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Abstract
Protein kinase A (PKA) signaling is targeted by interactions with A-kinase anchoring proteins
(AKAPs) via a dimerization/docking domain on the regulatory (R) subunit of PKA. Four other
mammalian proteins (ASP, ROPN1, SP17, and CABYR) share this highly conserved RII
dimerization/docking (R2D2) domain. ASP and ROPN1 are 41% identical in sequence, interact
with a variety of AKAPs in a manner similar to PKA, and are expressed in ciliated and flagellated
human cells. To test the hypothesis that these proteins regulate motility, we developed mutant
mouse lines lacking ASP or ROPN1. Both mutant lines produced normal numbers of cilia with
intact ciliary ultrastructure. Lack of ROPN1 had no effect on ciliary motility. However, the beat
frequency of cilia from mice lacking ASP is significantly slower than wild type, indicating that
ASP signaling may regulate ciliary motility. This is the first demonstration of in vivo function for
ASP. Similar localization of ASP in mice and humans indicates that these findings may translate
to human physiology, and that these mice will be an excellent model for future studies related to
the pathogenesis of human disease.
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Introduction
Cilia are tiny hair-like projections that extend from the surface of almost all cell types of the
human body (Inglis et al. 2006). Eukaryotic flagella share the 9+2 structure of the motile
ciliary axoneme and are thus presumed to also share regulatory pathways that affect the
mechanics of motility. Motile cilia/flagella function to remove debris from the respiratory
tract, circulate cerebrospinal, fallopian tube and epididymal fluids, and propel spermatozoa
through the female reproductive tract. Dysfunctional cilia may result in impaired respiratory
function, hydrocephalus, and reduced fertility. Mammalian cilia modulate the size and shape
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of axonemal bend (waveform) by means of inner dynein arms and their frequency (ciliary
beat frequency, CBF) by means of outer dynein arms in the axoneme (Chilvers et al. 2003;
de Iongh and Rutland 1995). However, the molecular mechanisms that regulate dynein
mechanics are poorly understood (Gaillard et al. 2006a).

Motile mammalian cilia and flagella alter their beat frequency in response to external
signals. It is thought that ciliary dynein arms are capable of moving microtubules with either
a slow or fast duty cycle. The mechanism of switching the dyneins from slow to fast is not
completely understood, but both axonemal phosphorylation and dephosphorylation events of
dynein light chains as well as influences on the dynein itself seem to be responsible (Salathe
2007). Numerous studies have implicated cAMP-dependent protein kinase (PKA) as a key
regulatory enzyme controlling CBF (Di Benedetto et al. 1991; Hamasaki et al. 1991;
Tamaoki et al. 1989; Wyatt et al. 1998). PKA is a multifunctional enzyme that is anchored
to specific substrates and cellular compartments via interaction between the dimerization/
docking domain on the regulatory (R) subunits of PKA and an amphipathic helix binding
motif located within A-kinase anchoring proteins (AKAPs) (Fig 1A). Tethering of inactive
PKA holoenzymes to specific compartments by AKAPs allows PKA to be immediately
available to phosphorylate localized and/or AKAP-bound substrates in response to cAMP
activation (Carr et al. 1991; Wong and Scott 2004).

Recently, four other proteins that contain the RII dimerization/docking (R2D2) domain have
been identified: ROPN1 (ropporin 1), ASP (genomic name Ropn1l, for ROPN1-like
protein), CABYR, and SP17 (Fig 1B). Based on binding studies and mutational analysis,
two of these proteins (ROPN1 and ASP) appear to interact with AKAPs in a manner similar
to PKA (Newell et al. 2008). ROPN1/ASP orthologs are conserved in a variety of species of
animals including chickens, xenopus, fish, sea urchin, and ciliated protists, suggesting these
proteins serve a vital function. These proteins do not bind cAMP; outside the docking
groove, they bear little or no similarity to PKA and they do not appear to have any intrinsic
enzyme activity, indicating that they have different functions than PKA (Newell et al. 2008).
However, the shared R2D2 domain raises the possibility that R2D2 proteins influence
AKAP-directed PKA signaling mechanisms to participate in regulation of CBF.

The flagellated protist Chlamydomonas reinhardtii is an important model organism in the
study of ciliary/flagellar motility; its relatively simple (and completely sequenced) genome
and the availability of well characterized mutants in combination with the highly conserved
nature of eukaryotic ciliary structure and function allow for elegant studies that have
provided many insights into the workings of cilia and cell motility (Gaillard et al. 2001;
Gaillard et al. 2006b; Hasegawa et al. 1987; Hendrickson et al. 2004; Howard et al. 1994;
Yang and Yang 2006; Yang et al. 2006). However, of key interest to these studies, active
PKA slows dynein motors and inhibits flagellar beating in Chlamydomonas (Hasegawa et al.
1987; Howard et al. 1994). In contrast, beat frequency in mammalian spermatozoa and in
ciliated airway tissues is stimulated in response to increases in cAMP concentrations, and
addition of PKA inhibitors blocks this motility stimulation (Wyatt et al. 1998). These
opposing effects of PKA activity on motility suggest that in spite of the remarkable
structural and functional conservation of motile cilia/flagella, regulation of axonemal
beating may differ from species to species.

Though there is a body of in vitro data concerning the interactions of mammalian R2D2
proteins, less has been accomplished in defining in vivo function, particularly for ASP and
ROPN1 (Carr et al. 2001; Carr and Newell 2007; Fiedler et al. 2008; Frayne and Hall 2002;
Fujita et al. 2000; Naaby-Hansen et al. 2002; Newell et al. 2008). Two observations suggest
that R2D2 proteins regulate ciliary/flagellar motility: 1) adding peptides that disrupt
interactions between PKA/R2D2 proteins and all cellular AKAPs (Ht31, see Fig 1A) results
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in arrested bovine sperm motility, while PKA inhibitor H-89 has only a minor effect on
motility and 2) Chlamydomonas reinhardtii mutants lacking (R2D2 protein) RSP11 have
normal flagellar structure but exhibit impaired flagellar motility (Vijayaraghavan et al. 1997;
Yang and Yang 2006). In the present study we created two mutant mouse lines lacking
either ASP or ROPN1 to test the hypothesis that these R2D2 proteins regulate ciliary
beating.

Results
R2D2 protein expression in gene trapped mice

Gene trapping is a high-throughput method of creating murine embryonic stem (ES) cell
lines containing insertional mutations in genes for the purpose of generating knockout
mouse strains for research in functional genomics (Zambrowicz et al. 1998). Through
Lexicon Pharmaceuticals (The Woodlands, TX) and University of Michigan services, we
produced two mutant mouse lines – one containing a homozygous insertional mutation in
Asp (AspGT mice) and a second containing a homozygous insertional mutation in Ropn1
(Ropn1GT mice) (Fig. 2). These mutations disrupt expression at the protein level. Gross
examination and comparative dissection of wild type, AspGT, and Ropn1GT F2 mice revealed
no physical defects, and both lines of mutant mice appear behaviorally normal and healthy
(excluding fertility testing, which is discussed in detail below).

ASP and ROPN1 are highly expressed in testes compared to other tissues (Newell et al.
2008). Therefore, to confirm that protein expression had been inhibited in AspGT and
Ropn1GT mice (respectively), we performed ASP and ROPN1 western blots using testes
lysates (Fig 3). ASP expression is greatly reduced in AGT testes (compare lanes 1 and 2 of
upper panel), but a longer exposure of the blot reveals that there is a very small amount (less
than 2%, quantitation using NIH image) of ASP being produced (Fig S1). This hypomorphic
condition was confirmed by Lexicon as a rare complication in their gene trapping method.
Though not a complete knock-out, with greater than 98% reduction in ASP expression, it is
a very strong knock-down. ROPN1 expression was eliminated in testes of RGT animals (lane
3, middle panel). Because ASP and ROPN1 are both R2D2 proteins whose sequences are
39% identical, we anticipated that they might compensate for each other in their opposing
gene trap animals. This supposition was supported by an increase in ROPN1 expression in
AGT testes (Fig 3, middle panel, compare lanes 1 and 2). In wild type testes, ASP is
expressed in pachytene spermatocytes, similar to axonemal proteins such as dynein and
radial spoke proteins [expression data from MRG (Mammalian Reproductive Genetics)
database at http://mrg.genetics.washington.edu/], suggesting that ROPN1 may compensate
for a sperm development function of ASP. Finally, AKAP3 western blots demonstrate equal
protein loading (Fig 3, lower panel).

ASP and ROPN1 are expressed in ciliated mouse cells, and do not appear to compensate
in opposing mutant tracheal tissue

We have previously shown that both ASP and ROPN1 are expressed in the ciliated cells of
human bronchus (Newell et al. 2008). Human and murine ASP/ROPN1 sequences are
highly conserved; ASP is 74% identical and 10% similar to human, and ROPN1 83%
identical and 9% similar. In order to determine whether ASP and ROPN1 are expressed
similarly in human and mouse tissue, and further to determine expression levels in our
mutant mice, we harvested and fixed tracheas from wild type (WT), AspGT (AGT), and
Ropn1GT (RGT) mice in formalin, embedded the tissues in paraffin, sectioned, and stained
with rabbit polyclonal antibodies against ASP and ROPN1. Consistent with localization in
human trachea (Newell et al. 2008), ASP stains the cilia in wild type mouse trachea (Fig 4A
left panel, arrow points to cilia), and ROPN1 stains the cytoplasm of the cilia-supporting
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epithelial cells (but not the cilium itself, Fig 4B, left panel). ASP and ROPN1 staining is
absent in AspGT and Ropn1GT mutant tracheas, respectively [Fig 4A and B; compare WT
(left panel) to AGT (middle panel) in A, WT to and RGT (right panel) in B].

In testes, increased expression of ROPN1 in AspGT testes is visible by western blot (Fig 3).
However, because of the very limited number of cilia in mouse trachea and the difficulty in
isolating these ciliated cells from surrounding tissue, immunohistochemical detection of
ciliary proteins is preferred to western blotting techniques. Fortunately, increased ROPN1
expression in AspGT testes by western blot (Fig 3) is mirrored by increased intensity of DAB
(brown) staining of testicular sections (data not shown). Therefore, we used our IHC
staining (with careful control of variability – see Materials and Methods section for
description) to determine whether ASP and/or ROPN1 cross compensate in the ciliated cells
of mutant mouse trachea. In contrast to data from testes, neither ASP nor ROPN1 show a
significant increase of expression or a change in staining location (i.e. ROPN1 does not stain
the cilia in the absence of ASP in AspGT trachea) in the opposing mutant [Fig 4A and B,
respectively; compare WT (left panel) to RGT (right panel) in A, and WT (left panel) to AGT

(middle panel) in B]. Collectively, these data suggest that ASP and ROPN1 do not
compensate for each other in the ciliated cells of the trachea.

Ciliogenesis, cilia alignment, and ciliary structure are normal in mice that lack ASP and
ROPN1

Since ASP and ROPN1 are expressed in ciliated cells, it is possible they play roles in the
development and/or maintenance of cilia. In order to determine whether ASP or ROPN1
expression is required for normal ciliary development, alignment or structural integrity, and
to further confirm that there is no cross-compensation between these proteins in the ciliated
cells of the trachea of AspGT and Ropn1GT mice, we cross bred these two mutant lines to
produce mice that are homozygous for the gene trap mutations in both Asp and Ropn1, and
therefore express neither protein. As with single mutant mice, gross physical examination of
these animals (AspGT/Ropn1GT) reveals no abnormalities. To assess ciliogenesis, alignment
and ciliary structure in the absence of ASP and ROPN1, tracheas were harvested from wild
type (WT), AspGT, Ropn1GT and AspGT/Ropn1GT (AGT/RGT) mice. Tissues were fixed,
embedded, sectioned and H&E stained. No differences are evident between wild type and
double mutant trachea (Fig 5, arrows point to cilia; number of cilia, length of cilia, and gross
morphology are all comparable), implying that neither ASP nor ROPN1 are necessary for
ciliogenesis.

To determine whether there were defects in the ultrastructure or alignment of cilia not
visible by light microscopy, we analyzed tracheal cilia from WT, AspGT, Ropn1GT, and
AspGT/Ropn1GT mice with transmission electron microscopy. Cilia in mice lacking ASP
and/or ROPN1 appear to be properly aligned (Fig 6A and B, note that lines corresponding to
central pair angle are roughly aligned in parallel in all cases) and structurally intact (Fig 6C),
including the retention of a normal central pair apparatus in flagellar axonemes that lack
ASP (Fig 6D). Comparison of the percent standard deviation of central pair angles confirms
that cilia from all mutant lines retain normal orientation (Table II, values of 10–15% are
considered normal in clinical diagnostics, while 20–25% would suggest primary ciliary
dyskinesia with disorientation (Bush et al. 1998)). Together, these data suggest that ASP and
ROPN1 are not essential for establishing or maintaining ciliary orientation or structural
integrity.

Lack of ASP results in impaired ciliary function
The localization of ASP and ROPN1 in flagellated and ciliated cells, (particularly of ASP in
the motile cilia itself) and the lack of a function in ciliary development, alignment or
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structural integrity suggests that R2D2 proteins may be involved in signaling events, perhaps
related to motility regulation. To assess whether cilia function is altered in the absence of
ASP or ROPN1, we measured cilia beat frequency in the trachea from each of our mouse
lines by SAVA. When ASP is absent, basal motility is significantly reduced by about 17%
[Fig. 7, compare wild type to AGT and AGT/RGT control (CON) bars]. In all lines, stimulation
with procaterol (PRO, a beta-adrenergic receptor agonist) significantly increases CBF (Fig.
7, compare PRO bars), providing additional evidence that cilia are structurally intact in mice
lacking these proteins. Of note, the reduction in basal CBF is no greater in double mutant
cilia (AGT/RGT) than the single mutant AspGT, and there is no reduction in the basal motility
of Ropn1GT cilia, suggesting that ASP, but not ROPN1, functions as a key molecule in the
maintenance of basal ciliary beat frequency. In combination with immunohistochemistry
(Fig 4), these data also indicate that ROPN1 does not compensate for ASP in ciliated cells,
and thus ASP plays a unique role in ciliary motility.

Lack of ROPN1 impairs sperm motility and male fertility, while lack of ASP alone does not
significantly affect sperm function

Because motile mammalian cilia and sperm flagella both contain a central 9+2 axoneme,
they also likely to share some mechanisms of motility regulation. However, mammalian
spermatozoa also contain the unique structures of the outer dense fibers and the fibrous
sheath surrounding the axoneme, and therefore also have the potential for regulatory
mechanisms not found in cilia. To assess motility, caudal epididymal sperm were observed
by a trained observer in a warm 96-well plate under a light microscope. All mutant mouse
lines (AspGT, Ropn1GT and AspGT/Ropn1GT) produced normal numbers of mature sperm (i.e.
count did not differ significantly from wild type counts, data not shown). However, under
conditions which supported vigorous motility of wild type and AspGT sperm, Ropn1GT

sperm displayed motility that varied from slightly less vigorous than wild type (some
progressive) to nearly immotile (only sluggish, twitching movement with no progression).
Sperm from double mutant (AspGT/Ropn1GT) animals are completely immotile (Table I). To
determine whether this reduction in motility affected fertility, ten mature male mice from
each line (wild type, AspGT, Ropn1GT and AspGT/Ropn1GT) were housed with wild type
female animals for a minimum of five weeks. Consistent with motility observations, AspGT

mice exhibit normal fertility, while Ropn1GT mice are subfertile (fewer litters, with
significantly fewer pups per litter) and AspGT/Ropn1GT mice are infertile, (Table I); presence
of copulatory plugs in females paired with AspGT/Ropn1GT males confirmed mating and
necropsy revealed no pregnancy failure, indicating that infertility is likely due to lack of
fertilization.

Analyses of hypomorphic compensation
Because of the hypomorphic condition of the AspGT mice, we also investigated whether the
small amount of ASP expressed in these mice is upregulated in either the testes or tracheal
cilia of double mutant animals (AspGT/Ropn1GT). Western blots indicate that there may be a
slight increase in ASP expression in the testes of AspGT/Ropn1GT compared to AspGT single
mutant mice (Figure S2A), however, IHC staining of trachea indicates that there is no
upregulation of ASP expression the double mutant (AspGT/Ropn1GT) mice in comparison to
AspGT ciliated cells (Figure S2B).

Discussion
We originally identified ASP and ROPN1 in a yeast-two hybrid screen looking for AKAP3
binding partners in testes, and have since determined that both ASP and ROPN1 bind a
variety of AKAPs via a conserved R2D2 domain, but, until now, no in vivo role for these
proteins had been identified (Newell et al. 2008). Because these proteins interact with
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AKAPs via the PKA binding site, defining their functions separate from PKA signaling is
especially complex. Therefore, we reasoned the best way to determine function was
production of mice that lacked ASP and/or ROPN1. Our previous studies have shown that
ASP is predominantly located in motile cilia while ROPN1 is predominantly located in
sperm flagellum (Newell et al. 2008). In the present study we created mutant mouse lines
lacking either ASP or ROPN1; offspring from these mice appeared healthy, and examination
of tissues and cells that normally express ASP and ROPN1 [testes/sperm and trachea/ciliated
cells] revealed no gross developmental or structural abnormalities. However, we cannot
entirely rule out the possibility that the very small amount of ASP still being produced is
sufficient to maintain normal development/structure in AspGT cilia and flagella. The slight
upregulation of (hypomorphic) ASP expression in the testes (but not in the trachea) of
double mutant (AspGT/Ropn1GT) animals may hint that ASP plays such a role in testes, but
this cannot be determined with any certainty at present.

Chlamydomonas mutants that lack R2D2 protein RSP11 have normal flagellar structure, but
exhibit impaired motility (Yang and Yang 2006). This observation, coupled with the
localization of ASP and ROPN1 in ciliated/flagellated cells, and the lack of a
developmental, structural, or disorientation phenotype in our single mutant animals led us to
hypothesize that ASP and/or ROPN1 may function to regulate motility. We thus examined
tracheal cilia and indeed determined that lack of ASP results in impaired motility. Asp−/−

mice exhibit reduced basal ciliary motility; statistically significant reductions of this
magnitude (approximately 17%) have been shown to be biologically important as even a 2
Hz decrease in cilia beating results in a significant reduction in in vivo bacterial clearance
(Vander Top et al. 2005). In contrast, lack of ROPN1 had no effect on CBF; this result is
perhaps not unexpected due to the exclusion of ROPN1 from the cilia itself and its failure to
relocalize in AGT cilia. In combination with EM data indicating that AspGT/Ropn1GT cilia
are structurally intact and properly oriented, these data suggest that ASP (but not ROPN1)
functions as a critical, non-redundant regulator of ciliary motility in mammalian cells.
Further, since CBF is thought to be modulated by the outer dynein arms (ODA) in the
axoneme, ASP may thus participate in signaling pathways that affect ODA function.

While lack of ROPN1 has no effect on cilia beat frequency, sperm from Ropn1GT mice do
exhibit altered motility, and these males are subfertile, producing fewer and smaller litters.
Strikingly, mice that lack both ASP and ROPN1 (AspGT/Ropn1GT) are infertile due to sperm
immotility. While testes development and testicular spermatogenesis appears normal in
these mice, mature sperm have significant structural defects in the principal piece of the
flagellum; our current analyses indicate that the axonemes of these sperm are intact, but that
the sperm-specific structure of the fibrous sheath (FS) (where ROPN1 is expressed in wild
type sperm) is disrupted (Fujita et al. 2000). Additionally, our data suggest that though ASP
does not appear to have an irreplaceable role in sperm motility or fertility (as indicated by
the normal fertility parameters exhibited by AspGT mice presented in Table I), it may
compensate for ROPN1 in Ropn1GT sperm acting to preserve the structural integrity of the
FS, perhaps via AKAP interactions. Further studies into the function of ROPN1 in sperm
integrity, motility and fertility are ongoing.

Data presented here indicate that ASP plays a role in ciliary motility, perhaps via regulation
of axonemal signaling. We have previously demonstrated that ASP binds a variety of
AKAPs, which raises the possibility that AKAP interactions are part of a mechanism by
which ASP affects ciliary beat frequency. Two AKAPs have been identified in mammalian
ciliary axonemes: AKAP28 and radial spoke protein 3 (RSP3). In Chlamydomonas, RSP3
forms a homodimer that is located at the base of the spoke stalk domain in the axoneme and
is thus in position to mediate the anchoring of PKA or AKAP-binding proteins to control
dynein activity and thus ciliary beating (Wirschell et al. 2008). Studies employing site-
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directed mutagenesis of the RSP3 gene in the region coding for the PKA binding site
suggest that RSP3 is an AKAP required for regulation of axonemal PKA and regulation of
flagellar bending by the radial spokes, as these mutants exhibit abnormal flagellar motility
(Gaillard et al. 2006b). The fact that R2D2 proteins share an AKAP binding site with the
regulatory subunit of PKA suggests that they may compete with PKA in vivo for binding to
mammalian AKAPs, thus controlling the amount of PKA bound to any particular AKAP at
any given time. Controlling PKA/AKAP interaction would regulate the ability of PKA to act
on key substrates that may be essential for modifying CBF. We know that both PKA and
R2D2 proteins strongly interact with AKAPs in vitro, but in vivo associations are less well
defined for PKA, and absent for ASP. One mechanism by which AKAP interactions are
known to be modulated is via changing binding affinities due to phosphorylation of the
AKAP (Fiedler et al. 2008). Relevant to these studies, it has recently been demonstrated that
both ERK1/2 and PKA can phosphorylate RSP3 in a transfected mammalian cell line, and
that phosphorylation modulates PKA binding (Jivan et al. 2009). We have previously
determined that both recombinant and endogenously expressed ASP and PKA (from mouse
testes) interact with human recombinant RSP3 (Newell et al. 2008). Further studies will test
the hypothesis that phosphorylation of RSP3 differentially modifies its affinity for ASP and
PKA.

In addition to RSP3, the only other human ciliary axonemal AKAP that has been identified
to date is AKAP28 (Kultgen et al. 2002). While we speculate herein that AKAPs have
changing binding affinities for PKA and R2D2 proteins based on dynamic post-translational
modifications such as phosphorylation, an alternate hypothesis is that AKAP28 and RSP3
each interact with a unique subset of binding proteins – perhaps one AKAP with PKA and
the other with ASP. We believe that both AKAP28 and RSP3 will prove to be players in
ciliary beat regulation along with PKA and ASP, and future studies will seek to identify in
vivo post-translational modifications on AKAPs, and what effect these modifications have
on PKA versus ASP binding affinity.

Outside the dimerization/docking domain, there is very little sequence homology between
the regulatory subunits of PKA and the R2D2 proteins, thus these proteins are not likely to
interact with the catalytic subunits of PKA. We have also demonstrated that none of the
R2D2 proteins bind cAMP (Newell et al. 2008). Sequence analysis indicates that none of
these proteins appears to contain intrinsic enzyme activity. Based on these data, we
speculate that in addition to participating in PKA regulation via competitive AKAP-binding,
R2D2 proteins may also prove to function in a manner similar to the regulatory subunit of
PKA — that is, they coordinate signaling events by simultaneously binding not only to
AKAPs, but also to one or more signaling molecules. Therefore we predict that, similar to
RII, ASP binds to a signaling enzyme and serves as a regulatory subunit (as does RII for
PKA), modulating the activity of whatever kinase or phosphatase it interacts with. We
speculate that PKC would be a good candidate enzyme for regulation by ASP as lack of
ASP results in decreased ciliary motility and it is known that activation of PKC decreases
CBF (Salathe 2007; Salathe et al. 1993; Slager et al. 2008). Studies are underway to
examine PKC activity in AspGT mice.

Mucociliary clearance is an essential part of the innate defense of the respiratory
membranes, airway and lungs from inhaled allergens, pathogens, toxins and pollutants (Mall
2008; Stannard and O’Callaghan 2006). In humans, impaired ciliary function can have many
negative health consequences; respiratory diseases such as primary ciliary dyskinesia, cystic
fibrosis, asthma and chronic obstructive pulmonary disease (COPD) are associated with
defects in mucociliary clearance. In many of these diseases, underlying genetic defects in
cilia are suspected, though identification of specific mutations and complete understanding
of etiology and pathogenesis are largely elusive (Livraghi and Randell 2007).
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Interestingly, though CBF is decreased in mice that lack ASP, motility can be stimulated
(with procaterol, a β agonist), providing further evidence that the cilia in these mice are
structurally intact. The vast majority of mouse models that display abnormal ciliary motility
have incomplete structures (and missing proteins) within the cilia, often within the axoneme.
Because cilia are signaling antennae as well as mechanical removers of pathogens and
pollutants, these structural defects may make it difficult to isolate the effects of altered
signaling events versus reduced mechanical function. Additionally, genetically engineered
mice with primary cilia disorders develop hydrocephalus internus during early brain
development. Due to the high and early mortality related to hydrocephalus formation, a
detailed analysis of the pulmonary phenotype has been difficult in these mice (Brody et al.
2000). The phenotype of our AspGT mice, in which CBF is reduced without an associated
structural defect or early death of the animals, provides a rare opportunity to determine the
contribution of normal ciliary motility to the mucociliary clearance apparatus, and how its
impairment might contribute to the development of ciliopathies and diseases of
compromised mucociliary clearance. We show herein that the expression pattern of ASP and
ROPN1 in ciliated airway cells of humans and mice is comparable and sequence identity is
high, making our mutant mice excellent candidates as models for future studies of the role of
R2D2 proteins in human airway function, and the role of dysfunctional ciliary motility in the
etiology and pathogenesis of disease.

Materials and Methods
Chemical sources

Unless otherwise noted, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Production and breeding of mice
These studies were approved by the Portland Veterans’ Affairs Medical Center (PVAMC)
IACUC, which follows the guidelines of the Office of Laboratory Animal Welfare (OLAW)
and sets policies according to the Guide for the Care and Use of Laboratory Animals and the
Department of Veterans Affairs Handbook 1200.7, Use of Animals in Research. Mice were
housed at the PVAMC Veterinary Medical Unit. Mice used in these experiments had
reached sexual maturity (at least 6 weeks of age), and all were euthanized by CO2
asphyxiation.

Mutant mouse lines that contain insertional mutations in Asp and Ropn1 that interrupt
protein expression were purchased from Lexicon Pharmaceuticals (The Woodlands, TX)
[see (Zambrowicz et al. 1998) for methodology, and Figure 2 for the genotyping schematic].

Mutant mouse genotyping
ASP accession: NM_145852

ROPN1 accession: NM_030744

Genotyping primers:

Fwd ASP: 5′-ATGAGTGATGTTGATGACTGGGTG-3′

Rev ASP: 5′-CAGAGACAGAAACGCAAGTGTGC-3′

Fwd ROPN1: 5′-GCCAATTCCAATGCAATCGC-3′

Rev ROPN1: 5′-CCCTCAGGGTCTTATGTTGAAGTCC-3′
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Rev LTR: 5′-ATAAACCCTCTTGCAGTTGCATC-3′

Mouse tail biopsies were obtained at weaning; tissue was digested at 50°C 4 h to overnight
in a 500 μg/ml Proteinase K buffer (5 mM EDTA, 0.5% SDS, 200 mM NaCl, 100 mM Tris-
HCl, pH 8.8). Genomic DNA was precipitated by addition of isopropanol and resuspended
in TE buffer. PCR was performed on a 9800 Fast Thermocycler using GeneAmp Fast PCR
Mix (both Applied Biosystems, Foster City, CA). Throughout this manuscript, AspGT (or
AGT) refers to animals that are homozygous for the gene trap insertion in Asp, and Ropn1GT

(or RGT) refers to animals that are homozygous for the gene trap insertion in Ropn1. AspGT/
Ropn1GT (or AGT/RGT) are homozygous for both gene trap insertions.

Isolation and preparation of testes for western blot
Immediately after CO2 euthanization, testes were removed from wild type, AspGT or
Ropn1GT mice. Testes were crushed in liquid nitrogen, lysed in lysis buffer (10 mM Tris pH
7.6, 150 mM NaCl, 1% TritonX-100, 1% deoxycholate, 0.1% SDS, 5 mM EDTA), and
sonicated. The insoluble fraction was removed and SDS sample buffer was added to the
supernatants. Protein concentration was determined using a SPN protein assay (G-
Biosciences, Maryland Heights, MO), and equal loading (20 μg per lane) was confirmed by
Coomassie stain. SDS-PAGE and western blots using rabbit polyclonal antibodies to ASP,
ROPN1 and AKAP3 [antibodies characterized in (Newell et al. 2008)] were performed as
previously described (Newell et al. 2008).

Immunohistochemistry
Immunohistochemical staining was performed as described previously (Newell et al. 2008)
with minor modifications as follows. ROPN1 antibody was diluted 1:2000, and all primary
antibody incubations were for 1 h. Pictures were taken with a Zeiss (Gottingen, Germany)
AxioCam connected to an AxioPlan2 epifluorescence microscope, and images were
processed in Adobe Photoshop CS2 version 9.0.2 (Adobe Systems, San Jose, CA). In order
to make valid comparisons of staining between wild type and mutant animals in Fig 4, we
tightly controlled for variables in staining, image capture and image processing. First, wild
type, AspGT and Ropn1GT sections were affixed to a single slide to ensure that all three
sections were stained with identical conditions. Secondly, imaging parameters on the
microscope (lighting, brightness, contrast, exposure, and color balance) were set on wild
type sections, then maintained for all subsequent pictures. Finally, any adjustments made in
Photoshop (minor brightness/contrast modifications) were applied equally to all images.

Transmission Electron Microscopy
Tracheal rings for ultrastructural analysis were underwent primary fixation in phosphate
buffered 2% glutaraldehyde + 2% paraformaldehyde supplemented with 0.5% aqueous
tannic acid. The tissues were subsequently post-fixed in 1% buffered osmium tetroxide, and
dehydrated through serial alchohol changes, followed by infiltration with an epoxy resin.
The infiltrated tissues were polymerized and silver sections were obtained from the resultant
specimen blocks and mounted on copper EM specimen grids. Sections were post-stained by
standard techniques using uranyl acetate and lead citrate. Sections were viewed and
photographed in a Zeiss EM 900 transmission electron microscope at an accelerating voltage
of 60 kV.

Trachea harvesting, treatment and cilia beat frequency
Trachea were removed and maintained in a closed sterile 1.5 mL tubes in serum-free M199
containing penicillin/streptomycin (100 units/100 μg per mL) (Gibco, Carlsbad, CA) until
processing. Tracheal rings were cut (width ≈0.5 mm) from the distal end of the trachea just
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proximal to the first bifurcation of the trachea into right and left mainstream bronchi. The
rings were placed in 35 mm dishes containing serum-free M199 (Gibco) for CBF
determinations. Following baseline CBF determination, the rings were stimulated with
procaterol at a final concentration of 1 μM. The rings and tissue were incubated for 30 min
at 37°C, 5% CO2 then allowed to equilibrate at 25°C for 10 min. The final CBF reading was
taken from the tracheal rings.

The motion of the actively beating cilia on the tracheal ring was quantified using phase
contrast microscopy, and computerized frequency spectrum analysis. During CBF
measurement, tracheal rings were maintained at a constant temperature (24°C ± 0.5°C) by a
thermostatically controlled heated stage, as the temperature gradient is known to affect CBF
(Sanderson and Dirksen 1989). All observations were recorded for analysis with a Kodak
Megaplus 310 analog/digital video camera (Eastman Kodak Motion Analysis Systems
Division, San Diego, CA). Whole-field analysis was performed and the CBF determined by
collecting data sampled at 85 fps from 256 samples (3 seconds) and performing frequency
spectrum analysis using the Sisson-Ammons Video Analysis (SAVA) system (Sisson et al.
2003).

Sperm motility and male fertility analyses
To assess sperm motility, caudal epididymides were minced in a 96-well plate in Buffer A
(120 mM NaCl, 10 mM KCl, 10 mM Tris pH 7.4, 10 mM glucose, 10 mg/ml bovine serum
albumin) then placed in a 37°C incubator/5% CO2 for at least 15 min in order to allow
sperm to swim up prior to counting. Motility was assessed on a Nikon (Melville, NY) TMS
light microscope fit with a stage warmer set to 37°C by a trained observer who was blind to
the genotype of the animals being assessed. To determine fertility, ten male mice from each
line (wild type, homozygous AspGT, homozygous Ropn1GT and double homozygous AspGT/
Ropn1GT) were housed with wild type female mice for a minimum of 5 weeks. At the
termination of the mating period, females were either kept for a minimum of three weeks
(one gestational period) or euthanized and necropsied to ensure that all pregnancies were
detected and recorded.

Statistical analysis
Ciliary central pair angles presented in Table II were measured in Photoshop CS2 Version
9.0.2, and standard deviation of angles was calculated in Microsoft Excel 2007. Analyses for
Figure 7 were performed in Graphpad Prism 4 for Macintosh, Version 4.0c. Significance
was determined by ANOVA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Model of AKAP interaction with PKA RII and RII-like (R2D2) proteins
In A, the amphipathic helix region on AKAPs interacts with the dimerization/docking
(R2D2) domain of both PKA and R2D2 proteins ASP and ROPN1. This interaction is
interrupted by Ht31 competitively binding to the R2D2 domains of PKA and the R2D2
proteins. In B, amino acid sequence alignment of the R2D2 domains of ROPN1, ASP, SP17,
CABYR, PKA RI and RII. Gray boxes highlight conserved identity, bold letters highlight
conserved similarity.
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Figure 2. Genotyping scheme
A. Mutations that interrupt expression at the protein level are contained in a trapping
cassette that is flanked by identical LTR (long terminal repeat) regions. This construct is
inserted in to the gene of interest (ASP or ROPN1 in this case). To identify animals
containing the mutation, protein-specific primers to ASP and ROPN1 were designed to lie
on opposite sides of the insertion site. A reverse LTR (Rev-LTR) primer sits on the mutant
construct. B. When the Rev-LTR primer is paired with the protein-specific forward (Fwd)
primer, a mutation-specific product is generated by PCR (band in GT lane). Protein-specific
Fwd-Rev primer pairs will only generate a visible product in a wild type allele under our
PCR conditions (band in WT lane, extension time is too low to allow formation of larger
product in alleles that contain the mutant construct).
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Figure 3. R2D2 protein expression in testes of mutant mice
Expression of ASP and ROPN1 from homozygous wild type (WT, lane 1), homozygous Asp
gene trap (AGT, lane 2), or homozygous Ropn1 gene trap (RGT, lane 3) mice. Western blots
using rabbit polyclonal antibodies against ASP (top panel), ROPN1 (middle panel) and
AKAP3 (lower panel) were performed. The western blots pictured here are representative of
at least three independent experiments, on at least three unique sets of mice.
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Figure 4. ASP and ROPN1 are expressed in ciliated mouse cells, and expression is knocked out
in AspGT and Ropn1GT trachea, respectively
Immunohistochemical staining of wild type (WT), AspGT (AGT) and Ropn1GT (RGT) trachea
sections using rabbit polyclonal antibodies to ASP (upper panels) or ROPN1 (lower panels)
shows DAB positive (brown) staining. Blue hematoxylin counter-stain stains nucleic acid-
rich regions. Arrows point to cilia, where ASP is expressed in WT tissue, but ROPN1 is not.
These (100X oil immersion) images are representative of three independent experiments on
three unique sets of mice.
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Figure 5. Ciliogenesis is normal in mice that lack both ASP and ROPN1
Trachea were harvested from wild type (WT) and AspGT/Ropn1GT (AGT/RGT) mice, fixed in
formalin, embedded in paraffin, sectioned, and H&E stained. Images are 100X oil
immersion. Arrows point to cilia. These images are representative of three independent
experiments on three unique sets of mice.
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Figure 6. Ciliary alignment and axonemal ultrastructure are intact in mice that lack ASP and
ROPN1
Trachea from wild type (WT), AspGT (AGT), Ropn1GT (RGT), and AspGT/Ropn1GT (AGT/
RGT) mice were harvested and sectioned into rings prior to fixation and preparation for
transmission electron microscopy (see Materials and Methods for details). In A and B, to
assess whether cilia lacking ASP and/or ROPN1 were disoriented, a layer was created over
the EM image (in Photoshop), and lines were drawn through the central pair of each
axoneme. The layer was then offset so that central pairs would be visible in the presented
images. Asterisks in corresponding upper and lower panels provide orientation. In C, a close
up of an AspGT/Ropn1GT (AGT/RGT) cilium showing that major ciliary structural
components (as labeled in the figure) are intact in the absence of ASP and ROPN1.
In D, a diagram and an image of a wild type central pair apparatus (upper panel) and images
of central pair apparatuses from flagellar axonemes that lack ASP [AGT (lower panels),
shows two raw axonemal images (left), and a merged image of the two axonemes with
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central pair projections labeled (right, merge performed in Photoshop)]. Scale bars are 250
nm.
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Figure 7. Basal ciliary motility is impaired by lack of ASP expression, while ROPN1 expression
has no effect on motility
Trachea were harvested from wild type (WT), AspGT (AGT), Ropn1GT (RGT), and AspGT/
Ropn1GT (AGT/RGT) mice, placed in serum-free M199 medium and sectioned into rings.
Basal cilia beat frequency (CBF) of tracheal cilia was measured using the Sisson-Ammons
Video Analysis (SAVA) system (CON bars). Rings were then stimulated with procaterol, (1
μM final concentration, PRO bars). N=8, 8, 7 and 12 animals respectively, as indicated on
graph. * indicates significant decrease from WT CBF. ◆ indicates significant stimulation
with procaterol. Error bars are standard error. Significance determined by ANOVA.
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Table I
Male fertility parameters

Fertility is impaired in Ropn1GT and AspGT/Ropn1GT mice, but not AspGT mice. Motility of sperm from wild
type, AspGT, Ropn1GT, or AspGT/Ropn1GT mice was assessed by trained observers. To determine fertility,
male mice were housed with wild type female mice for a minimum of 5 weeks. N=10 for each line, ± indicates
standard error.

Sperm motility % Fertile Avg litter sizeb

Wild type Vigorous 100 7.10 ± 0.71

AspGT Vigorous 100 6.88 ± 0.55

Ropn1GT Variablea 40 3.75 ± 1.75

AspGT/Ropn1GT Immotile 0 NA

a
See Results for detail.

b
Average litter size excludes infertile mice that produced no pups
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Table II

Ciliary alignment (as measured by % standard deviation of central pair angles).
Ciliary alignment. Alignment of cilia in all mutant mouse lines (AspGT, Ropn1GT, and AspGT/Ropn1GT) is
normal. As per clinical guidelines for identification of ciliary disorientation in the diagnosis of primary ciliary
dyskinesia (laid out in Bush et al. 1998), at least 50 cilia from each line were examined (five separate fields of
view that contained at least 10 cross-sectioned cilia with good central pair resolution) for ciliary orientation.
Lines were drawn through each central pair in the field, and the standard deviation of the angles of these lines
was calculated (number in parentheses is the number of cilia measured in the field), then averaged. ± indicates
standard deviation.

Wild type AspGT Ropn1GT AspGT/Ropn1GT

Field 1 13.1 (11) 12.1 (15) 12.1 (16) 10.5 (12)

Field 2 12.8 (17) 12.4 (18) 11.7 (19) 9.5 (17)

Field 3 11.8 (11) 11.8 (11) 7.6 (13) 8.7 (12)

Field 4 13.4 (10) 8.7 (13) 10.4 (12) 11 (13)

Field 5 8.5 (16) 13.3 (10) 8.2 (13) 11.2 (13)

Average 11.9±2 (65) 11.7±1.7 (67) 10±2 (73) 10.2±1.1 (67)
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