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axonemal doublet microtubules and regulate
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ABSTRACT We previously demonstrated that PACRG plays a role in regulating dynein-driven
microtubule sliding in motile cilia. To expand our understanding of the role of PACRG in ciliary
assembly and motility, we used a combination of functional and structural studies, including
newly identified Chlamydomonas pacrg mutants. Using cryo-electron tomography we show
that PACRG and FAP20 form the inner junction between the A- and B-tubule along the length
of all nine ciliary doublet microtubules. The lack of PACRG and FAP20 also results in reduced
assembly of inner-arm dynein IDA b and the beak-MIP structures. In addition, our functional
studies reveal that loss of PACRG and/or FAP20 causes severe cell motility defects and
reduced in vitro microtubule sliding velocities. Interestingly, the addition of exogenous
PACRG and/or FAP20 protein to isolated mutant axonemes restores microtubule sliding
velocities, but not ciliary beating. Taken together, these studies show that PACRG and FAP20
comprise the inner junction bridge that serves as a hub for both directly modulating dynein-
driven microtubule sliding, as well as for the assembly of additional ciliary components that
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play essential roles in generating coordinated ciliary beating.

INTRODUCTION

Data resulting from a combination of structural, biochemical, and
functional studies of cilia using newly identified Chlamydomonas
mutants have revealed a number of protein complexes located in
distinct positions relative to the force-generating dynein arms, which
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play important and unique roles in ciliary assembly and modulation
of ciliary motility (e.g., the nexin-dynein regulatory complex [N-DRC],
CaM and spoke-associated complex [CSC], and MIA complex;
Piperno et al., 1994; King and Dutcher, 1997; Dymek and Smith,
2007). Reports from several labs indicate that PACRG is also an
important component of a regulatory network essential for proper
ciliary assembly and motility. PACRG, whose transcription is coregu-
lated with the Parkinson’s disease-related gene parkin (Kitada et al.,
1998; West et al., 2003), has been localized to the ciliary axoneme
(Dawe et al., 2005; Lechtreck et al., 2009; Thumberger et al., 2012).
Loss of PACRG results in male sterility (Lorenzetti et al., 2004),
defects in ependymal ciliary motility, and hydrocephalus in mice
(Wilson et al., 2009, 2010). RNA interference- and morpholino
oligomer-mediated knockdown of the PACRG gene(s) in Trypano-
soma brucei and Xenopus, respectively, results in impaired flagellar
motility and defects in doublet microtubule (DMT) integrity (Dawe
et al., 2005). In vertebrates, knockdown of PACRG results in de-
fects in left-right body axis, neural tube closure, and gastrulation
(Thumberger et al., 2012).

Several studies suggest a close relationship of PACRG and FAP20
with the DMTs. For example, PACRG binds directly to tubulin and
microtubules (Ikeda, 2008). PACRG and FAP252 seem to interact with
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the microtubule inner protein (MIP) Rib72 (lkeda et al., 2007). FAP20
is an inner junction (IJ) protein of the ciliary DMTs, and PACRG, but
not Rib72, is reduced in fap20 mutants (Yanagisawa et al., 2014), indi-
cating that FAP20 and PACRG may interact. fap20 mutants (Yanagi-
sawa et al., 2014), like pacrg mutants (Wilson et al., 2009, 2010), have
cilia with abnormal motility. Taken together, these data suggest that
PACRG and FAP20 may form a complex that is associated with the
axonemal DMTs and that plays a role in regulating ciliary motility.

To study the structure and function of PACRG and FAP20 in more
detail, we took advantage of Chlamydomonas mutants and em-
ployed cryo-electron tomography (cryo-ET) imaging and functional
assays, such as the in vitro microtubule sliding assay. We definitively
visualized that PACRG and FAP20 are arranged in an alternating
pattern to form the IJ that links the A- and B-tubule protofilaments
A1 and B10 of the axonemal DMTs. Our previous results showed
that PACRG mediates regulatory cues from components of a signal
transduction pathway that includes the central apparatus (CA), ra-
dial spokes (RSs), and specific inner dynein arms (Mizuno et al.,
2016). Here, we show that, in addition to being integral components
of the DMT lattice, PACRG and FAP20 are required both for proper
activation of dynein-driven microtubule sliding and for the assembly
of other regulatory components that are key for coordinating dynein
activity and thus generating ciliary motility.

RESULTS

Identification of pacrg mutants

Using an in vitro microtubule sliding assay and anti-PACRG antibod-
ies, we previously demonstrated that PACRG plays a role in regulat-
ing dynein-driven microtubule sliding (Mizuno et al., 2016). To
expand our studies of PACRG function in ciliary motility, we charac-
terized two pacrg mutants (159746 and 208023, referred to as
“159" and "208," respectively) from the CLiP (Chlamydomonas
Library Project) collection of insertional mutants (Li et al., 2016;
Cheng et al., 2017). To verify that these strains carried an insertion in
the gene encoding PACRG, we performed PCR using pairs of
primers (Supplemental Figure S1 and Supplemental Table S1) along
the length of the PACRG gene. We discovered that the CLiP 159
mutant is a complete knockout of the PACRG gene, because all
PCRs along the entirety of the PACRG gene that were successful
using control WT (WT) DNA, failed to amplify fragments from CLiP
159 genomic DNA. In contrast, the CLiP 208 mutant carries an
insertion between exons 3 and 4 (Figure 1A).

A. st PACRG gene — 05kb
o 208 159 = complete knockout
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B. CLiP 12
WT 159 208 610 1031 1400
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FIGURE 1: Identification of pacrg mutants in Chlamydomonas.

(A) Diagram of the PACRG gene indicating the location of the CLiP
and pf12 mutations. Black indicates 5" and 3’ untranslated region.
Gray indicates exons. (B) An anti-PACRG Western blot of WT and
pacrg mutant axonemes. PACRG protein was not detected in any of
the mutant axonemes. PF20, a central pair protein, is used as a
loading control.
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The PACRG gene (Cre02.9113400) is located on the right arm of
chromosome 2, approximately 550 kb away from the LF1 gene
(Cre02.9108950). Previous genetic mapping studies had also shown
that If1 is closely linked to the motility mutant pf12 (McVittie, 1972;
Harris, 1989). As the mutant gene product of the PF12 locus has not
been previously identified, we suspected that the pf12 mutations
might also affect the PACRG gene. We therefore sequenced each of
the three pf12 mutants available from the Chlamydomonas resource
center (cc610, cc1031, and cc1400) and found that the PACRG gene
in each strain carried the same mutation. Specifically, each has a
base pair change at nucleotide 316 of the third exon of the coding
sequence (Figure 1A), which changes a glutamine (CAA) to a stop
codon (TAA). As further verification, Western blots of isolated
axonemes revealed that the PACRG protein could not be detected
in axonemes isolated from either one of the two pacrg CLiP strains
or the three pf12 strains (Figure 1B).

PACRG is required for WT motility

All pacrg mutants have a severe motility defect. Chlamydomonas
cells from CLiP pacrg mutant strains as well as the pf12 strains cannot
swim efficiently or produce WT waveforms (Figure 2B). The cilia of
these cells twitch and jerk with uncoordinated movement (Supple-
mental Videos 1-3). A similar motility defect was described for fap20
mutants in Chlamydomonas, which were also reported to have re-
duced levels of PACRG (Yanagisawa et al., 2014). To confirm that the
motility defect is due to the mutations in the PACRG gene, we trans-
formed both CLiP strains and the pf12 mutant with the WT PACRG
gene. WT swim speed, beat frequency, waveforms, and assembly of
PACRG were restored in all rescued strains tested (Figure 2).

Mutants axonemes lacking PACRG and FAP20 have reduced
microtubule sliding velocity

To further investigate the cause of the motility defects in the pacrg
and fap20 mutants, we assessed microtubule sliding activity using
isolated axonemes and an in vitro microtubule sliding disintegration
assay to determine whether the lack of these proteins affects the
coordination of dynein activity along the DMTs or the activity of
the dynein arms themselves. The assay was applied to isolated
axonemes of four mutant strains: one pacrg CLiP strain (159), one
pf12 mutant (pf12-cc1031), a fap20 mutant, and a pacrg; fap20
double-mutant strain.

No significant differences were observed between the 159 and
pf12 strains or between the respective rescued strains 159R and
pf12R. Therefore, we refer to the pf12 strain as the pacrg mutant and
include data from this strain in Figure 3, Supplemental Figures S2
and S3, and Tables 1 and 2. We found that pacrg mutant axonemes
have significantly slower sliding velocity than WT axonemes (WT =
17.1+£0.43 pm/s, pacrg = 14.13 £ 0.28 um/s) (Figure 3 and Table 1).
Sliding velocities of axonemes isolated from the rescued mutant
strains (pacrgR) are not significantly different from that of WT
(pacrgR = 16.96 £ 0.41 pm/s) (Figure 3 and Table 1).

Like the pacrg mutant, the fap20 mutant axonemes have slow
sliding velocities (13.95 + 0.30 pm/s) compared with WT.
Furthermore, sliding velocity is restored to WT levels upon trans-
formation of the fap20 mutant with the FAP20 gene (17.09 +
0.62 pm/s). The microtubule sliding velocities for the pacrg; fap20
double mutant (13.40 + 0.36 um/s) were not significantly different
from either single mutant (p=0.115 compared with pacrg; p=0.237
compared with fap20). These combined results indicate that dynein-
driven microtubule sliding is equally affected by the loss of either
PACRG or FAP20 and that PACRG and FAP20 may be components
of a single structure or pathway affecting dynein activity.

Molecular Biology of the Cell



A. B. WT ('U-) /\/\A _

acrgR (g CUJM\ ]
f159lg) m/\//»\ N

WT 159 159R  pf12

Anti-
PACRG - —

PAIR  pacrg

(159)

ANti-  co— — - e pacrg
PF20 (pf12)

Swimming Velocity

140 50

120 -
100 | L

8

£ w0 230
= 604 20

40 -
20 - 10

0.
WT 159 °

159R ~ pf1i2 = pfi2R WT 159R

- n_ S \EE 2
R
e W

Beat Frequency

pri2R WT o 1% priz

pacrgR

pacrg
m 0.004s D. _wr 15 pf12
= intervals PACRG.‘
0.008s .

@ \,é%{ intervals Rlb72-.q ‘

FAP252 am
NN m/\ 0.004s - s -

T

intervals
Tektin S - —

RSP1 . — —

CaM-IP3 - — —

m 0.004s
intervals
-

Flagellar Length

IC69 M- g

G138 M——

>

DHCO " e

DR e il e

Idaé

Length (um)

o N 2 o ©

==
DRC1 --‘ Rl
Mial s— — —

pacrg

Mia2 s s —

P20 M - —
Mbo2 e - -
- - .-

FIGURE 2: Motility defects of pacrg mutants are due to abnormal flagellar waveforms. (A) Anti-PACRG Western blots
indicating PACRG protein is present in cells transformed with the WT PACRG gene. (B) Waveform tracings of flagella
from WT, pacrg mutants (159 and pf12), and pacrg mutants rescued with the WT PACRG gene (159R and pf12R).

(C) Histograms of swimming velocity, beat frequency, and flagellar length from WT, pacrg mutants, and pacrg mutants
rescued with the WT PACRG gene. Beat frequencies were unable to be measured from pacrg mutants due to their
abnormal waveform. (D) Western blots of axonemes from WT and pacrg mutants. Blots were probed with antibodies

against proteins present on various known structures in the axonemes.

Addition of exogenous PACRG or FAP20 protein to
the respective mutant axonemes increases microtubule
sliding velocity
We then tested whether dynein activity could be restored by recon-
stituting mutant axonemes by the addition of exogenous PACRG
and/or FAP20 protein. For these experiments, we used bacterially
expressed and purified His-PACRG or His-FAP20 protein. For
confirmation that the bacterially expressed proteins bind to mutant
axonemes, the expressed protein was added to mutant axonemes
in increasing amounts and Western blots were performed with
samples from each binding experiment (Supplemental Figure S2
and Supplemental Table S3). Binding saturated when 2.5 pg of
either His-PACRG or His-FAP20 was added to 25 g of either pacrg
or fap20 mutant axonemes, respectively. These analyses suggest
that binding of PACRG and FAP20 to mutant axonemes is specific.
To test whether the expressed protein restores function, we
subjected reconstituted axonemes to the microtubule sliding disin-
tegration assay. Axonemes from the CA mutant pf18 (which lack the
CA, have WT levels of PACRG, and have slow sliding velocities) were
used as a control. We observed no increase in sliding velocity in
the pf18 control upon the addition of His-PACRG (Figure 3 and
Table 1). In marked contrast, microtubule sliding velocities for the
pacrg strains increased with increasing amounts of added His-
PACRG (Figure 3, Table 1, and Supplemental Figure S2). Similarly,
sliding velocities for fap20 mutant strains increased with increasing
addition of His-FAP20 protein (Figure 3, Table 1, and Supplemental
Figure S3). For both the pacrg and the fap20 mutants, the maximal
sliding velocities of reconstituted axonemes were not significantly
different from WT at the saturated concentration of exogenous
protein (p = 0.764 for pacrg + PACRG; p = 0.175 for fap20 + FAP20).
It was reported that the fap20 mutant also had reduced levels of
PACRG protein (Yanagisawa et al., 2014). Therefore, we added both
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expressed His-FAP20 and His-PACRG protein to fap20 mutant
axonemes; the sliding velocities were significantly faster in the
reconstituted axonemes, but not significantly faster than fap20
axonemes treated with expressed FAP20 protein alone (p=0.717).

We also conducted reconstitution experiments with the pacrg;
fap20 double mutant. The addition of expressed PACRG protein did
not significantly increase sliding velocity of pacrg; fap20 mutant
axonemes (p=0.71). The addition of FAP20 did significantly increase
sliding velocities compared with the double mutant (p = 0.0004);
however, velocities were not restored to WT levels. In contrast,
addition of both PACRG and FAP20 to double-mutant axonemes
restored sliding velocities to WT level (p = 0.271 compared reconsti-
tuted double mutant with wild type). These combined results
indicate that both proteins are necessary for WT dynein-driven
microtubule sliding.

PACRG and FAP20 are components of the IJ

of the axonemal DMTs

For an initial assessment of potential structural defects in mutant
axonemes, we performed Western blots of isolated pacrg mutant
axonemes using antibodies that recognize components of major
axonemal complexes, such as the CA, RSs, N-DRC, inner dynein
arm components, and the MIA complex, as well as Rib72 and
FAP252, which have been implicated as PACRG interactors (lkeda
et al., 2007; Yanagisawa et al., 2014). With the exception of the
PACRG protein, all components were present in seemingly WT
abundance (Figure 2D). This result was also reported for the fap20
mutant (Yanagisawa et al., 2014).

We also performed plastic-section transmission electron micros-
copy of isolated pacrg mutant axonemes and were unable to iden-
tify any obvious axonemal defects (unpublished data). Therefore, we
used cryo-ET to visualize structural defects in mutant axonemes at
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ingly, the lJ is in close proximity to where the
! inner-arm dyneins of the neighboring DMT
% bind to the B-tubule protofilament B10
(Figure 4A).

Because FAP20 has previously been
reported as an |J protein (Yanagisawa et al.,
2014), we further compared the axonemal
structure between WT and a pacrg; fap20
double mutant. In the double mutant, the
entire |J between the A- and B-tubules was
missing (Figure 4, |-L, Table 3, and Supple-
mental Figure S4). This suggests that the
remaining IJ density observed in the pacrg
mutant is FAP20, and that PACRG and
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control é“a f,ﬁ $0\ 50 ée és e'éa ée v‘ie c$Q- $'§ é?
S S K & & ¥ é‘ g & & £ Qé‘ 8 S & ) The lack of PACRG and FAP20 is
& | sé’ | & | & associated with a reduction of inner-
~ ~ — arm dynein IDA b, the |1-tether
pf18 pacrg fap20 pacrg;fap20 base, and the beak-MIP as secondary
defects
B C. Axonemes + His-PACRG In addition to the complete lack of a spe-
B;_'gﬁ; Axonemes= _ pf18 pacrg fap20  pacrg;fap20 cific IJ component in a pacrg mutant or of
S P s P s P s P s P both 1J components in the pacrg; fap20
REET kDa}~~‘ S | e . e HiS-PACRG mutant, We noticed that the densities of
m‘%PACRG s % ) ‘ : three additional axonemal complexes were
i 7 PACRG

FIGURE 3: Microtubule sliding velocities are decreased in both pacrg and fap20 mutants and
can be restored to WT levels upon addition of their respective protein. (A) Compared with WT,
the mutants pacrg (pf12), fap20 (RL11), and pacrg; fap20 have a significantly slower microtubule
sliding velocity (Tables 1 and 2) in sliding buffer. This decrease in velocity is rescued upon the
addition of 2.5 pg of purified expressed His-PACRG, His-FAP20, or both proteins to 25 pg of
mutant axonemes. Axonemes from cells rescued with their WT gene (pf12R and fap20R) have
sliding velocities similar to mutant axonemes with their WT expressed protein added (Tables 1
and 2). Axonemes from pf18, a central pair mutant, were used as a control. No increase in
sliding velocity was observed with addition of either expressed protein. n.s., not significantly
different; asterisk, significantly different than the same strain’s value in sliding buffer.

(B) Pelleting assay control experiment using purified PACRG protein and buffer. Anti-PACRG
Western blot of purified His-PACRG shows minimal His-PACRG pelleting (P) in the absence of
axonemes. Most of the protein is found in the supernatant (S). (C) Pelleting assay using purified
PACRG protein and isolated axonemes. Anti-PACRG Western blots of axonemes incubated with
His-PACRG (25 pg of axonemes with 2.5 pg of His-PACRG) and pelleted. Most of the His-PACRG
is found in the pellet (P) fraction, indicating that His-PACRG binds pacrg, fap20, and pacrg:fap20
axonemes, all of which have no or minute amounts of PACRG endogenous protein. A small
amount of His-PACRG pellets with pf18 axonemes, which assemble PACRG protein, was used as
a control. For complete results of the pelleting assay, see Supplemental Figure 2.

higher resolution (Supplemental Figure S4). A WT to mutant com-
parison of the averaged axonemal repeats from the pacrg mutant
revealed a primary structural defect that was present in all axonemal
repeats of the mutant, as well as partial reduction of two additional
complexes that are likely secondary defects. The primary defect was
consistently identified in the 1J between the A- and B-tubules of all
outer DMTs of pacrg flagella (Table 3). We previously showed that,
in WT axonemes, the |J consists of repeated nontubulin subunits
that leave a hole in the IJ close to the N-DRC base plate (Nicastro et
al., 2011). Here, we found that, in pacrg axonemes, every other sub-
unit along the 1J was missing, including the subunit that is typically
missing near the N-DRC (Figure 4, A-H). These structural defects
were consistently observed in all 19 axonemes examined and on all
nine DMTs of the axonemes (Supplemental Figure S5), making
PACRG a likely key component of the IJ of the outer DMTs. Interest-
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reduced in the averages of all axonemal re-
peats of these mutants compared with WT
axonemes, namely, inner dynein b (Figure 5
and Supplemental Figure S6); the I1-tether
base; and one of the MIP structures, the
beak-MIP (Figure 6, Table 3, and Supple-
mental Figure Sé). Interestingly, two of
these structures, IDA b and beak-MIP, are
known to be asymmetrically distributed
among the nine doublets, as well as along
the flagellar length (Hoops and Witman,
1983; Bui et al., 2009; Nicastro, 2009). In
addition, a previous study of mbo mutants
noted a defect in the assembly of the B-
tubule beak structures in the pf12 mutant
(Tam and Lefebvre, 2002). Therefore, we
used classification analyses (Heumann
et al., 2011) focused on each complex to
further dissect the structural defects, abun-
dance, and distribution patterns of these
structures in both WT and mutant flagella.

Consistent with previous studies (Bui et al., 2012; Lin et al., 2012),
our analysis confirmed that, in WT axonemes, the inner-arm dynein
IDA b varied both along the length of the flagellum and also in a
doublet-specific pattern circumferentially, such that ~40% of the WT
repeats lacked IDA b. More specifically, IDA b is missing from all
doublets in the very proximal region, from DMTs 1, 5, and 9 in the
midregion, and from doublets 1 and 9 in the distal regions (Figure
5F). In the pacrg mutant, considerably more axonemal repeats
lacked IDA b also in the middle and distal region (overall 74%
repeats lacking IDA b), with the greatest reduction observed on
doublets 2-4 compared with wild type (Figure 5, G and H). The de-
ficiency of IDA b is even more severe in the pacrg; fap20 double
mutant. Overall, 94% of the repeats lacked IDA b in the double
mutant (Supplemental Figure S6), including 92% of the repeats in
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Strain Condition pm/s £ SEM n p value?

WT Control 17.10+£0.43 114
pf18 Control 13.16 £0.40 108
+His-PACRG 13.51+£0.37 102 p=0.52
+His-FAP20 13.84 £ 0.39 105 p=0.22
+His-PACRG/-FAP20 13.91+£0.55 68 p=0.27
pacrg (pf12) Control 14.13+0.28 130
+His-PACRG 17.29 £0.41 131 p < 0.0001
+His-FAP20 13.37 £0.50 70 p=0.19
+His-PACRG/-FAP20 16.18 £ 0.62 69 p=0.004
pacrgR Control 16.96 £ 0.41 103 p < 0.0001
fap20 (RL11) Control 13.95+0.30 123
+His-PACRG 13.56 £0.42 68 p=0.45
+His-FAP20 17.78 £0.37 116 p < 0.0001
+His-PACRG/-FAP20 18.10+£0.43 69 p < 0.0001
fap20R Control 17.09 £0.62 85 p < 0.0001
pacrg; fap20 Control 13.40£0.36 98
+His-PACRG 13.60 £ 0.41 95 p=0.71
+His-FAP20 15.23+£0.36 133 p=0.0004
+His-PACRG/-FAP20 17.73 £ 0.36 131 p < 0.0001

2Students’s t test was used to determine the p value when comparing a condition’s velocity to the control velocity of that same strain.

TABLE 1: Microtubule sliding velocities in control buffer or buffer with the indicated purified expressed protein added.

the mid- and distal regions. A similar classification analysis performed ~ axoneme preparation (extraction rate) or classification method,
on a neighboring dynein, IDA ¢, did not show any differences in  but are specifically associated with the pacrg and pacrg; fap20
abundance or distribution between WT and pacrg axonemes  mutations.

(Supplemental Figure S7). These observations suggest that the Another structure that is reduced or missing in the pacrg and
differences observed in the assembly of IDA b are not related to the  pacrg; fap20 mutant axonemes, respectively, is the |1 tether base

Samples compared p value
WT vs. pacrg p < 0.0001
WT vs. fap20 p < 0.0001
WT vs. pacrg; fap20 p < 0.0001
WT vs. pacrgR p=0.817
WT vs. fap20R p=0.986
WT vs. pacrg + His-PACRG p=0.764
WT vs. fap20 + His-FAP20 p=0.175
WT vs. pacrg; fap20 + His-PACRG/His-FAP20 p=0.271
pacrg; fap20 vs. pacrg p=0.115
pacrg; fap20 vs. fap20 p=0.237
fap20 vs. pacrg; fap20 + His-PACRG (both +PACRG, no FAP20) p=0.498
pacrg vs. pacrg; fap20 + His-FAP20 (both +FAP20, no PACRG) p=0.017
pacrg + His-PACRG vs. fap20 + His-FAP20 (both +PACRG, +FAP20) p=0.273
pacrg + His-PACRG vs. pacrg; fap20 + His-PACRG/His-FAP20 (both +PACRG, +FAP20) p=0.410
fap20 + His-FAP20 vs. pacrg; fap20 + His-PACRG/His-FAP20 (both +PACRG, +FAP20) p=0.759
pacrg + His-PACRG vs. pacrg + His-PACRG/His-FAP20 (both +PACRG, +FAP20) p=0.141
fap20 + His-FAP20 vs. fap20 + His-PACRG/His-FAP20 (both +PACRG, +FAP20) p=0.717

TABLE 2: Student's t test values of various comparisons of microtubule sliding velocities.

Volume 30 July 15, 2019 PACRG/FAP20 regulates ciliary motility | 1809



Strains

WT pacrg pacrg; fap20
1J IJ is formed by alternating PACRG and FAP20 assembles into the 1J, Loss of the entire IJ density
FAP20 subunits with a periodicity of 8 but loss of PACRG leaves hole  and the B-tubule protofila-

nm

IDA b IDA b is absent from ~40% of axonemal
repeats and shows asymmetric distribu-
tion both among DMTs and from proxi-
mal to distal (i.e., absent proximal, but
present distal, except for selected DMTs
(1,5, 9). WT structures also reported by

Bui et al. (2012); Lin et al. (2012).

Three ribbons attaching to protofila-
ments B3-5; present in ~32% of axone-
mal repeats with asymmetric distribution
both among DMTs (preferred DMTs 1,
5, 6) and from proximal to distal (distal
less). WT structures also reported by
Hoops and Witman (1983); Nicastro

et al. (2011); Bui et al. (2012).

|1 tether base forms a microtubule
attachment of the tether/tether head
complex. WT structures also reported by
Fu et al. (2018).

B-tubule beak-MIP

|1 tether base

between the FAP20 subunit
every 8 nm.

IDA b is absent in ~74% of
axonemal particles.

Beak-MIP is reduced in size
(mostly only at B5) and number
(present in ~20% of axonemal
particles).

ment B10 is detached from the
A-tubule.

IDA b is absent in ~94% of
axonemal particles.

Beak-MIP is reduced in size
(mostly only at B5) and number
(present in ~7% of axonemal
particles).

|1 tether base is reduced in
size.

11 tether base is completely
missing in the averaged
axonemal repeats.

TABLE 3: Summary of structural defects in pacrg and pacrg; fap20 mutants.

structure (cyan in Figure 4). The I1 inner dynein is an important
regulatory complex of ciliary motility (Wirschell et al., 2007), and the
I1 tether/tether head complex was shown to undergo bend direc-
tion-specific conformational changes (Lin and Nicastro, 2018). The
I1 tether base structure is in close proximity to the tether/tether
head ridge, which is formed by the C-termini of FAP43 and FAP44
and ends close to the IJ (Fu et al., 2018).

A comparison of the nine DMTs of WT axonemes with those of
pacrg or pacrg; fap20 axonemes identified a reduction of the
beak-MIP structure from DMTs 5 and 6 of the mutant axonemes
(Supplemental Figure S5). The beak was previously identified as a
doublet-specific structure of Chlamydomonas flagella (Hoops and
Witman, 1983) that is attached to the inside wall of the B-tubule
between protofilaments B4 and B5 of DMTs 1, 5, and 6 in the
proximal three quarters of the flagellum (Hoops and Witman,
1983; Nicastro et al., 2011; Bui et al., 2012). To precisely character-
ize the structural difference in the beak-MIP structures in the mu-
tants, we performed classification analyses on WT and mutant axo-
nemes. Consistent with previous studies, our data detected a
similar overall distribution of the beak-MIP in WT axonemes, but
with additional and previously unresolved details (Figure 6). Spe-
cifically, the WT beak-MIP is a more complex and variable structure
with up to three ribbons attaching to the three B-tubule protofila-
ments B3-B5 (Figure 6, C and D). Each ribbon has a “pearl-chain”
appearance in cross-section (Figure 6C) and showed cross-linked
filaments along the length of the axoneme (Figure 6D). At our cur-
rent resolution, the classification analysis identified at least four
classes of the beak-MIP structure that differ in size and ribbon and
filament numberin WT axonemes (classes 2-5; Figure 6, C-J and R).
In the very proximal region of WT axonemes, almost all of the dou-
blets contained beak-MIPs, whereas in the midregion beak-MIPs
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were detected only in doublets 1, 5, and 6, and very few beak-
MIPs were detected in any doublets in the distal region (Figure
6R). In the pacrg axonemes, the beak-MIPs were considerably re-
duced in size, ribbon and filament number (mainly extending only
from protofilament B5, class 4), and overall abundance with the
greatest reduction observed on doublets 5 and 6 (Figure 6, K-Q
and S). Similar to pacrg mutant axonemes, classification analysis of
pacrg; fap20 axonemes revealed that 93% of the axonemal re-
peats lacked the beak-MIP (class 1) and the remaining repeats (7%)
possessed only the B5 ribbon (class 4) (Supplemental Figure S6). In
contrast to the beak-MIP, all other MIP structures, including the
major B-tubule MIP3 (bridging between B9 and B10 close to the
1J), appeared unaffected in the pacrg and double-mutant axo-
nemes. The fact that the IDA b and beak-MIP structures were not
consistently missing from all the axonemal repeats in the pacrg
mutant strongly suggests that these defects are secondary defects
and may further indicate that the IJ plays a role in stabilizing the
assembly of IDA b and the beak-MIP into the axoneme.

DISCUSSION

To expand our understanding of the role of PACRG in ciliary assem-
bly and motility, we used a combination of functional and structural
studies. We identified pacrg mutants in the CLiP library and discov-
ered that the mutation in the previously identified pf12 mutants
occurs in the pacrg gene. For all pacrg mutants studied here, we
showed that no PACRG protein is assembled into cilia and that all
mutants have severely defective motility. Our results using isolated
axonemes and a sliding disintegration assay indicate that the
motility defect is due, at least in part, to altered dynein-driven mi-
crotubule sliding. We demonstrate that in vitro reconstitution of mu-
tant axonemes with expressed PACRG protein rescues microtubule
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FIGURE 4: Cryo-ET of the Chlamydomonas pacrg and pacrg; fap20 mutants reveals structural defects in the 1J of the
DMTs. (A-L) Subtomogram averages of the axonemal repeats from WT (A-D), the pacrg mutant (E-H), and the pacrg;
fap20 double mutant are shown as cross-sectional (A, E, I; 3 nm thick) and two longitudinal (B, C, F, G, J, K; 2 nm thick)
tomographic slices and as longitudinal three-dimensional isosurface renderings (D, H, L). The locations of the
tomographic slices shown in B and C (orange and blue lines) and the viewing direction of D (eye symbol) are indicated in
A, whereas the location of slice shown in A is indicated in B (green line). Densities that were present in WT axonemes
but missing from pacrg and pacrg; fap20 are highlighted by red and white arrowheads, respectively. The blue/red
arrowhead in D indicates the WT IJ consisting of repeating PACRG/FAP20 heterodimers, which was missing the PACRG
subunit in the pacrg mutant (blue/white arrowhead in H) or the entire 1J density in pacrg;fap20 mutant (white/white
arrowhead in L). Note that the I1 tether base structure (Fu et al., 2018) present in WT (cyan arrowhead in D) is reduced
in pacrg (H) and missing in pacrg; fap20 (white arrowhead in L). The protofilaments (A1, B8-10) are numbered according
to the prevailing numbering system (Linck and Stephens, 2007). Other labels: A;, A-tubule; By, B-tubule; N-DRC,
nexin-dynein regulatory complex; RS, radial spoke; ODA, outer dynein arm; + and — end, microtubule polarity; black
arrow, IJ hole. Note the densities of the stalk and microtubule-binding domains of the inner dynein arms (IDAs) from the
neighboring DMT bound to protofilament B10 (purple arrows in A, C, E, G, |, K). These densities are weak and exhibit an
8-nm periodicity, because 1) dyneins on the neighboring DMT n-1 bind to a specific site on the tubulin dimers on the
DMT n, but 2) the position of axonemal repeats on the DMT n that are averaged vary among the nine DMTs of a

flagellum. Scale bar: 20 nm (A, valid for all tomographic slices).

sliding velocity, indicating that the loss of dynein activity per se is
due solely to the loss of PACRG. Notably, this exogenous addition
of PACRG to isolated axonemes did not result in reactivation of
beating. This is likely due to the secondary defects in the pacrg
mutant—the reduced assembly of IDA b and the beak-MIP struc-
tures—suggesting that the latter structures are required for coordi-
nation of microtubule sliding to produce productive ciliary wave-
forms (discussed later). This is supported by the complete restoration
of motility following transformation of pacrg mutants with the WT
PACRG gene.

Our cryo-ET analyses of pacrg and pacrg; fap20 axonemal struc-
tures revealed that PACRG and FAP20 are the primary components
of the IJ, bridging protofilaments A1 and B10 along the length of all
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nine ciliary DMTs. While there are additional structural defects in the
pacrg mutant, only the IJ defect is observed in 100% of axonemal
repeats, making this the primary defect. Classification analyses
demonstrated that the other, non-IJ defects are partial and hetero-
geneous (see Figures 5 and 6) and are therefore secondary defects.
This is in contrast to a previous study that reported PACRG assem-
bled on only a subset of DMTs (Lechtreck et al., 2009). However, in
these experiments, hemagglutinin-tagged PACRG was exogenously
expressed in a WT strain, resulting in a mixture of tagged and un-
tagged PACRG that could have given the appearance of assembly
on selective DMTs. Alternating subunits of PACRG and FAP20 re-
peat continuously along the DMT with an axial periodicity of 8 nm,
with the exception of one missing PACRG subunit every 96 nm near
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Microtubule polarity (+ and — end). Scale bar: 20 nm (A-E).

the N-DRC base plate (Figure 4). We previously described this “IJ
hole” in WT DMTs of a wide range of species, from Chlamydomonas
to human cilia (Heuser et al., 2009; Nicastro et al., 2011). Although
a slight reduction of PACRG was reported in fap20 mutant (Yanagi-
sawa et al., 2014), the FAP20 density was consistently observed in
the pacrg mutant (Figure 4H). Evidently, each protein can assemble
independent of the other. Interestingly, both subunits are required
for WT dynein-driven microtubule sliding velocities (Figure 3).

Our structural and functional comparisons between WT and
mutant DMTs also indicate that the IJ is an essential regulatory hub
interacting with multiple axonemal complexes that are involved in
regulating ciliary motility (summarized in Table 3). Two major regula-
tory complexes that seem to interact with the IJ are the N-DRC base
plate and the CSC. A close relationship of these complexes with the
1J is supported by previous findings that the IJ hole is not observed,
that is, it is likely filled with PACRG subunits, in selected c¢sc and drc
mutants (Heuser et al., 2009, 2012). Another structure that was re-
duced or missing in the pacrg and pacrg; fap20 mutants, respec-
tively, is the |1 tether/tether head complex (Figure 4), which is critical
for I1 dynein regulation (Fu et al., 2018) and thus might affect the
activity of 11 dynein in the mutants studied here. Two additional, so
far uncharacterized structures (blue-colored densities in Figure 4, D,
H, and L), seem to connect to the IJ. Although these structures retain
a wild type-like morphology in the pacrg and pacrg; fap20 mutant
axonemes, one of these structures is associated with the tail domain
of IDA b, which is reduced in the mutants studied here. Direct con-
nections between these axonemal structures and the IJ suggest that
the IJ could serve as a hub for integrating regulatory signals. In addi-
tion, the microtubule-binding domains of most IDAs connect to the
B-tubule protofilament B10 right next to the 1J of the neighboring
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DMT. Therefore, it is possible that the IJ may plays a role, for exam-
ple, stabilizing the position or rigidity, or regulating the amount of
poly-glutamylation of protofilament B10, which is important for gen-
erating efficient sliding between neighboring DMTs (Kubo et al.,
2010; Suryavanshi et al., 2010; Mendes Maia et al., 2014).

The IJ proteins are required for the assembly of doublet-specific
structures—the beak-MIP and IDA b. The protein component(s) of
the beak-MIP remain unknown; however, the asymmetric planar
stroke waveform observed for WT Chlamydomonas cells is dis-
rupted in mutants lacking the beak-MIP, such as fap20 and mbo1
(Segal et al., 1984; Meng et al., 2014; Yanagisawa et al., 2014). Our
findings that pacrg mutants have reduced beak structures, particu-
larly at DMTS and DMTé (Figure 6 and Supplemental Figure S6),
and display abnormal waveform (Figure 2) provide additional sup-
port for the hypothesis that the beak-MIP is required to generate
WT waveforms in Chlamydomonas. However, the fact that PACRG,
FAP20, and MBO protein are not components of the beak structure
suggests that other axonemal structures, reduced or missing in
these mutants, may also control waveform. One possible structure
found significantly reduced in pacrg and pacrg; fap20 compared
with WT is IDA b (Figure 5 and Supplemental Figure Sé). In general,
the IDA system regulates the propagation of ciliary waveform
through physical interactions with various regulators of ciliary motil-
ity (Kamiya et al., 1991; King, 2016). Our classification analyses re-
vealed that other IDAs, such as IDA ¢, were unaffected in the pacrg
axoneme (Supplemental Figure S7), suggesting that the reduction
of IDA b may contribute to the altered waveform. Taken together,
the intrinsic asymmetry of the assembled axonemal complexes such
as beak-MIP and IDA b provide a structural basis for generating
specific ciliary waveforms. Indeed, our recent study of active sea
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urchin sperm revealed the asymmetric distribution of dynein confor-
mations, which correlate with bend direction (Lin and Nicastro,
2018).

The IJ is near microtubule inner proteins MIP3 and MIP6 and
likely interacts with their associated proteins. MIP3a is composed of
FAP52 and is an arch-shaped structure connecting protofilaments
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B9 and B10 (Nicastro et al., 2011; Owa et al., 2019). Our cryo-ET
findings show that defects in the 1J in pacrg and pacrg; fap20 mu-
tants do not affect the stable assembly of MIP3a (Figure 4, E and ).
Owa et al. (2019) report that the loss of FAP20 and FAP52 in a fap20;
fap52 double mutant results in significantly shorter and essentially
paralyzed cilia, and classical electron microscopy (EM) images
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showed a detachment of the B-tubule from the A-tubule in several
DMTs (Owa et al., 2019). The latter B-tubule detachment resembles
the loss of the IJ density, as observed in our pacrg; fap20 mutant.
However, we found open B-tubules in all DMTs of the pacrg; fap20
mutant (Figure 4 and Supplemental Figure S5), indicating that the 1J
(PACRG and FAP20) serves to stably anchor the B-tubule to the A-
tubule. Whereas the lJ interacts directly with MIP3a, it may indirectly
interact with MIPé in the A-tubule through the connection with pro-
tofilament A1. Our studies and others have revealed that MIPé
spans protofilaments A13-1-2-3 (Maheshwari et al., 2015; Ichikawa
et al, 2017; Stoddard et al., 2018). The possible association of
PACRG with Rib72 was demonstrated by immunoprecipitation
(Ikeda et al., 2007). Our structural data revealed that Rib72 is associ-
ated with protofilaments A11-12-13-1 (Linck et al., 2014), and loss of
Rib72A/B affects the stability of MIP6 in Tetrahymena (Stoddard et
al., 2018). These combined data support the presence of a local “1J
(PACRG/FAP20)-A1-MIP6 (Rib72)" interaction within the ciliary
DMTs. However, our studies and others (Yanagisawa et al., 2014)
have shown that Rib72 is present in WT amounts in the fap20 and
pacrg mutants, indicating that neither PACRG nor FAP20 is required
for Rib72 assembly. As discussed in our previous studly, the IJ plays
a role in closing the B-tubule after its formation has been initiated
from the outer junction (Nicastro et al., 2011); however, whether the
IJ binds first to protofilaments B10 or A1 remains unknown. Addi-
tional work will likely reveal the role of these proteins in the forma-
tion and stability of ciliary DMTs.

MATERIALS AND METHODS

Chlamydomonas reinhardltii strains and transformation
A54-e18 (nit1-1, ac17, sr1, mt+) and cw15 (cc4533) were used as
axonemal WT strains (Chlamydomonas Resource Center, University
of Minnesota). PACRG insertional mutant strains (159746 and
208023) were obtained from the Chlamydomonas Library Project
(CLiP, Jonikas lab; Li et al., 2016). The CLiP strains (“159" and “208"),
pf12 strain (cc1031, cc610, and cc1400), fap20 mutant (RL11
cc2993), and pf18 were obtained from the Chlamydomonas Re-
source Center. Both CLiP 159 and 208 were backcrossed to confirm
the motility phenotype and paromomycin-resistance phenotype
cosegregated. RL11 was also backcrossed upon receipt and before
conducting experiments using this strain. The pacrg; fap20 double
mutant was generated by mating RL11 and pf12. Meiotic progeny
were screened for the absence of PACRG protein by Western blot-
ting of flagella and for the presence of the RL11 fap20 mutation by
sequencing amplified genomic DNA (Yanagisawa et al., 2014). All
cells were grown in constant light in Tris acetate phosphate (TAP)
media (Gorman and Levine, 1965).

The glass bead method was used for transformations. DNA
(genomic clones containing the WT PACRG or FAP20 genes) was
cotransformed into cells with a plasmid containing a selectable
marker: for pf12, the APHVIII gene, which confers paromomycin re-
sistance; and for CLiP 159/208, the pHyg3 plasmid, which confers
resistance to hygromycin B. Transformations were plated onto TAP
+ 20 pg/ml paromomycin plates or TAP + 50 ug/ml hygromycin B
plates and placed in light. Colonies were picked into liquid TAP, and
cells were screened for rescued motility.

Identification of the PACRG mutation in pf12

We isolated genomic DNA from the three strains identified as pf12
mutations in the collection at the Chlamydomonas Resource Center
(CC-1031, CC-1400, and CC-610). Genomic DNA was purified by
standard phenol/chloroform extraction and ethanol precipitation
protocols, and the PACRG gene (Cre02.g113400) was amplified
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using the Epicentre Fail Safe PCR system (Madison, WI) with their
buffer G and the oligonucleotide primers listed in Supplemental
Table S2. The PCR products were purified using the Promega
Wizard SV PCR/Gel Clean-up system (Madison, WI) and sequenced
by GeneWiz (Plainfield, NJ). All three strains showed the same
single-base-pair mutation (CAA>TAA) that leads to a stop codon in
the third exon at amino acid residue 106 of the PACRG polypeptide
sequence. We therefore chose the CC1031 strain as the representa-
tive pf12 mutant allele for this paper.

Axoneme isolation and Western blot analysis

Flagella were isolated using the dibucaine method (Witman, 1986).
After the addition of 0.5% NP-40, axonemes were pelleted, resus-
pended at T mg/ml in NaLow (10 mM HEPES pH7.5, 5 mM MgSQy,
1 mM dithiothreitol [DTT], 0.5 mM EDTA, and 30 mM NaCl) and
fixed for gels. Axonemes (10 pg) were separated using SDS-PAGE
and transferred to polyvinylidene fluoride for Western blotting or
streptavidin overlays.

Blots were blocked for 1 h in 5% milk/TTBS (0.1% Tween,1X
TBS) and incubated in TTBS plus antibody overnight at 4°C (see
Supplemental Table S4 for antibodies and dilutions). After being
washed with TTBS, blots were incubated with secondary antibody
(anti-rabbit horseradish peroxidase [HRP] or anti-mouse HRP; GE
Healthcare), diluted in TTBS for 30 min, and washed with TTBS.
The ECL Prime kit (GE Healthcare) was used for detection.

PACRG and FAP20 genomic and cDNA vectors

A genomic clone of PACRG was synthesized in the pUC57 vector by
GenScript (Piscataway, NJ). An FAP20 genomic clone was made by
amplifying the WT gene by PCR and inserting the PCR product into
the pCR2.1 vector (Life Technologies/Thermo Fisher Scientific).

The cDNA clones of PACRG and FAP20 were generated using
reverse transcription-PCR. The amplified products for each were in-
serted into the pET30a expression vector and sequenced to verify
orientation and reading frame. For expression, PACRG- or FAP20-
pET30a was transformed into BL21(DE3)pLysS cells (Novagen) and
induced using isopropyl B-d-1-thiogalactopyranoside. Expressed
protein was purified using His Resin (Novagen) and dialyzed into 1X
phosphate-buffered saline (PBS).

His-PACRG and His-FAP20 binding to axonemes

After purification and dialysis into PBS, 2.5 pg of His-PACRG,
2.5 pg of His-FAP20, or both were added to 25 pg of isolated
axonemes in a total of 100 pl of buffer “klow” (10 mM HEPES
pH7.5, 5 mM MgSO,4, 1 mM DTT, 0.5 mM EDTA, and 50 mM
potassium acetate) and incubated for 15 min at room tempera-
ture to allow for binding. For the microtubule sliding assay,
axonemes with bound protein were added to a chamber slide
and washed with klow buffer to remove excess expressed pro-
tein. The microtubule sliding assay was carried out as described
in the following section.

Microtubule sliding assay

Measurements for sliding microtubules were based on the method
of Okagaki and Kamiya (1986), and standard sliding buffer (“klow”
pCa8) was used for the assay. An AxioSkop 2 microscope (Zeiss)
equipped for dark-field optics with a Plan-Apochromat 403 oil-
immersion objective lens with iris and an ultra—dark field oil-immer-
sion condenser was used for imaging. An ORCA-Flash 4.0 V2
(Hamamatsu) camera captured images, and Nikon NIS-Elements
was used to record videos and measure sliding velocities. All data
are presented as the mean £ SEM. At least three independent
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experiments were performed for each strain. Student’s t test was
used for the comparison of two independent groups.

Video microscopy for motility analyses

A pco.1200HS camera with Camware software (Cooke, Londonderry,
NH) was used to capture videos of motile cells. Videos and montages
were created in ImageJ (Schneider et al., 2012). Swimming veloci-
ties, beat frequencies, and flagellar lengths were also measured in
Imaged.

Cryo-sample preparation

Axonemal samples used for cryo-ET were prepared, imaged,
and processed as previously described (Fu et al., 2018). Briefly,
Chlamydomonas cells (Supplemental Table S5) were grown in liquid
TAP medium at 23°C under a light/dark cycle of 12:12 h with filtered
air bubbling into the culture. Flagella were detached from the cells
using the pH-shock method (Witman, 1986) and purified by two
centrifugations (2400 rpm for 10 min) over 20% sucrose cushions.
The flagellar membrane was removed by a 20-min incubation in
demembranation buffer that contains 30 mM HEPES (pH 8.0),
25 mM KCI, 5 mM MgCl,, 0.1 mM EDTA, 0.2 mM EGTA (ethylene
glycol-bis(2-aminoethyl ether)-N,N,N’,N'-tetraacetic acid), and 1%
IGEPAL CA-630 (Sigma-Aldrich, St. Louis, MO). The axonemes were
collected by centrifugation at 10,000 x g for 10 min and resus-
pended in HMEEK buffer (30 mM HEPES, pH 7.4, 5 mM MgSQy,
1 mM EGTA, 0.1 mM EDTA, and 25 mM KCI). Three microliters of
the axoneme sample and 1 pl of 10-fold concentrated bovine serum
albumin—coated 10-nm colloidal gold solution (lancu et al., 2006)
were applied to a glow-discharged (-30 mA for 30 s) Quantifoil
holey carbon grid (R2/2, Quantifoil Micro Tools GmbH, Germany),
which was loaded on a homemade plunge-freezing device. Excess
buffer was blotted from the back side of the grid using Whatman
filter paper (No.1) for 1.5-2.5 s, and then the grid was immediately
plunge-frozen in liquid ethane. The frozen grids were stored in
liquid nitrogen until used.

Cryo-ET

Vitrified samples were transferred into a Titan Krios transmission
electron microscope (Thermo Fisher Scientific, Waltham, MA)
operated at 300 keV. Axonemes that appeared well preserved (e.g.,
not compressed) by EM inspection were imaged using both a Volta-
Phase-Plate at —0.5 pm defocus, making contrast transfer function
correction unnecessary (Danev et al., 2014), and an energy filter in
zero-loss mode (20-eV slit width; Gatan, Pleasanton, CA). Tilt series
were recorded with a dose-symmetric scheme (Hagen et al., 2017)
(-60° to +60° with 2° increments) using the microscope control soft-
ware SerialEM (Mastronarde, 2005). The cumulative electron dose
per tilt series was limited to ~100 e/A2. All images were digitally re-
corded on a K2 direct electron detector (Gatan, Pleasanton, CA)
with a dose rate of 8 electrons/pixel per second in counting mode
and at a nominal magnification of 26,000x, resulting in a pixel size
of 0.5 nm.

Image processing

The movie frames of each tilt series image were aligned (motion
corrected) and then summed using the script extracted from the
IMOD software package (Kremer et al., 1996). The tilt series images
were then aligned using fiducial markers and reconstructed into a
three-dimensional tomogram by weighted back-projection using
the IMOD software package. Tomograms of intact and noncom-
pressed axonemes were used for subtomogram averaging of the
96-nm axonemal repeat units (volume size: 110 x 84 x 80 nm) to
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improve the resolution. Extracted repeats were aligned and aver-
aged (including missing wedge compensation) using the PEET pro-
gram (Nicastro et al., 2006). For doublet-specific averaging, the nine
outer DMTs were identified based on previously reported doublet-
specific features (Bui et al., 2012; Lin et al., 2012), and repeats from
individual outer DMTs were averaged. To further analyze structural
defects that appeared heterogeneous, we performed classification
analyses on the aligned subtomograms using a clustering approach
(principal component analysis) built into the PEET program
(Heumann et al., 2011) with appropriate masks that were applied to
focus the classification on structures of interest. Subtomograms that
contained the structure of interest were grouped into class average.
Using the information provided by the classification analysis, the
structural defects were further mapped onto the respective location
in the raw tomograms to characterize the distribution of structural
classes. The numbers of tomograms and subtomograms analyzed
are summarized in Supplemental Table S5. The resolution of the
resulting averages (Supplemental Table S5) was estimated at the
base of RS 1 using the Fourier shell correlation method with a crite-
rion of 0.5. The structures were visualized as two-dimensional tomo-
graphic slices and three-dimensional isosurface renderings using
IMOD and UCSF Chimera (Pettersen et al., 2004), respectively.
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