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Compositional complexity of rods and rings

ABSTRACT Rods and rings (RRs) are large linear- or circular-shaped structures typically de-
scribed as polymers of IMPDH (inosine monophosphate dehydrogenase). They have been 
observed across a wide variety of cell types and species and can be induced to form by in-
hibitors of IMPDH. RRs are thought to play a role in the regulation of de novo guanine nucle-
otide synthesis; however, the function and regulation of RRs is poorly understood. Here we 
show that the regulatory GTPase, ARL2, a subset of its binding partners, and several resident 
proteins at the endoplasmic reticulum (ER) also localize to RRs. We also have identified two 
new inducers of RR formation: AICAR and glucose deprivation. We demonstrate that RRs can 
be disassembled if guanine nucleotides can be generated by salvage synthesis regardless of 
the inducer. Finally, we show that there is an ordered addition of components as RRs mature, 
with IMPDH first forming aggregates, followed by ARL2, and only later calnexin, a marker of 
the ER. These findings suggest that RRs are considerably more complex than previously 
thought and that the function(s) of RRs may include involvement of a regulatory GTPase, its 
effectors, and potentially contacts with intracellular membranes.

INTRODUCTION
The reversible formation of protein aggregates is increasingly un-
derstood to be important for a number of normal cellular processes, 
as well as pathological ones. Such aggregates form as a result of 
homopolymerization of a single protein or they can contain much 
greater complexity in composition and size (Aguilera-Gomez and 
Rabouille, 2017). Such aggregates can be quite large and share the 
features of an organelle (e.g., the nucleolus, Cajal bodies, P-bodies, 
U-bodies, eisosomes, purinosomes, G-bodies, loukomasomes, 
cyto ophidia, and rods and rings [RRs]). The functions of some com-
plexes are known, such as assembly of ribosomes or spliceosomes 

at the nucleolus and Cajal bodies, respectively (Hebert and Poole, 
2017; Nunez Villacis et al., 2018), or sites of RNA metabolism 
(P-bodies [Luo et al., 2018]), while others are less well-understood.

RRs are large, linear- or circular-shaped structures observable in 
a variety of mammalian cell lines under normal growth conditions 
and inducible in all cell lines tested (Willingham et al., 1987; Ji et al., 
2006; Gunter et al., 2008; Noree et al., 2010; Ramer et al., 2010; 
Carcamo et al., 2011). RR induction is typically accomplished using 
the IMPDH (inosine monophosphate dehydrogenase) inhibitors my-
cophenolic acid (MPA) or ribavirin, which cause a rapid increase in 
the number and size of RRs (Ji et al., 2006; Carcamo et al., 2011; 
Thomas et al., 2012; Keppeke et al., 2016). RRs were first formally 
described following the observation that patients being treated for 
chronic hepatitis C infection with a combination of ribavirin and in-
terferon α developed autoantibodies against structures, later 
named RRs (Covini et al., 2012; Keppeke et al., 2012). Such autoan-
tibodies were found to react with IMPDH (Carcamo et al., 2011; 
Seelig et al., 2011), the rate-limiting enzyme in guanine nucleotide 
de novo synthesis that catalyzes the conversion of inosine mono-
phosphate (IMP) to xanthosine monophosphate (XMP). IMPDH is by 
far the most commonly identified component of RRs, and thus the 
presence of IMPDH and induction in response to IMPDH inhibition 
are the hallmarks of RRs (Carcamo et al., 2014; Calise et al., 2015).
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Cytoophidia are also large protein complexes linked to nucleo-
tide metabolism and share a number of similarities with RRs (Gou 
et al., 2014; Aughey and Liu, 2015; Chang et al., 2015; Liu, 2016). 
The best established component of cytoophidia is CTP synthetase 
(CTPS; Ingerson-Mahar et al., 2010; Noree et al., 2010; Carcamo 
et al., 2011; Liu, 2011), which catalyzes the conversion of uridine 
triphosphate (UTP) to cytidine triphosphate (CTP). Glutamine is a 
necessary cofactor in this reaction and glutamine analogues such as 
6-diazo-5-oxo-l-norleucine (DON) and acivicin inhibit CTPS, leading 
to the formation of cytoophidia (Carcamo et al., 2011; Calise et al., 
2014; Keppeke et al., 2015a). These drugs also induce the forma-
tion of IMPDH-positive RRs (Carcamo et al., 2011; Calise et al., 
2014; Keppeke et al., 2015b). Indeed, there is evidence of partial 
overlap between CTPS-positive and IMPDH-positive structures 
(Carcamo et al., 2011; Keppeke et al., 2015b) and these terms are 
sometimes used interchangeably. However, this overlap is not uni-
versal and IMPDH inhibitors do not induce the formation of CTPS-
positive structures (Keppekee et al., 2015b). For clarity, we will refer 
to IMPDH-positive structures as RRs and CTPS-positive structures as 
cytoophidia.

The function of RRs is unclear and even controversial. Because 
they are strongly induced upon inhibition of guanine nucleotide bio-
synthesis, a treatment expected to reduce the guanine nucleotide 
pool, RR formation has been thought of as a cellular response in-
tended to increase guanine nucleotide synthesis (Carcamo et al., 
2014). However, a recent study provided strong evidence that oligo-
merization of IMPDH does not change the enzymatic properties of 
the enzyme (Anthony et al., 2017). IMPDHs are abundant, soluble 
proteins that are normally found as tetramers (Gilbert et al., 1979) or 
octamers (Whitby et al., 1997). There are two isoforms of IMPDH in 
mammals, IMPDH1 and 2, which share 84% identity in primary se-
quence. Both are capable of converting IMP to XMP as well as form-
ing homotetramers and homooctamers (Carr et al., 1993; Colby 
et al., 1999). Both isoforms have been reported to be present in RRs 
(Gunter et al., 2008).

We quite unexpectedly found strong and specific staining of RRs 
by a number of monoclonal antibodies to the regulatory GTPase 
ARL2 (ARF-like 2; Clark et al., 1993). ARL2 is an essential and very 
highly conserved GTPase within the ARF superfamily, predicted to 
have been present in the last eukaryotic common ancestor and 
ubiquitous in eukaryotes (Clark et al., 1993; Li et al., 2004; Klinger 
et al., 2016). It localizes to several cellular locations including centro-
somes (Zhou et al., 2006), the nucleus (Muromoto et al., 2008), and 
mitochondria (Newman et al., 2014, 2017a,b), although the clear 
majority is found in cytosol, as part of a heterotrimeric complex with 
the tubulin cochaperone cofactor D and β-tubulin (Bhamidipati 
et al., 2000; Francis, 2017a, 2017b). We have focused in recent 
years on defining the roles of ARL2 in tubulin biogenesis in cytosol 
(Francis et al., 2017a,b) and both mitochondrial fusion (Newman 
et al., 2017a,b) and ATP generation in mitochondria (Newman et al., 
2014), although it has also been linked to centrosome stability (Zhou 
et al., 2006) and transport of N-myristoylated protein cargoes (Ismail 
et al., 2011; Watzlich et al., 2013).

Here we report a detailed characterization that extends our initial 
observation and leads us to the conclusion that RRs display much 
greater complexity in composition than suggested by the literature 
in this field. These results are likely to expand our understanding of 
the set of processes in which RRs are implicated.

RESULTS
RR size, shape, and quantity (both number per cell and prevalence 
within a cell population) are highly variable depending on the cell 

line under study. The manner and extent to which different cell types 
elaborate RRs in the absence of any inducer (normal cell culture 
conditions) or in response to different drug treatments and growth 
conditions, also varies. We carried out experiments using a variety 
of cell lines to test the generalizability of our results. With the excep-
tion of electron microscopy data, each experiment was typically re-
peated in at least three different cell lines; including some combina-
tion of HeLa, MEF (mouse embryo fibroblasts), NRK (normal rat 
kidney), IMCD3 (murine inner medullary collecting duct), human 
primary fibroblast, COS7 (African green monkey kidney), MDCK 
(Madin-Darby canine kidney), and NIH3T3 (mouse embryo fibro-
blast) cells. A summary of the results obtained in each is shown in 
Table 1. The results displayed are representative of all cell lines 
tested unless otherwise noted.

The regulatory GTPase ARL2 localizes to RRs
Upon characterization of a number of new monoclonal antibodies 
specific to ARL2, we found that ARL2 localizes to large cellular struc-
tures matching the appearance of RRs. To confirm the identity of 
these ARL2-positive structures, we compared the ARL2 staining to 
that of IMPDH2, a well-established marker of RRs (Ji et al., 2006; 
Carcamo et al., 2011; Juda et al., 2014; Calise et al., 2015). When 
costaining fixed cells with rabbit polyclonal antibodies directed 
against IMPDH2 and any of several mouse monoclonal antibodies 
raised against human ARL2, we observed very strong colocalization 
(Figure 1). Every ARL2-positive structure in every cell was IMPDH2-
positive and vice versa, although the staining intensity of ARL2 var-
ied across cell types. Three different monoclonal antibodies raised 
against bacterially expressed human ARL2 (3B4.B4, 15E11.B11, and 
19F6.F11) yielded the same results. All of the ARL2 monoclonal 
staining displayed here was performed using the 3B4.B4 ARL2 
mouse monoclonal antibody (mAb).

To further confirm the nature of the ARL2-positive structures as 
RRs, we treated cells with 1 μM MPA for 4 h. Following addition of 
MPA, the size and quantity of ARL2-positive structures increased 
dramatically such that they were present in every cell, even in cell 
lines that display none of these structures under normal culture con-
ditions, such as HeLa cells (Figure 1). The most intense ARL2 stain-
ing was observed in MPA-treated HeLa cells, while the weakest (but 
still readily observable) was seen in MEFs (Figure 1). ARL2 colocal-
ization with IMPDH2 at RR-shaped structures was observed in all cell 
lines tested, at endogenous structures (structures present under 
normal growth conditions), and under all induction conditions. ARL2 
staining intensity is consistent regardless of the induction method; 
however, the appearance of ARL2 at RRs can vary depending on the 
cell line. These variations are summarized in Table 1. Additionally, 
RRs localized within the nucleus have been previously reported 
(Calise et al., 2014; Juda et al., 2014). We found that ARL2 localizes 
to both cytoplasmic and nuclear RRs (Supplemental Figure S1), al-
though ARL2 staining at nuclear RRs is sometimes difficult to discern 
due to ARL2 staining throughout the nucleus and the fact that nu-
clear RRs are typically shorter and finer than those observed in the 
cytosol. Thus, we conclude that ARL2 localizes to RRs based on its 
consistent colocalization with IMPDH2-positive and MPA-inducible 
structures in multiple cell types.

To confirm the specificity of both IMPDH2 and ARL2 antibody 
staining at RRs we carried out antigen competition using purified 
proteins. Prior incubation of the IMPDH2 antibody with purified, 
recombinant, human IMPDH2, followed by immunofluorescence 
staining of fixed cells resulted in near complete loss of IMPDH2 sig-
nal intensity at RRs compared with controls (Supplemental Figure 
S2). Similarly, prior incubation of the ARL2 mAb with purified ARL2 
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protein led to a corresponding decrease in ARL2 signal at RRs when 
the antibody was then used for immunofluorescence (Supplemental 
Figure S2). This further confirms the specificity of the IMPDH2 and 
ARL2 signals we observe at RRs using our rabbit polyclonal IMPDH2 
and mouse monoclonal ARL2 antibodies.

We also performed double labeling with mouse monoclonal and 
rabbit polyclonal antibodies, each directed against ARL2, and found 
complete overlap in staining at RRs, although less so at other struc-
tures (Supplemental Figure S3). Indeed, our ARL2 monoclonal 
antibodies robustly stain RRs but react much more weakly than the 
polyclonal serum with cytosolic and mitochondrial ARL2 (Supple-
mental Figure S3). This makes our ARL2 monoclonal antibodies 
quite useful for visualization of RRs as they display a clear preference 
for staining RRs over other structures. Reasons for this preferential 
staining of different structures between the antibodies are not un-
derstood, but the availability of both rabbit and mouse antibodies 
allowed us to perform double labeling with antibodies directed 
against many other antigens.

AICAR induces RR formation
To date, RR induction has been most commonly observed upon 
treatment of cells with drugs that either directly or indirectly inhibit 
IMPDH, for example, MPA that traps a covalent intermediate of 
IMPDH with covalently bound nucleotide and inhibits this key step 
in guanine nucleotide biosynthesis. Before we identified the ARL2-
positive structures as RRs, we suspected the structures may be 
related to macroautophagy. To test this, we treated cells with 5-ami-
noimidazole-4-carboxamide ribonucleotide (AICAR) to promote au-
tophagy via activation of AMP kinase (AMPK). Interestingly, we 
found that AICAR robustly induces the formation of RRs (Figure 2). 
AICAR is also an intermediate in the IMP pathway. It is the substrate 
for the enzyme just upstream of IMPDH, although it has not previ-
ously been reported to cause RR formation. All cells displayed at 
least one RR structure within 2 h of AICAR treatment. RRs remained 
present in all AICAR-treated cells for at least 24 h. However, the size 

of RRs differs when comparing AICAR- to MPA-treated cells, regard-
less of treatment time. With the exception of NRK cells, RRs induced 
by AICAR were smaller than those formed by MPA induction, al-
though they are still larger than RRs observed in uninduced cells 
(Figure 2). In contrast to other cell types, in NRK cells, RRs induced 
by either AICAR or MPA were similar in size. NRK cells are also un-
usual in having almost no rings at all after treatment with MPA 
(Figure 2). Like with MPA treatment, AICAR-induced RRs were al-
ways found to stain positively for both IMPDH2 and ARL2 (Figure 2).

As previously mentioned, AICAR is also a well-known activator of 
AMPK (Russell et al., 1999). To test whether the induction of RRs 
with AICAR is a result of AMPK activation, we treated AMPK-null 
MEFs (MEFs lacking ampk1 and ampk2 [Laderoute et al., 2006]) with 
AICAR and compared RR induction to paired control MEFs. In both, 
AICAR was capable of dramatic RR induction (Figure 3), suggesting 
that RR induction with AICAR was independent of AMPK activation. 

FIGURE 1: ARL2 localizes to IMPDH2-positive structures that are 
inducible with MPA. HeLa (first two columns), IMCD3 (third column), 
and MEF (last column) cell lines were treated with either vehicle 
control (−MPA) or 1 μM MPA (+MPA) for 4 h. Cells were then fixed and 
costained for IMPDH2 (top row) and ARL2 (middle row), as described 
under Materials and Methods. Two-dimensional (2D) projections of 
Z-stacks are shown. Scale bar in bottom left panel = 10 μm and is the 
same for each image. Insets show zoomed-in versions of individual 
rods.

FIGURE 2: AICAR induces RR formation. HeLa (top row) or NRK 
(bottom row) cells were treated with either vehicle control (leftmost 
column), 1 μM MPA (second column), or 1 mM AICAR (right two 
columns) for 2 h. Cells were then fixed and costained for IMPDH2 
and ARL2. Only the IMPDH2 staining is shown in the two leftmost 
columns, while both IMPDH2 (third column) and ARL2 (fourth column) 
costaining are shown on the two columns to the right. 2D projections 
of Z-stacks are shown. Scale bar = 10 μm.

FIGURE 3: AICAR is capable of inducing RR formation in AMPK–null 
MEFs. AMPK–null MEFs (bottom) and paired control MEFs (top) were 
treated with vehicle control (left) or 1 mM AICAR (right) for 2 h. Cells 
were then fixed and stained for IMPDH2. 2D projections of Z-stacks 
are shown. Scale bar = 10 μm.
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Additionally, A-769662, another activator of AMPK (Liu et al., 2016), 
had no impact on RR size or quantity. Thus, it is likely that increasing 
AICAR levels act by altering the pools of one or more intermediates 
or products of the de novo and guanine nucleotide biosynthetic 
pathways which leads to RR formation.

Glucose starvation also induces RR formation
We recently showed that glucose starvation (cell culture in medium 
lacking glucose for up to 48 h) caused changes in the staining in-
tensity of ARL2 in mitochondria (Newman et al., 2017b). Using the 
same regimen, we found that glucose starvation also increases the 
percentage of cells with RRs that stain positively for both IMPDH2 
and ARL2 (Figure 4). Unlike MPA or AICAR, glucose starvation 
does not cause as robust an increase in the percentage of cells 
with RRs (Figure 4B). The proportion of cells which form RRs in re-
sponse to glucose starvation varies greatly depending on the cell 
line. IMCD3 (Figure 4B), NRK, MDCK, and NIH3T3 show a moder-
ate increase in the percentage of cells with at least one RR, 
compared with control conditions, while the fold increase is more 
dramatic in MEFs (Figure 4B). Several other cell lines (HeLa, COS7, 
G361, human fibroblasts) do not form RRs in response to glucose 
starvation. Notably, these are the same cell lines in which we have 
never observed RRs under normal growth conditions. In the rest of 
the cell lines tested, RRs can be observed in at least a small per-
centage of cells under normal growth conditions. In cell lines 
where glucose starvation has a strong effect on RR quantity, the 
fraction of cells with at least one RR never reaches 100% (e.g., 
IMCD3 cells peak at ∼75% [Figure 4B]).

RRs were also slower to form after switching to the no glucose 
medium, compared with drug treatments. Whereas 2 h was suffi-
cient for 100% of cells to display RRs following MPA or AICAR addi-
tion, an increase in RR quantity following glucose starvation was not 
evident until at least 6 h after glucose removal and did not peak until 

FIGURE 4: Glucose starvation increases the percentage of cells with RRs. (A) IMCD3 (top row) 
or MEF (bottom row) cell lines were grown in either normal medium (left) or glucose-free 
medium (middle) for 24 h. Cells were then fixed and costained for IMPDH2 (left and middle) 
and ARL2 (right). 2D projections of Z-stacks are shown. Scale bar = 10 μm. (B) Cells treated as 
described in A were scored for the presence of RRs. The percentage of cells with at least one 
RR is shown. N = 200 for each cell line and condition. Scale bars represent SD of two 
independent experiments.

24 h. In almost all cell lines in which glucose 
starvation induced RRs, we observed an in-
crease in their number, but not size. MEFs 
were an exception, as glucose starvation in-
creased both the quantity and size of RRs in 
this line, although they were still not as large 
as the RRs observed in MPA-treated MEFs.

The induction of RRs did not seem to be a 
generalized response to cell stress or growth 
inhibition. We tested a number of other drugs 
(3-methyladenine, bafilomycin, 2-deoxy glu-
cose, metformin, oligomycin, antimycin A, 
cycloheximide, compound C, nocodazole, 
latrunculin A), as well as serum starvation, 
none of which influenced the size or quantity 
of RRs.

Guanosine fails to prevent RR formation 
in fibroblasts from Lesch–Nyhan disease 
patients
RR formation has been linked to guanine nu-
cleotide metabolism in large part because the 
marker of RRs, IMPDH, is the rate-limiting 
step in de novo synthesis of guanine nucleo-
tides, and inhibitors of the enzyme are strong 
inducers of RRs. There also exists a salvage 
pathway in which guanine or guanosine can 
be imported from outside the cell and con-
verted directly to GMP. Addition of guanosine 

has been shown to prevent or reverse the formation of constitutive 
or MPA-induced RRs (Calise et al., 2014, 2016). We recapitulated 
these findings in multiple cell lines (Supplemental Figure S4). It has 
been suggested that guanosine feeds into the salvage pathway for 
guanine nucleotide production, compensating for the inhibition of 
the de novo pathway that results when cells are treated with IMPDH 
inhibitors. If so, this pathway would be diminished or lost in cells 
which have mutated hypoxanthine-guanine phosphoribosyltransfer-
ase (HGprt), the enzyme needed to convert guanine into GMP. 
Human cells with such mutations are available from patients with 
Lesch–Nyhan disease (LND; Fu et al., 2015). Guanosine is normally 
converted first to guanine by purine nucleoside phosphorylase and 
then recycled into GMP by HGprt. Thus, if added guanosine 
prevents RR formation because of its ability to restore guanine nu-
cleotides, we would predict that guanosine addition would have no 
such effect in LND fibroblasts, where guanosine incorporation into 
guanine nucleotides is defective.

Both normal and LND fibroblasts showed no RRs under control 
conditions and a robust induction of RRs following MPA treatment 
(Figure 5). Addition of 1 mM guanosine with MPA (1 μM) completely 
prevented RR formation in control human fibroblasts. However, 
when the same treatment was applied to LND fibroblasts, all cells 
formed obvious RRs, appearing identical to the MPA-only condition 
(Figure 5). This result suggests that it is not guanosine, but rather 
guanine nucleotides, which reverse RR formation following MPA.

It has been previously reported that interfering with de novo syn-
thesis of guanine nucleotides by glutamine starvation or inhibition 
of dihydrofolate reductase, will induce the formation of RRs and that 
the addition of guanosine completely reverses this effect (Calise 
et al., 2014, 2016). We found that guanosine is also capable of re-
versing RRs formed via AICAR treatment or glucose starvation (Sup-
plemental Figure S5). These results support the hypothesis that RR 
formation is closely linked to guanine nucleotide pools regardless of 
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induction methods, and that guanosine is able to prevent or reverse 
RR formation by generating guanine nucleotides via the purine sal-
vage pathway.

ARL2 always colocalizes with IMPDH2 at RRs but not with 
CTPS1 at cytoophidia
Cytoophidia are similar to RRs in being large structures that form in 
response to glutamine analogues such as DON or acivicin (Carcamo 
et al., 2011; Calise et al., 2014; Keppeke, et al., 2015a). These drugs 
inhibit a range of enzymes which bind glutamine, including CTPS 
(Pinkus, 1977). Although there are several similarities between RRs 
and cytoophidia, there are also important differences. MPA never 
induced the formation of CTPS1-positive cytoophidia in HeLa cells 
and only rarely (∼10% of cells) did so in NRK or IMCD3 cells (Figure 6). 
Unlike RRs, we never observed any cytoophidia under normal 
growth conditions in any of the cell lines tested and neither AICAR 
nor glucose starvation induced the formation of cytoophidia.

ARL2 only rarely colocalized with CTPS1. In NRK and IMCD3 
cells, ARL2 and CTPS1 antibodies sometimes costained what ap-
pears to be the same rod-like structures, but in the same cell or 
others in the culture there were also many more structures positive 
for ARL2 or CTPS1, but negative for the other. HeLa cells serve as a 
striking example in which ARL2 and CTPS1-positive structures were 
often in close proximity but did not colocalize (Figure 6). This is in 
stark contrast to the consistent colocalization between ARL2 and 
IMPDH2 (Figure 1). The shape of cytoophidia was also obviously 
different compared with RRs in HeLa cells with cytoophidia being 
shorter, thicker, and lacking rings (Figure 6). We conclude that al-
though RRs and cytoophidia often displayed a physical proximity, 
suggesting they may sometimes share an underlying substructure, 
they were clearly distinct structures and that ARL2 is a component of 
RRs but not cytoophidia.

A specific subset of ARL2 partners localize to RRs
We examined whether other members of the ARF family localized to 
RRs. Immunofluorescence using a rabbit polyclonal antibody di-
rected against ARL3, the closest paralogue of ARL2 sharing 53% 
identity (Li et al., 2004; Logsdon and Kahn, 2004), displayed local-
ization to centrosomes as previously described (Zhou et al., 2006) 
but no colocalization at RRs in any of the cell lines tested (Supple-
mental Figure S6). In agreement with those stark differences in im-
munolocalization results, we saw no evidence of cross reactivity in 
immunoblots when ARL2 and ARL3 antisera were used to probe the 
purified recombinant GTPases. Other members of the ARF family 
tested include ARL1, ARL13b, ARF1, ARF3, ARF4, and ARF6. None 
of these localized to RRs.

We next asked whether known ARL2 binding partners were also 
present at RRs. We had earlier purified ELMOD2 from mammalian 
tissues as an ARL2 GTPase-activating protein (GAP) and later 
showed that it is one of a three-member family of paralogues in 
mammals, ELMOD1-3 (Bowzard et al., 2007; East et al., 2012). The 
ELMOD (cell EnguLfment and MOtility Domain) proteins each share 
a single (ELMO) domain with the three ELMO proteins in mammals 
(Chung et al., 2000; Gumienny et al., 2001), yet appear to have 
quite distinct functions, with only the ELMODs acting as GAPs for 
ARF family GTPases (Bowzard et al., 2007; East et al., 2012; Ivanova 
et al., 2014). Double labeling for ELMOD2 and ARL2 revealed clear 
colocalization at RRs (Figure 7A). This was evident in all cells exam-
ined, although less obviously so in HeLa cells. The staining of EL-
MOD2 at mitochondria and other sites made its presence at RRs 
less obvious compared with the ARL2 monoclonal antibodies, but 
every ARL2-positive RR (both endogenous and following induction) 
also stained positively for ELMOD2. The staining intensity of EL-
MOD2 at RRs was more intense following AICAR or glucose-starva-
tion induction compared with MPA induction. In marked contrast, 
other members of the ELMOD family (ELMOD1 and ELMOD3) did 
not localize to RRs under any of these conditions (Supplemental 
Figure S6).

We also observed that cofactor D colocalized with ARL2 at RRs 
(Figure 7B). Cofactor D exists in a 1:1:1 complex with ARL2 and 
β-tubulin and is one of several cofactors involved in αβ-tubulin bio-
genesis (Tian et al., 1996; Shern et al., 2003; Francis et al., 2017b). 
The other tubulin cofactors (cofactors A, B, C, and E) showed no evi-
dence of staining at RRs (Supplemental Figure S6). Like ELMOD2, 
cofactor D colocalization at RRs was observable in all cell lines 
tested with the exception of HeLa. Cofactor D staining was observ-
able at RRs under control and all induction conditions with no obvi-
ous differences in staining intensity between the induction methods. 
Cytosolic cofactor D staining sometimes impedes visualization of 

FIGURE 5: Guanosine does not prevent RR formation in LND 
fibroblasts. Normal human fibroblasts (top) and fibroblasts derived 
from patients with LND (bottom) were treated with vehicle control 
(left), 1 μM MPA (middle), or 1 μM MPA + 1 mM guanosine (right) for 
4 h. Cells were then fixed and stained for IMPDH2. 2D projections of 
Z-stacks are shown. Scale bar = 10 μm.

FIGURE 6: ARL2 does not localize to CTPS1-positive structures that 
are induced with DON but does colocalize with IMPDH2-positive RRs. 
HeLa cells were treated with either 100 μM DON (top) or 1 μM MPA 
(bottom) for 24 h. Cells were then fixed and costained for CTPS1 (left) 
and ARL2 (middle). 2D projections of Z-stacks are shown. Scale bar = 
10 μm.
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cofactor D at RRs, although not to the same extent as ELMOD2. This 
may be because cofactor D staining usually appeared diffuse (as 
opposed to ELMOD2 which appeared punctate/mitochondrial), 
making the RR structures more easily discernible. β-tubulin did not 
localize to RRs by immunofluorescence, although we cannot ex-
clude the possibility that some β-tubulin was present but key epit-
opes are masked in the trimer.

FIGURE 7: A subset of ARL2 binding partners localize to RRs. (A) MEFs were grown under 
glucose-starvation conditions for 48 h and then fixed and costained for ARL2 (left) and 
ELMOD2 (middle). (B) MEFs were treated with 1 μM MPA for 2 h and then fixed and costained 
for ARL2 (left) and cofactor D (middle). In each case, 2D projections of Z-stacks are shown. 
Scale bar = 10 μm. Insets show zoomed-in versions of individual rings.

The ratio of rods to rings varies between 
cell types, although rods always outnumber 
rings. Rings are easier to identify as RRs be-
cause, although rods might be mistaken for 
cilia or mitochondria, rings of this size are 
highly unusual in cells. For this reason, our 
figures more often show rings, even though 
they are fewer in number. We found no anti-
body that exhibited a clear preference in 
staining rods over rings or vice versa.

Binder of ARL2 (BART aka ARL2BP) was the 
first ARL2 partner identified, based on its 
specific interaction with activated, GTP-bound 
ARL2 (Sharer and Kahn, 1999; Sharer et al., 
2002; Bailey et al., 2009; Zhang et al., 2009). 
Like ARL2, BART is found predominantly in 
cytosol but also localizes to mitochondria 
(Sharer et al., 2002). Our rabbit polyclonal an-
tibodies to BART found no evidence of stain-
ing of RRs. Thus, overall, these data demon-
strate that there is a specific set of ARL2 
binding partners, including ELMOD2 and co-
factor D, that colocalized with ARL2 and 
IMPDH2 to RRs, whereas others, ELMOD1/3, 
BART, and cofactors A/B/C/E, did not.

RRs are associated with an ER-derived membrane
The localization of ARL2, cofactor D, and ELMOD2 to RRs suggests 
that RRs are more complex than simple polymers of IMPDH. We ex-
amined the localization of well-established markers of various cellular 
organelles and found that several resident ER proteins colocalized 
with ARL2 at RRs. The most striking colocalization was observed with 
calnexin (Figure 8A), a transmembrane, resident ER protein which can 

escape and be found at the cell surface (Wiest 
et al., 1995, 1997; Charonis et al., 2017). The 
next most prominent RR staining of a resident 
ER protein was another lumenal chaperone 
GRP78 (Figure 8B), which also can escape to 
the plasma membrane (Tsai et al., 2018). Al-
though its staining of RRs was comparable to 
that of calnexin, there was additional cytoplas-
mic staining that made RR staining with GRP78 
antibodies less prominent. This was also seen 
for SigmaR1 (Figure 8C), another transmem-
brane, ER-resident protein that is thought to 
accumulate in lipid rafts and at ER–mitochon-
dria contact sites (Ruscher and Wieloch, 2015).

In contrast to the immunofluorescence lo-
calization of endogenous proteins described 
so far, we used exogenous expression of 
mCherry-tagged Sec61β due to the lack of an 
antibody capable of specifically staining the 
endogenous protein. mCherry-Sec61β also 
colocalized with RRs (Supplemental Figure 
S7). Each of these proteins contains a trans-
membrane domain with the exception of 
GRP78 which resides in the ER lumen (Bole 
et al., 1986). The colocalization of these ER 
proteins at RRs was consistently observed 
in multiple cell lines, except for mCherry-
Sec61β, which had the weakest colocalization 
and was observed only in IMCD3 cells.

FIGURE 8: Three different ER membrane proteins also colocalize with RRs. MEFs were grown 
under glucose-starvation conditions for 24 h and then fixed and costained for ARL2 (left) and 
(A) calnexin (top middle), (B) GRP78 (middle), or (C) SigmaR1 (bottom middle). 2D projections 
of Z-stacks are shown. Scale bar = 10 μm. Insets show zoomed-in versions of individual rods for 
A and rings for B and C.
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Colocalization of ER proteins at RRs was tested under control, 
glucose-starvation, and MPA-treatment conditions. Although co-
localization between the previously listed ER proteins and RRs was 
observable under all of these conditions, the staining intensity was 
highest after glucose starvation (with the exception of cells in 
which glucose starvation does not induce RRs; Supplemental 
Figure S8).

In contrast to calnexin, GRP78, and SigmaR1, at least one other 
ER protein, calreticulin, did not localize to RRs (Supplemental Figure 
S9). This finding raises the possibility that a subcompartment of the 
ER associates with RRs. Other organelle markers that we tested in-
cluded TGN46 (Golgi), HSP60 (mitochondria), α- and β-tubulin (mi-
crotubules), rhodamine phalloidin (actin), acetylated tubulin (primary 
cilia), and LC3 (autophagosomes)—none of which was observed at 
RRs (Supplemental Figure S9). The presence of multiple transmem-
brane ER proteins at RRs suggests that the ER, or a membrane 
derived from the ER, is closely associated with RRs.

Ultrastructural data support the presence of ARL2 
throughout RRs and association of RRs with a membrane
To further explore the association of both ARL2 and a membrane 
with RRs, we used transmission electron microscopy (EM) to visual-
ize RRs in HeLa cells treated with MPA (1 μM) for 2 h. As seen previ-
ously (Juda et al., 2014), RRs appeared as a collection of long, clus-
tered filaments in longitudinal sections and as a bundle of filaments 
in cross-section (Figure 9, A and C, respectively). Using nanogold 
labeling with silver enhancement, in conjunction with the polyclonal 
IMPDH2 antibody, we observed localization of IMPDH2 throughout 

FIGURE 9: The filamentous nature of RRs is evident by EM staining and ARL2 and IMPDH2 
colocalize to RRs as seen by immunogold staining. HeLa cells were induced with 1 μM MPA for 
2 h and processed for EM, as described under Materials and Methods. All scale bars = 200 nm. 
(A) Longitudinal sections of RRs. The RRs are indicated by an asterisk (*). (B) A zoomed-out 
image of the RR shown in the far-right image from A. (C) Transverse sections of RRs. Labeling 
scheme is the same as A. (D) Immuno-EM showing localization of IMPDH2 using IMPDH2 
antibody coupled to nanogold particles. The asterisk marks the RR while the black particles 
indicate the IMPDH2 localization. (E) Same as D except using ARL2 antibody to show 
localization of ARL2. (F) The fraction of RRs that were associated with the ER or mitochondrial 
membranes were counted in randomly acquired EM images of the RRs and plotted. N = 45.

the RRs, as expected (Figure 9D). Immunola-
beling throughout RRs was equally evident 
upon staining with a monoclonal ARL2 anti-
body, consistent with our immunofluores-
cence data (Figure 9E). It was also common to 
observe clusters of darkly staining glycogen 
granules adjacent to RRs (Figure 9), although 
we did not further explore this observation.

Intracellular membranes were often found 
to be in close apposition to rods by EM 
(Figure 9). These membranes appeared to be 
ER and mitochondria, based on their mor-
phologies; however, the membrane typically 
did not run along the entire length of the rod 
(Figure 9B). We quantified the fraction of RRs 
with closely apposed membranes and found 
about half to lie along the ER and about a 
quarter were adjacent to a mitochondrion 
(Figure 9F).

Different components of RRs have 
different kinetics of recruitment
We sought to monitor the assembly of RRs 
over time, to establish whether it is an ordered 
process. We compared the kinetics of RR for-
mation in three cell lines after addition of MPA 
(1 μM) over a 2 h window, by costaining for 
IMPDH2 and ARL2 (Figure 10). The formation 
of RRs was quite consistent across cell lines, 
with MEFs progressing slightly faster than 
HeLa or NRK cells, but all three reaching their 
peak of 100% of cells with RRs within 1–2 h af-
ter MPA addition (Figure 10, A and B). Within 
5 min of MPA treatment, IMPDH2-positive 

structures were observed in a small percentage of cells (Figure 10A). 
At this time they were dispersed throughout the cytosol, appearing to 
have a punctate morphology, and were far more numerous and much 
smaller in size than mature RRs. The same was true in MEFs and NRK 
cells except the morphology appeared less punctate and more like 
small, extremely thin rods. The size and number of RRs per cell 
changed over time, with the number of structures per cell decreasing 
and the size and thickness of the structures increasing (Figure 10A). 
Visual inspection of such time course data also suggests that IMPDH2 
staining was more diffuse before, or at early time points after, MPA 
addition, consistent with the mass movement of IMPDH2 from the 
soluble fraction into RRs. Such a change in localization is suggestive 
of the lack of need for new protein synthesis, although not formally 
tested here.

ARL2 appears to recruit to RRs after IMPDH2. Costaining of ARL2 
and IMPDH2 over time revealed that ARL2 was not recruited to RRs 
until ∼20 min after MPA addition, while IMPDH2-positive structures 
were evident at 5 and 10 min (Figure 10, A and C). The accumulation 
of ARL2 at RRs appears to coincide with the change in RR morphol-
ogy from a punctate (or very thin rod) shape to the more typical RR 
shape; that is, ARL2 colocalization is rarely visible at punctate 
structures but almost always visible at RR-shaped structures. This 
difference between IMPDH2 and ARL2 staining and the change in 
morphology were most dramatic between 10 and 20 min. At later 
times the two proteins stained indistinguishably.

In contrast to IMPDH2 or ARL2, calnexin recruitment to RRs was 
slower and only ∼40% of cells showed calnexin at RRs after 45 min 
in MPA, at which point ARL2 was seen at RR in more than 80% of 
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FIGURE 10: RRs increase in size and quantity over time after induction with MPA. HeLa, MEF, 
or NRK cells (HeLa cells are pictured) were fixed at the times shown after addition of MPA 
(1 μM). Cells were then costained for IMPDH2 and ARL2. (A) IMPDH2 staining is shown. 
Images were collected and processed identically at every step for each time point. 2D 
projections of Z-stacks are shown. Scale bar = 10 μm. (B) Cells treated as described in A were 
scored for the presence of RRs based on IMPDH2 staining. The percentage of cells with at 
least one RR is shown. N = 100 for each time point and cell line. Error bars represent SD 
between two independent experiments. (C) ARL2 staining is shown at the 10 and 20 min time 
points (same fields shown in panel A). 2D projections of Z-stacks are shown. Scale bar = 10 μm.

FIGURE 11: Calnexin recruits to RRs well after IMPDH2 and ARL2. (A) HeLa, MEF, or NRK cells 
(NRK cells are pictured) were fixed at different times after addition of MPA (1 μM). Cells were 
then costained for ARL2 and calnexin, as described under Materials and Methods. ARL2 (left) 
and calnexin (right) at 45 min (top) and 60 min (bottom) are shown. 2D projections of Z-stacks 
are shown. Scale bar = 10 μm. (B) NRK cells treated as described in A were scored for the 
presence of RRs based on ARL2 or calnexin staining. The percentage of cells with at least one 
RR is shown. N = 100 for each time point. Error bars represent SD between two independent 
experiments.

cells (Figure 11). Thus, these time course data 
are consistent with an ordered and sequential 
addition of components, with IMPDH the first 
protein to poly merize, ARL2 arriving slightly 
later, and calnexin recruitment still later.

DISCUSSION
We provide evidence that a number of pro-
teins not directly involved in nucleotide me-
tabolism are present at RRs. They appear to 
be recruited to RRs with a high degree of 
specificity and in an ordered manner, consis-
tent with them playing specific roles. We 
demonstrate that the regulatory GTPase 
ARL2 is a component of RRs, based on its 
colocalization with IMPDH2 in every cell line 
tested and the coordinated increases in each 
upon treatment with each of the inducers of 
RR formation, most notably MPA (Figure 1). 
We also describe for the first time two treat-
ments that promote RR formation, AICAR 
and glucose deprivation, which also contain 
ARL2. Among the other newly identified pro-
teins found to colocalize at RRs are a number 
of ER proteins, leading us to propose a role 
for the ER in RR biology. These newly discov-
ered components of RRs and means of in-
duction also allow us to draw clear distinc-
tions between RRs and cytoophidia.

The localization of ARL2 to RRs was ob-
served in every cell line tested, although 
with variability in the staining intensity (Table 
1). ARL2 localization was also evident at the 
EM level, in which ARL2 could be seen 
throughout the RRs (Figure 9). In contrast, 
other members of the ARF family, including 
the closest paralogue to ARL2, ARL3, were 
not found at RRs (Supplemental Figure S5). 
Specificity was also evident in the ARL2 in-
teracting partners present in RRs, ELMOD2 
and cofactor D (Figure 7), as others were not 
found there (ELMOD1, ELMOD3, BART, 
other tubulin cofactors). We have focused 
in recent years on defining the roles of 
ARL2 in tubulin biogenesis (Francis et al., 
2017a,b), mitochondrial fusion (Newman 
et al., 2017a,b), and ATP generation in mito-
chondria (Newman et al., 2014). ELMOD2 
appears to work together with ARL2 in the 
mitochondrial intermembrane space to af-
fect fusion. ARL2 function has also been 
linked to centrosome stability (Zhou et al., 
2006) and transport of N-myristoylated pro-
tein cargoes (Ismail et al., 2011; Watzlich 
et al., 2013). Given this diversity of ARL2 
actions, there are several potential func-
tional links to RRs to be examined. It is also 
possible that inclusion of ARL2 (and cofactor 
D/ELMOD2) in RRs may serve to sequester it 
away from other sites and actions, in what 
has been termed “higher order signaling” 
(Francis et al., 2016).
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Surprisingly, a number of ER-resident, membrane proteins were 
also found associated with RRs (Figure 8). The costaining of IMPDH2 
with these ER proteins leads us to propose a role for the ER, or a 
subcompartment derived from it, in RR biology. We found that cal-
nexin, GRP78, SigmaR1, and Sec61β all colocalize with IMPDH2 at 
RRs (Figure 8). With the exception of GRP78, each is a transmem-
brane protein, so their localization to RRs strongly implies that there 
is a membrane component associating with RRs. Because calreticu-
lin, another common ER marker, does not colocalize with RRs we 
speculate that only a subcompartment of the ER interacts with RRs. 
Previous reports have not found RRs associated with membrane 
when visualized using EM (Ji et al., 2006; Thomas et al., 2012; Juda 
et al., 2014), and we too find examples of RR that are not proximal 
to a membrane. Although the membrane proteins (e.g., calnexin) 
appear to colocalize along the entire length of RRs when visualized 
by immunofluorescence, this is not the case for membranes seen in 
our EM images. We cannot currently explain this apparent differ-
ence, although they may arise during sample preparation required 
by the different techniques of staining. It is also possible that these 
differences are amplified by using MPA to induce the RRs observed 
by EM as the staining intensity of ER-associated proteins is more 
intense in RRs induced by glucose starvation (Supplemental Figure 
S8). This was also true of ELMOD2, which has been reported to 
partially localize to the ER (Suzuki et al., 2015). On the other hand, 
IMPDH2, ARL2, and cofactor D (all primarily cytosolic proteins) 
showed no such difference in staining intensity when comparing in-
duction conditions.

These newly described components of RRs are recruited in an 
ordered manner. Only IMPDH2 was seen in the earliest stages of RR 
formation, followed by ARL2 recruitment as RRs begin to coalesce 
into larger structures, and finally calnexin was added at the fully 
formed RRs (Figures 10 and 11).These data are consistent with a 
model in which RRs draw from a soluble pool of IMPDH, coalesce, 
and mature with the addition of the signaling and membrane pro-
teins identified here. The diffuse, cytosolic staining of IMPDH2 seen 
in untreated cells decreases over time, consistent with relocalization 
of a large fraction of total cellular IMPDH from the cytosol into RRs 
(Figure 10), although drawing quantitative conclusions from immu-
nofluorescence data of soluble proteins is challenging. The observa-
tion that ARL2 is recruited after initiation of RR formation suggests 
that it is not required for the initial oligomerization of IMPDH but 
may play a role in the elongation or stabilization of nascent RRs. The 
differences in the timing of protein recruitment to RRs and consis-
tency of these differences across the three cell lines tested (HeLa, 
MEFs, and NRK) suggest that the formation of RRs is a conserved 
and carefully regulated process.

Two other conditions were also found to induce RR formation— 
AICAR and glucose starvation—although to various degrees de-
pending on the cell line (Figures 2 and 4). RRs are most often experi-
mentally induced via direct IMPDH binding inhibitors, but they can 
also be induced by glutamine starvation (Calise et al., 2014), serine 
starvation, glycine addition (Calise et al., 2016), glutamine ana-
logues (Carcamo et al., 2011; Calise et al., 2014; Keppeke et al., 
2015b), and inhibition or knock-down of dihydrofolate reductase 
(Calise et al., 2016). It is hypothesized that these other inducers of 
RRs inhibit de novo purine synthesis either by inhibiting enzymes 
involved in this pathway (glutamine analogues) or by depriving the 
pathway of necessary substrates (glutamine, serine/glycine). How-
ever, purine synthesis inhibition is not necessarily required for RR 
formation as RRs have been observed following treatments that do 
not inhibit de novo purine synthesis (Chang et al., 2015; Keppeke 
et al., 2018) and even under normal growth conditions (Willingham 

et al., 1987; Gunter et al., 2008; Ramer et al., 2010; Carcamo et al., 
2011; Chang et al., 2015). It is possible that alterations in intracellu-
lar purine pools (due to interruption of purine synthesis, innate dif-
ferences in cellular metabolism, or other factors) serve as the trigger 
for RR formation. To our knowledge, this is the first report of AICAR-
mediated induction of RR formation. AICAR is commonly used as an 
activator of AMP kinase (AMPK). AMPK activation does not appear 
to be the mechanism of AICAR’s effect here because RR formation 
was independent of AMPK (Figure 3). AICAR is an intermediate in 
the purine synthesis pathway upstream of IMP. Thus, the robust in-
duction of RRs upon the addition of AICAR may be linked to its role 
as a metabolite in de novo purine synthesis, possibly by inhibiting 
the de novo pathway via allosteric inhibition or by altering intracel-
lular purine pools.

Our data further strengthen the links between RR and nucleo-
tide metabolism as we found that guanosine prevents or reverses 
RR formation (Ji et al., 2006; Calise et al., 2014, 2016) in a process 
that is dependent on the purine salvage pathway. We have dem-
onstrated that guanosine reverses or prevents RR formation by its 
conversion to GMP via HGprt in the purine salvage pathway as 
previously shown (Ji et al., 2006). In previous studies, guanosine 
always resulted in a complete reversal or prevention of RR forma-
tion in all cell lines and RR induction conditions tested (Calise 
et al., 2014, 2016). Consistent with this, we found that guanosine 
was capable of reversing RR formation in combination with any of 
the inducers (MPA, DON, AICAR, and glucose starvation), and in 
every cell line tested, with the important exception of human fi-
broblasts lacking functional HGprt (Figure 5 and Supplemental 
Figures S3 and S4). This demonstrates that RR reversal with gua-
nosine is dependent on HGprt-mediated purine salvage. These 
results also strengthen the link between RR formation and nucleo-
tide pools, suggesting that RRs form in response to a decrease in 
guanine nucleotides which guanosine can alleviate via the salvage 
pathway.

Glucose starvation had the mildest and most variable effect on 
RR formation in different cell lines compared with other inducers 
tested (summarized in Table 1). There is one report of glucose de-
pletion inducing CTPS filament (cytoophidia) formation in Saccha-
romyces cerevisiae (Noree et al., 2010), but there are no reports of 
increases in RRs in mammalian cells. Glucose plays a part in a myr-
iad of metabolic and energetic pathways, offering many ways in 
which glucose starvation may induce RR formation. Ribose-5-phos-
phate, generated from glucose via the pentose phosphate path-
way, is a precursor for purine nucleotide synthesis. The folate cycle, 
which has been previously linked to RR formation (Calise et al., 
2016), also relies on glucose, as serine, one of the necessary sub-
strates in this cycle, is synthesized from glucose. Overall, these data 
broaden our understanding of the ways in which RRs can be in-
duced and strengthen the possibility that RRs are linked to other 
cellular pathways.

The terms RRs and cytoophidia have been used synonymously, 
and some reports show partial overlap between IMPDH and CTPS 
in what appear to be a common structure (Ramer et al., 2010; Car-
camo et al., 2011, 2014; Keppeke, 2015b). We examined the colo-
calization between ARL2 and cytoophidia, using CTPS1 as a marker. 
ARL2 rarely colocalizes with CTPS1 in NRK and IMCD3 cells and 
never does so in HeLa cells (Figure 6). These results reveal that ARL2 
localizes specifically to RRs and highlights a clear difference be-
tween RRs and cytoophidia. Although RRs and cytoophidia may be 
related, most evidence indicates that they are distinct structures. 
IMPDH inhibitors, the most common method of RR induction, do 
not induce cytoophidia (Keppeke et al., 2015b). Our results with 
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MPA induction are in agreement with those findings (Figure 6). Nei-
ther glucose starvation nor AICAR induced the formation of cytoo-
phidia, although each led to RR formation. Glutamine analogues 
such as DON and acivicin induce cytoophidia due to their inhibition 
of CTPS (Carcamo et al., 2011; Calise et al., 2014; Keppeke et al., 
2015a). These drugs also induce the formation of RRs; however, this 
is likely due to the fact that multiple enzymes involved in de novo 
purine synthesis require glutamine as a cofactor, making them sensi-
tive to these drugs. Guanosine is capable of reversing RR formation 
but has no effect on cytoophidia (Keppeke et al., 2015b). Cytoo-
phidia are also smaller than RRs and lack ring-shaped structures 
(Figure 6). Loukomasomes, another large cellular structure similar in 
appearance to RRs, have been reported (Noble et al., 2016). How-
ever, these structures also appear to be distinct from RRs despite 
their similar shape. Thus, our data argue strongly that RRs and cyto-
ophidia are not the same structures, although they may have some 
related roles as both are linked to nucleotide metabolism, which 
may explain the partial overlap observed between CTPS and IMPDH 
but not ARL2.

In summary, we describe evidence of the specific, ordered re-
cruitment of ARL2, a subset of its effectors, and ER-derived mem-
branes to RRs. We have recently described roles for ARL2 and 
TBCD in αβ-tubulin biogenesis (Francis et al., 2017a,b) and for 
ARL2 and ELMOD2 in mitochondrial fusion (Newman et al., 2014, 
2017b), with others demonstrating roles of ARL2 in transport of 
myristoylated cargo proteins (Jaiswal et al., 2016). Whether any of 
these processes are linked to RRs is unclear. We speculate that the 
recruitment of ARL2 and related proteins into RRs could serve a role 
in inhibiting the actions of this GTPase at other sites via its seques-
tration into these very large and reversible structures. The specific-
ity with which ARL2, ELMOD2, and cofactor D are each recruited 
to RRs and the universal roles that regulatory GTPases in the ARF 
and RAS superfamilies play in cell signaling are consistent with a 
model linking RRs to some aspect of cell signaling; although we 
currently lack mechanistic details. With additional components of 
RRs now elucidated, we are in a better position to understand the 
function of this fascinating structure and its interaction with cellular 
organelles.

MATERIALS AND METHODS
Antibodies and reagents
The following antibodies were purchased: Calnexin (Stressgen; SPA-
860), GRP78 (Stressgen; SPA-826), SigmaR1 (Abcam; AB89655), 
CTPS1 (Proteintech Group; 15914-1-AP), Calreticulin (Thermo-
Fisher; PA-900), ELMOD3 (Sigma; HPA012126), TGN46 (Abcam; 
AB16052), acetylated tubulin (Sigma; 6-11B-1), LC3 (Novus; NB100-
2220), α-tubulin (Sigma; T9026), β-tubulin (Sigma; T4026), and 
HSP60 (Stressgen; ADI-SPA-807). IMPDH2 antibody was raised in 
rabbit against a peptide representing the FLAP region of IMPDH2 
with an N-terminal cysteine appended (CDKHLSSQNRYFSEADKIK). 
Three mouse monoclonal ARL2 antibodies (3B4.B4, 15E11.B11, and 
19F6.F11) were generated by the Emory University mAb core facility 
using purified bacterially expressed human ARL2 as antigen. Rabbit 
polyclonal ARL2, ELMOD2, Cofactor D, ARL1, ARL3, ARF1, ARF3, 
ARF4, ARF6, BART, and ELMOD1 were raised against their corre-
sponding human proteins and have been previously described 
(Cavenagh et al., 1996; Van Valkenburgh et al., 2001; Sharer et al., 
2002; Zhou et al., 2006; Cunningham and Kahn, 2008; East et al., 
2012; Newman et al., 2014). Rabbit polyclonal ARL13b antibody 
was provided by Tamara Caspary (Emory University). The following 
reagents were purchased: mycophenolic acid (Sigma; M5255), 
AICAR (Sigma; A9978), DON (Sigma; D2141), 3-methyladenine 

(Sigma; M9281), bafilomycin (Sigma; B1793), metformin (Combi 
Blocks; ST-9194), nocodazole (VWR; 102515-934), latrunculin A 
(Sigma; L5163), cycloheximide (Sigma; 18079), oligomycin (Bio-
Chemika; 75352), antimycin A (Sigma; A8674), A-769662 (Abcam; 
AB120335), guanosine (Sigma; G6264).

Cell lines
The following cell lines were originally obtained from the American 
Type Culture Collection: HeLa, NRK, IMCD3, MDCK, COS7, G361, 
and NIH3T3. The control MEFs used throughout these experiments 
were a generous gift from David Chan (California Institute of Tech-
nology; Chen et al., 2003). The AMPK–null MEFs were obtained 
from B. Viollet (Laderoute et al., 2006). Normal control and HGprt 
mutant human primary fibroblasts were obtained and cultured as 
previously described (Fu et al., 2015).

Cell culture
Cells were grown in DMEM (ThermoFisher; 11965) supplemented 
with 10% fetal bovine serum (FBS; Atlanta Biologicals; S11150) at 
37°C in the presence of 5% CO2. Cells are not cultured beyond 
30 passages. Cell density, feeding, and plating schedules were 
maintained constant between conditions in every experiment, with 
a target of 70% cell density for data collection. Cells were screened 
for Mycoplasma regularly by staining with Hoechst 33342 DNA dye, 
usually in conjunction with immunofluorescence experiments.

For glucose-starvation experiments, cells were grown in DMEM 
and allowed to attach for at least 4 h before exchanging medium. 
Cells were washed twice with PBS and medium exchanged for no 
glucose DMEM (ThermoFisher; 11966) supplemented with 10% 
dialyzed FBS. For MPA induction, cells were treated with 1 μM 
MPA dissolved in methanol or an equal volume of methanol. For 
AICAR induction, cells were treated with 1 mM AICAR dissolved in 
dimethyl sulfoxide (DMSO) or an equal volume of DMSO. For 
DON experiments, cells were treated with 100 μM DON dissolved 
in water.

Transfection
Cells at 90% density or higher were transfected in six well plates us-
ing a ratio of 2 μg lipofectamine:1 μg DNA. Sec61β plasmid (3 μg) 
was diluted in 250 μl Opti-MEM (ThermoFisher; 31985). Lipo-
fectamine 2000 (6 μg; ThermoFisher; 11668) was diluted in a sepa-
rate tube containing 250 μl Opti-MEM, vortexed briefly, and incu-
bated at room temperature for 5 min. The tubes were mixed and 
incubated for 20 min. Cell culture medium was changed to 1.5 ml of 
Opti-MEM, and transfection complexes (500 μl) were added drop-
wise to the cells. After 4 h, cells were trypsinized and replated onto 
coverslips, typically at a 1:4 split. Cells were fixed and processed for 
immunofluorescence 24 h after transfection. The plasmid used to 
drive expression to visualize Sec61β, mCherry-Sec61β, was a gift 
from Gia Voeltz (University of Colorado; Addgene; #49155).

Immunofluorescence
Cells were grown on matrigel (BD Biosciences; 356231)-coated cov-
erslips. Cells were fixed in a prewarmed (37°C) solution of 4% para-
formaldehyde in PBS (140 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, 
2 mM KH2PO4, pH 6.75) for 15 min at room temperature; and per-
meabilized with 0.1% (vol/vol) Triton X-100 in PBS for 10 min at room 
temperature. Coverslips were blocked for 1 h at room temperature 
using filtered PBS containing 1% (wt/vol) bovine serum albumin 
(BSA; Sigma; A3059). Incubation with primary antibodies was carried 
out using blocking solution at 4°C overnight, followed by (4 × 5)-min 
washes in PBS. Secondary antibodies (1:500, Alexa fluorophores; 
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ThermoFisher) were incubated in blocking solution for 1 h at room 
temperature. When staining for actin, coverslips were incubated 
with rhodamine phalloidin (1:1000; ThermoFisher; R415) in con-
junction with secondary antibodies. Secondary antibody was re-
moved by (2 × 5)-min washes in PBS. DNA was then stained with 
Hoechst 33342 for 4 min, followed by (2 × 5)-min washes in PBS 
and mounting onto slides using Mowiol. Cells are regularly stained 
with secondary antibody only to ensure specificity of the primary 
antibodies.

Images were acquired using an Olympus FV1000 microscope 
and Olympus Fluoview v1.7 software, using 488 and 543 laser exci-
tation and a 100× oil objective (1.45 NA). Z-stacks were acquired 
with a step size of 0.37 μm, which were converted to maximum im-
age intensity projections using ImageJ where indicated. The follow-
ing antibody dilutions were used: IMPDH2 (1:10,000), mouse mono-
clonal ARL2 (1:100), rabbit polyclonal ARL2 (1:2000), ELMOD2 
(1:500), cofactor D (1:1000), calnexin (1:1000), GRP78 (1:100), Sig-
maR1 (1:100), CTPS1 (1:500), calreticulin (1:100), ARL1 (1:1000), 
ARL3 (1:2000), ARF1 (1:1000), ARF3 (1:1000), ARF4 (1:1000), ARF6 
(1:1000), ELMOD1 (1:1000), ELMOD3 (1:500), BART (1:2000), cofac-
tor A (1:1000), cofactor B (1:1000), cofactor C (1:1000), cofactor E 
(1:1000), TGN46 (1:1000), ARL13b (1:500), acetylated tubulin 
(1:1000), LC3 (1:200), α-tubulin (1:1000), β-tubulin (1:1000), HSP60 
(1:5000).

Antigen competition
Coverslips were prepared for immunofluorescence and primary an-
tibody diluted in blocking solution as described above. More dilute 
concentrations of primary antibody were used to facilitate competi-
tion. Mouse monoclonal ARL2 was used at a dilution of 1:1000, and 
IMPDH2 was used at a dilution of 1:2,000,000. After antibody was 
diluted antigen was added at a ratio of 10 μg antigen per 1 μg anti-
body. For controls, an equal volume of blocking solution was added. 
The antigen/antibody mixtures and paired controls were incubated 
for 6 h at 4°C with agitation and then applied to coverslips. Immu-
nofluorescence was then completed as described above.

Purification of human IMPDH2 expressed in S. cerevisiae was 
carried out as described (McPhillips et al., 2004) in yeast strain 
DY3248 (MATa his3Δ1 leu2Δ0 ura3Δ0 MET15 LYS2 Δimd2::LEU2 
Δimd3::kanMX4 [pYES2-IMPDH2-TAP (URA3)]) with galactose in-
duction. This strain is deleted for the yeast IMPDH genes and bears 
a 2μ plasmid with the human IMPDH2 coding region fused to a 
C-terminal TAP-tag expressed from the yeast GAL1 promoter to al-
low purification of human IMPDH oligomers free of the yeast pro-
teins. Human ARL2 was purified from bacteria, as described previ-
ously (Clark et al., 1993).

Electron microscopy
Samples for EM analyses were prepared using standard methods, as 
described previously (Rizzo et al., 2013). In brief, the cells were fixed 
with 4% paraformaldehyde and 0.05% glutaraldehyde for 30 min at 
room temperature for immunonanogold labeling or 1% glutaralde-
hyde for 2 h for morphological analyses. For immunonanogold la-
beling the cells were permeabilized with 0.1% saponin in blocking 
solution (PBS containing 1% BSA and 50 mM NH4Cl) and incubated 
with antibodies to antigens of interest in the same solution at 4°C 
overnight (anti-IMPDH2 1:1000 and anti-ARL2 1:10), followed by 
secondary antibodies labeled with nanogold in the same solution 
for 2 h at room temperature. The gold particles were then enhanced 
by nanogold enhancer (Nanoprobes) according to the manufactur-
er’s instructions. The samples were then embedded in epon and 
ultrathin sections (50–70 nm) were prepared. The samples were 

examined using a Tecnai 12 120 kV microscope (FEI, The Nether-
lands). For quantification of the association of RRs with cellular or-
ganelles, the criteria used were the following: the membrane of the 
organelle should be within 20 nm of a RR and the length of this close 
association should be continuous for at least 50 nm.

Reproducibility/statistics
Every experiment described was independently repeated at least 
twice in at least three different cell lines. For quantification of im-
munofluorescence experiments, at least 100 cells per condition 
were analyzed per experiment. Error bars represent SD.
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