time
is a general principle for small (and large) GTP-binding
proteins which should be in place to avoid futile cycles of
GTP hydrolysis.
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