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Members of a large family of Ankyrin Repeat Domain
(ANKRD) proteins regulate numerous cellular processes by
binding to specific protein targets and modulating their
activity, stability, and other properties. The same ANKRD
protein may interact with different targets and regulate dis-
tinct cellular pathways. The mechanisms responsible for
switches in the ANKRDs’ behavior are often unknown. We
show that cells’ metabolic state can markedly alter interac-
tions of an ANKRD protein with its target and the functional
outcomes of this interaction. ANKRD9 facilitates degrada-
tion of inosine monophosphate dehydrogenase 2 (IMPDH2),
the rate-limiting enzyme in GTP biosynthesis. Under basal
conditions ANKRD9 is largely segregated from the cytosolic
IMPDH2 in vesicle-like structures. Upon nutrient limitation,
ANKRD9 loses its vesicular pattern and assembles with
IMPDH2 into rodlike filaments, in which IMPDH2 is stable.
Inhibition of IMPDH2 activity with ribavirin favors ANKRD9
binding to IMPDH2 rods. The formation of ANKRD9/
IMPDH2 rods is reversed by guanosine, which restores
ANKRD9 associations with the vesicle-like structures. The con-
served Cys109Cys110 motif in ANKRD9 is required for the vesi-
cle-to-rods transition as well as binding and regulation of
IMPDH2. Oppositely to overexpression, ANKRD9 knockdown
increases IMPDH2 levels and prevents formation of IMPDH2
rods upon nutrient limitation. Taken together, the results sug-
gest that a guanosine-dependent metabolic switch determines
the mode of ANKRD9 action toward IMPDH2.

Ankyrin Repeat Domains proteins (ANKRD)2 form a large
and fascinating family of proteins that regulate numerous cel-
lular pathways. The activities of ANKRDs involve protein com-
plex assembly, interactions with cytoskeleton, posttranslational

modification, regulation of protein degradation, and many others
(1–8). Structural basis of interactions between ANKRDs and their
targets is becoming clearer (1); however, little is known about reg-
ulation of these interactions in cells. In some cases, the same
ANKRD binds to different protein targets and modulates distinct
cellular processes. These different forms of action and the factors
that control ANKRD behavior remain poorly understood.

ANKRD9 (ankyrin domain containing protein 9) is an
ANKRD protein implicated in a broad spectrum of cellular pro-
cesses, including lipid metabolism (9), copper homeostasis (10),
and cell proliferation (11). Recent genome-wide association
studies have uncovered the potential role for ANKRD9 in
hypertension (12) and myocardial repolarization (13). Despite
this accumulating evidence of ANKRD9’s physiologic and clin-
ical significance, information about functional properties and
mechanisms of ANKRD9 is very limited. Analysis of protein
sequence predicted ANKRD9 to be a 35-kDa protein with at
least one ankyrin repeat. In a large MS screen of human inter-
actome, ANKRD9 was copurified with inosine monophosphate
dehydrogenase 2 (IMPDH2) (14), the rate-limiting enzyme in
the GTP biosynthetic pathway. Recent studies confirmed this
interaction and found that overexpression of ANKRD9 de-
creases IMPDH2 levels by stimulating interactions with the
ubiquitin ligase complex and causing protein degradation (11).

These findings were difficult to reconcile with the original
report, which demonstrated that in cells ANKRD9 formed vesicle-
like structures (9) and, therefore, is presumably spatially separated
from IMPDH2, which is a cytosolic enzyme. ANKRD9 mRNA
levels are under nutritional control (9) and, therefore, it is possible
that ANKRD9 protein has different localization and functions
under different metabolic conditions. Our studies have tested this
hypothesis. We have found that the intracellular location of
ANKRD9 and its regulation of IMPDH2 depend on availability of
metabolites (guanosine) as well as a tertiary structure of IMPDH2.
Taken together, our results suggest a mechanism through which
ANKRD9 modulates the intracellular properties of IMPDH2 in
response to metabolic changes.

Results

In cells, ANKRD9 adopts two distinct forms

This work has started with an observation that expression of
a FLAG-tagged ANKRD9 in HeLa cells produced two very dif-
ferent intracellular patterns. In the majority of cells, ANKRD9
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formed vesicle-like structures (Fig. 1a), in agreement with a
previous report (9). In other cells, ANKRD9 was present in dis-
tinct 3- to 5-micron “rodlike” structures (Fig. 1a, arrows).
Although “vesicles” were numerous and distributed through-
out the cell, typically only few rods (1–3 per cells) were formed
in the cytoplasm and around the nucleus. The appearance of
the rods was intriguing, because IMPDH2 (an established target
of ANKRD9) is known to assemble into rodlike filaments (also
called cytoophidia) in response to various metabolic perturba-
tions (15–18, 20 –22).

Normally, in HeLa cells IMPDH2 shows a diffuse cytosolic
pattern. Formation of IMPDH2 rods can be rapidly induced by
incubating cells with ribavirin, a potent cell-permeable
inhibitor of IMPDH2 (Fig. 1, b and c). Consequently, to
test whether the recombinant ANKRD9 associates with
IMPDH2 in rods, we treated cells with ribavirin for 1 h prior
to ANKRD9 expression. Under these conditions, ANKRD9

colocalized with the IMPDH2 rods and was also detected in
vesicle-like structures in the same cells (Fig. 1d). The overlap
between ANKRD9 and IMPDH2 in rods was complete, i.e. no
ANKRD9 rods without IMPDH2 were detected. Thus, in
addition to the “basal” vesicle-like form, ANKRD9 interacts
with inactive IMPDH2 in rodlike filaments.

ANKRD9 forms rods upon nutrient limitation

These results were interesting because they demonstrated
the previously unknown ability of ANKRD9 to assemble with
IMPDH2 in large macromolecular complexes. To better under-
stand the physiologic trigger for the ANKRD9-IMPDH2 assem-
bly we considered that ANKRD9 mRNA levels respond to
starving/refeeding (i.e. are nutrient dependent) (9) and that
IMPDH2 forms rods when cells are starved of certain metabo-
lites (15, 20). Consequently, we tested whether nutrient depri-
vation would cause transition of ANKRD9 from vesicle-like

Figure 1. ANKRD9 adopts two distinct forms. a, HeLa cells were transfected with FLAG-ANKRD9 expressing plasmid and immunostained for the FLAG-tag.
FLAG-ANKRD9 (red) shows a vesicle-like and rodlike pattern (gray arrows); cell nuclei are visualized with DAPI (blue); n � 3 of independent experiments. b,
IMPDH2 forms rods when inhibited with ribavirin. HeLa cells were treated with 10 mM ribavirin for 1 h then stained for IMPDH2 (green) and DAPI (blue); n � 2.
c, IMPDH2 mediates the rate-limiting step (conversion of inosine monophosphate (IMP) to xanthine monophosphate (XMP)) in a pathway beginning with
phosphoribosyl pyrophosphate (PRPP) and eventually leading to GTP. IMPDH2 transitions from a diffuse cystolic form (left) to rods (right) when inhibited with
ribavirin; this transition is reversed with guanosine. d, HeLa cells were treated with 10 �M ribavirin for 1 h then transfected with FLAG-ANKRD9 and immuno-
stained for FLAG (red) and IMPDH2 (green). Gray arrows point to rods containing both IMPDH2 and ANKRD9. Scale bar, 20 �m.
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structures to rods. Cells transfected with ANKRD9 plasmid
were grown in low serum (0.1% FBS) for 24 and 48 h and
immunostained for ANKRD9 and IMPDH2. After 48 h of
nutrient limitation all ANKRD9 was found in rods (compare
Fig. 2, a and b). The transition to rods was time dependent
(Fig. 2c); i.e. after a shorter nutrient limitation (24 h)
ANKRD9 was detected in both vesicle-like structures and in
rods (Fig. 2, c and d).

To further verify interactions between ANKRD9 and
IMPDH2 in rods we attempted co-immunoprecipitation but
neither protein could bind to beads under standard immuno-
precipitation conditions, presumably because of rods’ large size
and/or dimensions. Consequently, we homogenized cells under
nondenaturing conditions and fractionated cell homogenate
using differential centrifugation. Analysis of fractions revealed

presence of both IMPDH2- and ANKRD9-FLAG2 in pellets,
which typically contain heavy organelles such as nuclei and
mitochondria (Fig. S1). No soluble IMPDH2 and FLAG-
ANKRD9 was detected in agreement with the confocal imaging
data.

Formation of ANKRD9 rods is caused by depletion of
IMPDH2-dependent metabolites

Brief treatment of cells with ribavirin and a prolonged
nutrient depletion both cause IMPDH2 inhibition and the
ANKRD9/IMPDH2 assembly. In the first case, the vesicle-to-
rod transition of ANKRD9 was partial, whereas in the second
case it was complete. One important difference between these
two conditions is the duration of IMPDH2 inactivation. Partial
effect of brief treatment with ribavirin on ANKRD9 pattern

Figure 2. ANKRD9 forms rods upon nutrient depletion. a, HeLa cells were transfected with FLAG-ANKRD9 (red) as in Fig. 1a and incubated in the presence
of 10% FBS. n � 3 independent experiments. b, HeLa cells were transfected with FLAG-ANKRD9 and incubated in the presence of 0.1% FBS for 48 h. Rods are
indicated by gray arrows; nuclei are stained with DAPI (blue). n � 3 independent experiments. c, representative images of each time point; rods appear in the
majority of cells after 48 h in 0.1% FBS media. For 24 h, n � 3. Scale bar, 20 �m. d, percentage of cells containing ANKRD9 in vesicle-like structures (black filled
circles) or rods (black filled triangles) after overnight transfection (control), followed by 24 or 48 h in starvation (0.1% FBS) media. The total number of analyzed
cells is as follows: n � 137 cells (control, 0 h of 0.1% FBS), n � 149 cells (24 h of 0.1% FBS), n � 131 cells (48 h of 0.1% FBS). Error bars represent S.D. Each individual
point represents at least 5 cells. ****, p value � 0.0001., unpaired t test; ns, non-significant.
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suggested that the inhibition of IMPDH2 per se could be insuf-
ficient to trigger loss of ANKRD9 association with the vesicle-
like structures and that the depletion of IMPDH2-dependent
metabolite(s) may be needed for complete conversion of
ANKRD9 into a rod-bound form. To test this hypothesis, we
added ribavirin to cells prior to ANKRD9 expression, as previ-
ously, and then allowed cells to grow for 24 and 48 h under basal
conditions (i.e. in normal serum) in the presence of ribavirin
(Fig. 3). After 24 h, ANRKD9 fully transitioned to rods (Fig. 3b).
The rods contained both ANKRD9 and IMPDH2 and were very
similar to those induced by 48 h of nutrient limitation (compare
Fig. 3, a and b). The result suggests that the prolonged incuba-
tion with the IMPDH2 inhibitor, which depletes cells of
IMPDH2-dependent metabolites, mimics serum starvation
conditions.

To test for specificity of metabolite depletion, we consid-
ered that ANKRD9 function was important for copper
homeostasis and tested whether limiting copper levels in
cells had effects similar to limiting IMPDH2-dependent
metabolites. Prolonged incubation with copper chelators did
not cause rod formation (Fig. S2), i.e. ANKRD9 responds to
specific metabolic changes.

Guanosine reverses the ANKRD9 relocalization from
vesicle-like structures to rods

To examine further whether the vesicle-to-rods transition of
ANKRD9 represents a regulatory response to metabolic state of
the cell, we tested whether ANKRD9 transition to rods can be
reversed. First, cells were grown under nutrient-limiting condi-
tions for 24 h to induce partial rod formation, then washed and
placed into the basal growth medium for 24 h. This treatment
decreased the abundance of rods and caused appearance of
ANKRD9 in vesicle-like structures, but did not fully restore the
vesicular pattern of ANKRD9 (Fig. S2). We then considered
that the depletion of guanine pools was previously suggested to
cause IMPDH2 macro-assembly and that the formation of
IMPDH2 rods can be reversed by addition of guanosine (Fig.
4a) (21, 23). Consequently, we tested whether the ANKRD9/
IMPDH2 rods, formed under conditions of nutrient limitation,
were affected by guanosine. To this end, we expressed
ANKRD9, induced rod formation by incubating cells for 48 h in
low serum, and then added 100 �M guanosine for 1 h (this
concentration was previously shown to cause disassembly of
IMPDH2 rods (Fig. 4) (23). Addition of guanosine completely
reversed the ANKRD9 interactions with IMPDH2 and caused

Figure 3. Formation of ANRKD9 rods is caused by depletion of IMPDH2 metabolites. a, HeLa cells were transfected with FLAG-ANKRD9, placed in 0.1% FBS
for 48 h and immunostained for FLAG and IMPDH2. n � 3 independent experiments. b, HeLa cells were treated with 10 �M ribavirin for 1 h then transfected with
FLAG-ANRKD9 and kept in 10% FBS for 24 and 48 h. Cells were immunostained with FLAG (red) and IMPDH2 (green). Two independent experiments. Merged
images show overlap between ANKRD9 and IMPDH2 rods. Scale bar, 20 �m.
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uniform transition of ANKRD9 back to vesicles (compare Fig. 4,
b and c). This effect was rapid; the vesicle-like pattern of
ANKRD9 was already observed at 10 min following addition of
guanosine (Fig. 4, c and d). Thus, the disassembly of ANKRD9/
IMPDH2 rods occurs on a much faster timescale than rod for-
mation, perhaps reflecting addition of a large excess of guanos-
ine. Guanosine-dependent change in ANKRD9 pattern also
provides an indication that the cellular behavior of ANKRD9

may be controlled by the same factors that regulate IMPDH2
macro-assembly, specifically, lower guanine pools.

ANKRD9 expression is associated with longer and fewer
IMPDH2 rods

Purified IMPDH2 can assemble into rods in vitro in the
absence of any other proteins (24 –29). Therefore, the role of
ANKRD9 in IMPDH2 rods is likely to be regulatory and involve

Figure 4. ANKRD9 transition to rods is reversible with guanosine addition. a, left, IMPDH2 rod formation is reversed with guanosine addition. HeLa cells
were treated for 1 h with 10 �M ribavirin to induce IMPDH2 rod formation and immunostained for IMPDH2 (green); right, HeLa cells were treated with 10 �M

ribavirin for 1 h to induce rods formation, then 100 �M guanosine was added for 60 min and cells were immunostained for IMPDH2. n � 3 for each condition.
Scale bar, 20 �m. b, control, FLAG-ANKRD9 forms rods following incubation of transfected HeLa cells in 0.1% FBS for 48 h. c, the same treatment, followed by
incubation with 100 �M guanosine for 1 h. The ANKRD9 rods disappear and ANKRD9 shows a vesicle-like pattern. n � 3. Scale bar, 20 �m. d, percentage of cells
with ANKRD9 vesicle-like structures or rods at 10 and 60 min after addition of guanosine. n � 3 for each time point. Error bar represents S.D. ****, p value �
0.0001., unpaired t test. Scale bar, 20 �m.
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modulation of rod properties. It was shown previously that
IMPDH2 rods were dynamic and could change their length
over time (30). Consequently, to clarify the functional signifi-
cance of ANKRD9/IMPDH2 macro-assembly, we compared
the length and numbers of IMPDH2 rods in cells with either
endogenous or overexpressed ANKRD9 under conditions of
nutrient limitation. Ribavirin treatment was used as a control
for rod formation. In nutrient-depleted HeLa cells (that have
endogenous ANKRD9), the length of IMPDH2 rods was about
1.5 microns, whereas in HeLa cells overexpressing FLAG-
ANKRD9 the length of IMPDH2 rods was significantly
increased (by about 2.5-fold) to 3–5 microns (Fig. 5, a and b).
The length of IMPDH2/ANKRD9 rods is similar to IMPDH2
rods formed in the presence of ribavirin (Fig. 5c). This result
further suggests that under conditions of nutrient limitation
ANRKD9 binds to an inhibited IMPDH2. An increased length
of IMPDH2 rods also suggested that excess ANKRD9 stabilized
the IMPDH2 rods favoring longer structures. Indeed, we found
that without ANKRD9 overexpression the number of IMPDH2
rods per cell was about six, whereas significant increase in rod
length upon ANKRD9 overexpression was associated with a
decreased number of rods, to 1–2 per cell (Fig. 5d).

A conserved CysCys motif is required for ANKRD9 transition
between two cellular forms

ANKRD9 has not been characterized biochemically and its
structure is unknown. Consequently, to better understand the
biochemical basis of ANKRD9/IMPDH2 interactions, we pre-

dicted the structure of ANKRD9 using the Robetta server (Fig.
6a). The molecular model of ANKRD9 shows nine helix-turn-
helix repeats assembled into a concaved structure. To identify
amino acid residues important for ANKRD9 function, we
searched for highly conserved residues that are located at the
protein surface and therefore are available for protein-protein
interaction. ANKRD9 is highly conserved, but the sequence
alignment of ANKRD9 orthologs from multiple species identi-
fied several invariant residues in the loop regions of ANKRD9
(Fig. 6a). Two conserved vicinal cysteines Cys109Cys110 (Fig. 6b)
were of particular interest, because cysteines are susceptible to
various modifications and hence can contribute to observed
changes in ANKRD9 intracellular behavior.

To directly test the role of Cys109Cys110 motif in rod forma-
tion we generated a series of mutants, in which Cys109 and
Cys110 were converted to serine individually or together. The
C109S, C110S, and C109S/C110S mutants were expressed in
HeLa cells and their ability to form rods was analyzed under
nutrient-limiting conditions. Unlike WT ANKRD9, which
shows complete transition to rods after 48 h in 0.1% FBS, nei-
ther mutant lost its vesicle-like pattern nor formed rods under
these conditions (Fig. 6, c and d). The expression levels of
ANKRD9 mutants did not differ significantly from the WT (Fig.
7c). These results suggest that although Cys109 and Cys110 do
not play an important role in stabilizing ANKRD9 in the vesi-
cle-like structures, they are required for assembly with
IMPDH2 under nutrient limitation. The inability of the

Figure 5. Higher ANKRD9 abundance is associated with longer IMPDH2 rods. a, immunostaining of IMPDH2 in HeLa cells under basal conditions (10% FBS)
shows an expected diffuse pattern (left panel). Treatment of these cells with 10 �M ribavirin for 1 h in the absence of recombinant ANKRD9 triggers formation
of IMPDH2 rods (right panel). n � 3 for both conditions. Scale bar, 20 �m. b, in the absence of recombinant ANKRD9, nutrient limitation (0.1% FBS for 48 h) causes
appearance of short IMPDH2 rods (left panel). Expression of recombinant FLAG-ANKRD9 significantly increases the length of IMPDH2 rods (right panel). n � 3
independent experiments. c, quantification of IMPDH2 rod length in different treatment conditions. The total number of cells analyzed is as follows: n � 150
cells (10% FBS � ribavirin), n � 73 cells (0.1% FBS), and n � 156 cells (0.1% FBS � ANKRD9 expression). Statistical analysis was done using an unpaired t test.
****, p � 0.0001. Error bars represent S.D. Each point is the average rod length of at least 5 cells. d, quantification of the number of rods per cell under nutrient
limitation in the absence and presence of recombinant ANKRD9. unpaired t test. ****, p � 0.0001. Error bars represent S.D. Each point is the average rod length
of at least 5 cells.
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Cys109Cys110 mutants to lose vesicular patterns and transi-
tion to rods may reflect the role of this motif in sensing the
metabolite depletion (see “Discussion”). This effect is spe-
cific for Cys109/Cys110 mutants because mutation of another
surface-exposed conserved residue Arg125 to Ala yielded a
very different phenotype. The R125A variant was expressed
normally; however, unlike Cys mutants it lost the vesicle-like
pattern and became diffuse (Fig. S3).

Cys109Cys110 motif contributes to ANKRD9-IMPDH2
interaction

To determine whether the Cys109/Cys110 residues were
involved in binding and regulation of IMPDH2, we first
explored the possible structural interactions between ANKRD9
and IMPDH2 by docking our Robetta model and the known
crystal structure of IMPDH2 (Fig. 7a, left panel). The docking
model revealed favorable interactions between the ANKRD9
loop containing the Cys109Cys110 motif with the regulatory
domain of IMPDH2 (Fig. 7a, right panel) (see Fig. S4 for addi-
tional information). Interestingly, the IMPDH2 residues in-
volved in predicted interactions with ANKRD9 are located near
the known nucleotide-binding site of IMPDH2 (Fig. S5) (25),

which may explain sensitivity of ANKRD9/IMPDH2 assembly
to guanosine.

To directly verify these interactions and their consequences,
we took advantage of the report that appeared when this work
was ongoing (11). This published study suggested a role for
elevated ANKRD9 in proteasome-mediated degradation of
IMPDH2. Consequently, we expressed the WT ANKRD9 and
ANKRD9 mutants in HeLa cells under basal conditions and
compared their effect on IMPDH2 abundance. Although the
intracellular localization of WT and mutants in vesicular struc-
tures was very similar, their effects on IMPDH2 levels were
markedly different.

Expression of WT ANKRD9 was associated with a marked
decrease of IMPDH2 protein (Fig. 7, b and d). This effect was
specific for IMPDH2, as overexpression of ANKRD9 did not
influence levels of cytidine triphosphate synthetase 2 (CTPS2)
(Fig. 7d and Fig. S6), another metabolic enzyme known to form
rodlike structures (31–35). Use of proteasome inhibitor
MG132 after transfection of cells with WT ANKRD9 partially
restored IMPDH2 levels (Fig. S6) supporting the proposed
role for ANKRD9 in facilitating proteasomal degradation of
IMPDH2.

Figure 6. A conserved CysCys motif in ANKRD9 is required for transition from vesicle-like structures to rods. a, structural model of ANKRD9 with
conserved Cys residues highlighted in blue; the boxed area shows the position of Cys109 and Cys110 in the loop. b, multiple sequence alignment of the
Cys109Cys110-containing region illustrates conservation of this motif. c, HeLa cells were transfected with WT ANKRD9 (control) or indicated ANKRD9 mutants
and placed in 0. 1% FBS-containing medium for 48 h. Unlike WT, none of the mutants formed rods under these conditions. n � 3 for each condition. Scale bar,
20 �m. d, quantification of ANKRD9 mutant rod formation where vesicle-like structures are in black and rods are in gray. Unlike WT, none of the mutants formed
rods under these conditions. n � 3. ****, p � 0.0001 unpaired t test. Error bar represents S.D.
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In contrast to WT ANKRD9, the C109S and C109S/C110S
mutants did not significantly affect IMPDH2 levels (Fig. 7b).
Treatment with 10 �M ribavirin for 1 h confirmed the differ-

ence in IMPDH2 abundance between cells expressing WT and
mutant ANKRD9s. IMPDH2 rods were absent in cells express-
ing WT ANKRD9 mutants (Fig. 7c) reflecting the marked
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decrease in IMPDH2 abundance, but present in cells with
C109S and C109S/C110S variants. The effects of C110S mutant
were less pronounced that those of the C109S, C109S/C110S
mutants and were closer to WT ANKRD9 (Fig. 7d). This result
suggested that Cys109 plays the primary role in interactions
with IMPDH2. This conclusion was confirmed by Western
blotting (Fig. 7d). Taken together, these results suggest that
under basal conditions excess ANKRD9 negatively affects
IMPDH2 abundance. Under nutrient-deprivation conditions
ANKRD9 loses the ability to form vesicle-like structures but
retains ability to bind to IMPDH2 in rods. In rods, ANKRD9-
dependent degradation of IMPDH2 is blocked, presumably by
the tertiary structure of rods. The Cys109Cys110 motif plays an
important role in both nutrient sensing and binding/regulation
of IMPDH2.

ANKRD9 knockdown increases IMPDH2 levels and inhibits rod
formation under nutrient-limiting conditions

The above experiments provided evidence for the impact of
elevated ANKRD9 on IMPDH2. To better understand how var-
iation in ANKRD9 abundance affects IMPDH2, we decreased
levels of ANKRD9 in HEK293A cells using siRNA. HEK293
cells were chosen because they endogenously express ANKRD9
at higher levels than HeLa cells, facilitating more accurate mea-
surements of siRNA-mediated down-regulation. HEK293 cells
also show IMPDH2 assembly in rods upon serum starvation
and the recombinant FLAG-ANKRD9 has the same vesicle-like
pattern under basal conditions as in HeLa cells (Fig. S7).

The siRNA-mediated knockdown reduced ANKRD9 mRNA
levels by about 60% (Fig. 8a, upper panel); the protein levels
could not be measured because of low sensitivity of available
antibodies. The cells were then examined under basal and
low serum conditions. ANKRD9 down-regulation increased
IMPDH2 expression levels (Fig. 8a, lower panel) in agreement
with previous findings (11). Despite up-regulation, IMPDH2
did not form rods in response to nutrient limitation in cells with
down-regulated ANKRD9 (Fig. 8b). This finding suggests that
ANKRD9 serves to stabilize IMPDH2 rods when nutrients
(presumably GTP pools) are depleted (Fig. 8c).

Discussion

ANKRD9 is a highly conserved protein found in all verte-
brates. The cellular and physiologic functions of ANKRD9 are
poorly understood, and the limited available data paint a com-
plex and confusing picture. The first report, published in 2009,
found ANKRD9 mRNA levels to be responsive to changes in
lipid metabolism and nutritional availability, whereas the sec-
ond report, published in 2018, provided evidence that
ANKRD9 could be involved in proteasomal degradation of

IMPDH2, a nucleotide processing enzyme. Our laboratory pre-
viously identified ANKRD9 as a novel regulator of copper
homeostasis based on specific elevation of cellular copper in
response to ANKRD9 knockdown (9 –11). These ANKRD9-in-
fuenced processes have little in common; to modulate these
distinct pathways ANKRD9 is likely to interact with more than
one cellular target and these interactions can be spatially, tem-
porarily, and metabolically controlled. Here we show that the
recombinant ANKRD9 is associated with at least two distinct
intracellular structures: the vesicle-like puncta and cytosolic
rods (Fig. 8c). The presence of ANKRD9 in these structures
depends on a metabolic state of the cell, and changes in protein
levels of either endogenous or recombinant ANKRD9 have dis-
tinct consequences for IMPDH2 abundance and macro-assem-
bly. We have generated the molecular model for ANKRD9 and
identified cysteine residues required for changes in ANKRD9
intracellular localization and activity toward IMPDH2.

The transition of ANKRD9 to a rodlike form occurs when
cells are grown in a medium with low serum. Although low
serum conditions can be used to block cell cycle, we suggest that
ANKRD9 senses nutrient depletion rather than inhibition of
the cell cycle progression. Our reasoning is the following. First,
the formation of rods takes longer than the inhibition of cell
cycle. Second, prolonged inhibition of IMPDH2 with ribavirin
accelerates formation of ANKRD9 rods, suggesting that the
transition of ANKRD9 from vesicle-like structures to rods is
triggered by IMPDH2-dependent nucleotide misbalance (com-
pare Fig. 3, a and b). Third, addition of guanosine rapidly dis-
assembles ANKRD9 rods, suggesting that in low serum cellular
guanine pools are lowered (Fig. 4).

The assembly into rods and rings is a characteristic property
of IMPDH2 that has been extensively studied (17, 21, 22). This
macro-assembly occurs in response to various triggers, includ-
ing IMPDH2 inhibition, signaling during T-cell activation, or
depletion of certain amino acids. IMPDH2 has propensity for
self-assembly, and no proteins with enzymatic functions have
been found to interact with IMPDH2 rods. GTP pools are crit-
ical for IMPDH rods formation because guanosine, but no
other nucleosides, reverse the macro-assembly (16, 21, 23, 30).
We found that guanosine also disassembles the ANKRD9/
IMPDH2 complex and, significantly, restores vesicular pattern
for ANKRD9. This observation suggests that the ANKRD9 may
sense levels of nucleotide pools and respond by changing its
location/association with IMPDH2. In fact, the predictive algo-
rithms suggest presence of a nucleotide-binding site in the
vicinity of Cys109/Cys110. Further studies are needed to directly
test whether ANKRD9 is a nucleotide-binding protein and

Figure 7. The Cys109Cys110 motif contributes to ANKRD9-IMPDH2 interaction. a, left, docking model of ANKRD9 and IMPDH2 (PDB ID 1NF7, see Fig. S7). IMPDH2
catalytic and regulatory domains are indicated by the arrows; the predicted interaction site is indicated by the box. Right, the magnified view of the predicted
interaction site between ANKRD9 (orange) and IMPDH2 (purple). The CysCys motif in ANKRD9 interacts with Lys167, Glu168 and Glu169 of IMPDH2. b, Cys mutants do not
facilitate IMPDH2 degradation. HeLa cells were transfected with WT ANKRD9 and indicated mutants under basal conditions (10% FBS) and immunostained for FLAG
and IMPDH2. Cells expressing WT ANKRD9 showed significantly reduced IMPDH2 staining whereas cells with the Cys mutants did not. n � 3 independent experi-
ments for each condition. Scale bar, 20 �m. c, Cys mutants of ANKRD9 do not form rods with IMPDH2. HeLa cells were transfected with the indicated constructs and
subsequently treated with 10 �M ribavirin for 1 h prior to immunostaining for FLAG and IMPDH2. n � 3. Scale bar is 20 �m. d, left, the WT and ANKRD9 mutants were
expressed in HeLa cells under basal conditions (10% FBS) and cell lysates, were separated and immunoblotted for FLAG, IMPDH2, CTPS2, and �-actin used as a loading
control. WT ANKRD9 but not the C109S mutant significantly decreases IMPDH2 abundance, the C110S mutant is intermediate between the two and similar to WT.
Right, densitometry of IMPDH2 intensity after WT ANKRD9 or mutant expression in HeLa cells. n � 3. ****, p value � 0.0001., unpaired t test.
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whether it binds to specific vesicles or self-aggregates into
structures with a vesicle-like appearance.

GTP and ATP bind to the regulatory domain of IMPDH2 and
influence not only macro-assembly but also IMDPH2 activity
(25, 26, 36, 37). In our docking model, ANKRD9 interacts near
these nucleotide-binding sites. This close proximity suggests
that ANKRD9/IMPDH2 interaction in rods may influence
nucleotide binding to IMPDH2. Overall, our working model is
the following. ANKRD9 senses nucleotide levels either through
direct binding or interactions with GTP/GDP binding pro-
tein(s) in vesicular structures. As nutrients deplete, nucleotide
binding is lost and ANKRD9 transitions to rods where it binds
to the GTP-less IMPDH2. The C109C110 mutations lock
ANKRD9 in a nucleotide-bound state so that even in low serum
conditions vesicular-like ANKRD9 is retained. The details of
this model and the specific role of Cys109/Cys110 in regulation of
IMPDH2 require further testing. Specifically, available evi-
dence strongly suggests that ANKRD9 interacts with IMPDH2

(Refs. 11, 14 and our study), however, it remains to be deter-
mined whether these interactions are always direct (as was
shown in Ref. 14) or, in rods, may involve other partners.

We show that ANKRD9 binds to the inhibited IMPDH2 and
increases the length of IMPDH2 rods. The significance of
IMPDH2 rods has been a subject of great interest and debate in
the literature, because the appearance of the rods is not linked
to either IMPDH2 abundance or activity (both active and inhib-
ited IMPDH2 form rods). Rods are readily formed in nutrient-
starved cells as well as in rapidly proliferating cells, which may
also have low surplus of nutrients. Our data suggest that under
these circumstances macro-assembly into rods may protect
IMPDH2 from ANKRD9-mediated degradation, which may
otherwise occur when ANKRD9 loses association with vesicles
in response to nutrient deprivation. ANKRD9 binding to
IMPDH2 rods appears to stabilize them. In other words, the
metabolic state of the cell determines whether ANKRD9
destroys or protects IMPDH2.

Figure 8. ANKRD9 knockdown increases IMPDH2 expression and reduces rod formation under nutrient limiting conditions. a, top, HEK293A cells were
transfected with nontargeted (NT) siRNA and ANKRD9 siRNA, and ANKRD9 mRNA levels were quantified. n � 6 for NT siRNA and n � 8 for ANKRD9 siRNA;
Bottom: IMPDH2 levels in corresponding cells were analyzed by Western blotting with �-actin used as a loading control (lower panels). n � 3 for each condition.
Decrease in ANKRD9 levels is associated with higher IMPDH2 abundance. ****, p � 0.0001 (unpaired t test). Error bar represents S.D. b, ANKRD9 down-
regulation diminishes IMPDH2 rod formation under nutrient limitation (0.1% FBS). HEK293A cells were transfected with the indicated siRNAs and placed in
0.1% FBS for 48 h and immunostained for IMPDH2. IMPDH2 rods were apparent in control cells; no IMPDH2 rods are visible in cells treated with ANKRD9 siRNA.
n � 3 for each condition. Scale bar, 20 �M. c, cartoon showing that ANKRD9 forms rods with inhibited IMPDH2 when GTP pools are lowered and stabilizes rods.
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CTPS2 also forms rods and rings. The CTPS2 rods are dis-
tinct from IMPDH2 rods although their assembly could be reg-
ulated by similar factors such as nucleotide metabolites (16).
Previous proteome screen (6) did not find CTPS2 among
ANKRD9-binding partners (only IMPDH1 and IMPDH2 were
detected) and in our studies we observed no effect of ANKRD9
on CTPS2, suggesting that the ANKRD9-IMPDH2 assembly
and regulation is specific.

Comparison of the predicted ANKRD9 structure to struc-
tures of other better characterized ANKRD-containing pro-
teins using 3D protein Blast (http://3d-blast.life.nctu.edu.tw/)3

(39, 40) show that three-dimensional fold of ANKRD9 resem-
bles that of other ANKRDs including the ankyrin-binding
domain of phospholipase iPLA2b, gankyrin tankyrase. The
homology to the latter enzyme is particularly interesting.
Tankyrase mediates poly-ADP–ribosylation of various pro-
teins, marking them for degradation via ubiquitin ligase path-
way, and regulates mitosis, genome integrity, and cell signaling.
As ANKRD9, tankyrase regulates protein abundance in various
cellular locations; �-catenin in the cytosol and GLUT4 trans-
porter in vesicles (38). It is tempting to speculate that coupling
sensitivity to metabolites with changes in intracellular localiza-
tion could be a common mechanistic feature of ANKRD-con-
taining proteins with a structural similarity to ANKRD9.

Experimental procedures

Cell lines

HeLa cells and HEK293 cells were maintained in DMEM
supplemented with 10% heat-inactivated FBS, 1% penicillin-
streptomycin, and 1% nonessential amino acids and passaged
every 2–3 days, when cells were 80% confluent in T75 cm2

flasks.

Site-directed mutagenesis in ANKRD9

An N-terminally FLAG-tagged ANKRD9 construct was gen-
erated using cDNA of human ANKRD9 as a template. The con-
struct was cloned into a pcDNA3.1 vector containing blastici-
din and ampicillin resistance. Mutations were introduced using
the QuikChange XL Mutagenesis kit. Primers were purchased
from Integrative DNA Technologies. Presence of correct muta-
tions and the lack of unwanted mutations were verified by
sequencing the coding region. Primers used for mutagenesis
were: C109S forward primer: 5�-AGCCGCGCAGCTGCGGA-
AGCCGG-3�; C109S reverse primer: 5�-CCGGCTTCCGCAG-
CTGCGCGGCT-3�; C110S forward primer: 5�-GGGAGCCG-
CGCTGCAGCGGAAGC-3�; C110S reverse primer: 5�-GCT-
TCCGCTGCAGCGCGGCTCCC-3�; C109S/C110S forward
primer: 5�-GGGAGCCGCGCTGCTGCGGAAGCCGG-3�;
C109S/C110S reverse primer: 5�-CCGGCTTCCGCAGCAGC-
GCGGCTCCC-3�. R125A forward primer: 5�-GCAGAATGC-
CCACGGCGGCGTTGTAGCGCACTG-3�; and reverse primer:
5�-CAGTGCGCTACAACGCCGTGGGCATTCTGC-3�.

Immunofluorescence microscopy

Cells were transfected with 1 �g FLAG-ANKRD9 or FLAG-
ANKRD9 mutants using 2% Turbofect in 200 �l Opti-MEM in
2 ml of 45,000 cells/ml in 12-well plates for 16 h and processed
for immunofluorescence as follows. HeLa cells were washed
with PBS then fixed with 4% formaldehyde for 15 min at room
temperature. Cells were permeabilized with 0.1% Triton X-100
for 10 min with mild shaking. Cells were then blocked with 1%
BSA, 1% gelatin in PBS overnight at 4 °C. The next day cells
were incubated with primary antibody for 1 h at room temper-
ature in a humidified chamber. Mouse anti-FLAG (catalogue
no. F1804; Millipore-Sigma) was used at a 1:500 dilution, rabbit
anti-IMPDH2 (catalogue no. ab75790; Abcam), and rabbit anti-
CTPS2 (catalogue no. ab235109; Abcam) were used at 1:300
dilution. Cells were then washed with PBS once, twice with
PBS � 0.1% Tween, once with PBS, and then incubated with
fluorescent secondary antibody in the dark for 1 h. Donkey
anti-mouse Alexa Fluor 555 (catalogue no. A31570, Thermo
Fisher) and donkey anti-rabbit Alexa Fluor 488 (catalogue no.
A21202, Thermo Fisher) were used at 1:500 dilution. Donkey
anti-rabbit Alexa Fluor 555 (catalogue no. ab150070, Abcam)
was used in Fig. 8b. Coverslips were then washed as with the
primary antibodies with a final wash in water to remove excess
salts. Coverslips were then mounted with Fluoromount and
DAPI at 50% each. Images were taken with an Olympus
FV3000RS confocal microscope and processed using Fiji.
Images in Figs. S1 and S5 were taken with a Zeiss LSM 5 Pascal
confocal microscope and processed using Image J.

Quantifying rod length

For rod length, images were processed in Fiji, as described
previously (35). Briefly, images were first deconvoluted to 8-bit.
The image threshold, or the amount of contrast in an image,
was set to between 2.5 and 3.5%. This range was set using the
default and black and white settings in Fiji and allowed visual-
ization of rod structures above background for accurate rod
length measurements. Lastly, the “Analyze particles” applica-
tion was used where objects with the length below 0.5 microns
were excluded to only quantify rod structures which are typi-
cally 1 micron and above. Circularity, which denotes whether or
not the particle analyzed is a circle, was set to the lowest value
0.01; as in this report we were interested in the ANKRD9-de-
pendent length of IMPDH2 rods and not rings. Rod lengths
were determined for all cells in a given image then the DAPI
channel was used to determine rod number per cell in the
image. At least 10 images in random locations containing at
least 10 cells were used for quantification in each condition.
Statistical analysis was performed using unpaired t tests.

Structural modeling

First, a crystal structure of IMPDH2 (PDB ID 1NF7) was used
to refill all missed regions of the structure. This was done using
the Molecular Operating Environment (MOE) software, ver-
sion 2018.01 (CCG, Montreal, Canada), the full amino acid
sequence of IMPDH2 and the Homology Model application of
Protein module, using Amber10: EHT force field with a Reac-
tion Field (R-Field). A model with best root mean square devi-

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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ation (RMSD) and contact energy was chosen. See Fig. S4 for
additional details.

Docking of IMPDH2 and ANKRD9 was conducted with the
Dock application of the Compute module in MOE. A number of
docking configurations were generated and scored. The score
was calculated as a combination of free energy of binding
including, among others contributions, solvation and entropy
terms, and targeted regions interaction score that was calcu-
lated as a number of heavy atoms from the conserved regions of
six sites in protein ANKRD9 contacting heavy atoms of protein
IMPDH2. See Fig. S3 for additional details.

siRNA knockdown of ANKRD9

siGENOME SMART pool constructs against human
ANKRD9 (catalogue no. M-015551-01-0005) was used in
HEK293A cells. Wet-reverse transfection was performed as fol-
lows: Cells were grown to �60% confluency in complete
medium without antibiotics. DharmaFECT at 2.5% (catalogue
no. T-2001-002, Dharmacon) and Opti-MEM were mixed with
20 nM siRNA and Opti-MEM, added to wells and incubated for
30 min. 1.37 � 105 cells/ml cells were then added and incubated
with siRNA plus DharmaFECT at 37 ° for 60 h. cOmplete
medium without antibiotics was added for 12 h for a total of
72 h incubation. Cells were then processed for RT-qPCR
immunostaining for IMPDH2 rod formation.

Real-time quantitative PCR (RT-qPCR)

RNA isolation and mRNA quantitation were performed as
described previously (19). Briefly, RNA isolation was done with
the RNeasy Kit (Qiagen), cDNA was generated and RT-PCR
was done with the One-Step SYBR Green kit (Applied Biosys-
tems) on an ABI 7500 Sequence Detection System (Applied
Biosystems). S18 was used for normalization for ��Ct analysis.
Primers used for qPCR were as follows: S18 forward: 5�-TTC-
TGGCCAACGGTCTAGACAAC-3�; S18 reverse: 5�-CCAGT-
GGTCTTGGTGTGCTGA-3�; ANKRD9 forward: 5�-CTGGT-
CACCGCCATCTCT-3� ANKRD9 reverse: 5�-CTAGCCTTT-
GCCAGTGAGGT-3�.

Western blotting

HeLa cells were transfected with FLAG-ANKRD9 plasmid,
protein was expressed for 16 h and cells were lysed with 1�
RIPA buffer in PBS. Lysates were cleared with centrifugation at
9000 � g for 10 min. Supernatants were separated using Laem-
mli gel electrophoresis, and proteins were transferred to PVDF
membrane for Western blotting. The following antibodies were
used: Mouse anti-FLAG, dilution 1:10,000; rabbit anti-
IMPDH2, 1:10,000; rabbit anti-CTPS2, 1:10,000; mouse anti-�
actin (catalogue no. NB600 –501, Novus, 1:10,000). Membranes
were blocked for 1 h in 5% milk in PBS at room temperature and
incubated with primary antibody in 1% milk in PBS-T. Mem-
branes were washed the next day in PBS-T and incubated with
HRP-conjugated secondary antibody, dilution 1:10,000, for 1 h
at room temperature and imaged with chemiluminescence.

For fractionation, HeLa cells were transfected with the
FLAG-Tag ANKRD9 and rods were formed using low serum
conditions as described above. Cells were collected, pelleted,
and resuspended with 50 mM MOPS, pH 7.5, 150 mM NaCl, 20%

glycerol, 0.1% n-dodecyl-�-D-maltoside (DDM) and homoge-
nized with a Dounce homogenizer. The homogenate was frac-
tionated at the following speeds/times: 500 � g for 5 min to
pellet the nuclear-enriched fraction, 6000 � g to pellet the
mitochondria-enriched fraction, and 10,000 � g to pellet the
plasma membrane fraction. Samples from the supernatant and
pellet were used for immunoblotting as above. Rabbit anti-
FLAG antibody (Catalogue no. F7425, Sigma) was used at
1:10,000 dilution.

Statistical analysis

GraphPad Prism 6 was used for all statistical analyses.
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