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the fcho-1 mutants (except of course the T160 mutations themselves). Increased phosphorylation was 
also associated with increased protease sensitivity of the mu2 subunit in the TEV assay (Figure 4C). 
These data demonstrate that the open state is phosphorylated, and that FCHO-1 is not absolutely 
required for phosphorylation, but rather AP2 in the active state is sufficient to induce phosphorylation. 
Nevertheless, this threonine residue is not completely exposed in the crystal structure of the open 
conformation (Figure 4—figure supplement 1) (Jackson et al., 2010) so it is unclear whether the 
side chain would be accessible to AAK1 in this state.

A compensatory salt bridge mutation restores fcho-1 mutant 
phenotypes
The protease sensitivity of the suppressor mutations indicates that the closed structure determined 
by X-ray crystallography is an authentic structure in vivo, and that these mutations destabilize the 
closed state of AP2. Nevertheless, it is possible that the mapping of these mutations onto the crystal 
structure is coincidental. To verify that the closed structure has in vivo significance we identified a 
mutation among our suppressors that would disrupt a salt bridge in the closed conformation, and 
used the crystal structure to predict a compensatory mutation that would restore the salt bridge. In the 
closed conformation β (E361) forms a salt bridge to μ (K411) (Figure 2A; Figure 5A; Figure 5—figure 
supplement 1). We therefore analyzed mutations in β (E361K) and μ (K411E) that break this salt 
bridge, and found that both suppressed the fcho-1 mutant phenotype (Figure 5B). These mutations 
also increased protease sensitivity relative to the fcho-1 mutant, and increased phosphorylation of 
threonine-160 (Figure 5D,E). Similar to previous results (Figure 4), only the mutation that produced 
an acutely open complex (μK411E) significantly rescued the cargo-recycling defect of fcho-1 mutants 
(Figure 5C). We then constructed the double mutant containing both the βE361K and μK411E muta-
tions which should restore the salt bridge. The two mutations together no longer suppressed the 
fcho-1 growth phenotype or cargo retrieval defect of the fcho-1 mutants, and reversed the protease 
sensitivity of the single mutants. Phosphorylation of T160 in the double mutant was reduced relative 
to the μK411E single mutant but was not fully restored to fcho(−) levels. These results confirm that the 
closed form as determined by crystallography predominates in the fcho-1 mutant and that destabiliz-
ing the closed form can bypass the requirement for FCHO-1.

A conserved segment in the FCHo linker domain opens AP2
Which domain of FCHo activates AP2? FCHO-1 is composed of a membrane-binding F-BAR domain 
(Henne et al., 2007), a linker region, and a C-terminal μ-homology domain related to the medium 
subunit of AP2 (Reider et al., 2009) (Figure 6A). We generated single copy transgenic animals 
expressing proteins deleting each of these domains in the fcho-1 null background. We found that 
the N-terminal F-BAR domain is dispensable for rescue of all fcho-1 phenotypes (Figure 6B and 
Figure 6—figure supplement 1A-D). Constructs lacking the C-terminal μ-homology domain (μHD) 
failed to rescue cargo endocytosis, but increased the growth rate, protease sensitivity and phospho-
rylation of the mutants (Figure 6B). However, deletions that extend into the linker domain failed to 
rescue fcho-1 mutants. The linker domain was previously found to bind the AP2 complex using pull-
down assays (Umasankar et al., 2012), suggesting that the activation of AP2 by FCHO-1 observed 
here could be via a direct interaction.

The linker domain of FCHO-1 is poorly conserved in general, but there is a small region of ∼90 
amino acids that is shared with other FCHo homologs and the vertebrate protein SGIP1 (Figure 6A) 
(Reider et al., 2009; Uezu et al., 2011). Expression of this short fragment alone was capable of rescuing 
fcho-1 mutants, including growth rate, endocytosis of cargo, and morphology (Figure 6C, Figure 7—
figure supplement 1A, and not shown). This fragment is also sufficient to immobilize AP2 on the 
membrane in the photobleaching assay and to cluster AP2 into presumptive endocytic pits (Figure 6— 
figure supplement 1). Moreover, the equivalent domains from mouse FCHo2, mouse SGIP1, and 
human FCHo1 also rescued fcho-1 mutants (Figure 6C), though the fragment from mouse FCHo1 
rescued poorly (Figure 7—figure supplement 1A). These results suggest that this small 90 amino acid 
region, called the AP2 Activator motif (APA), encompasses a large fraction of FCHO-1 function in vivo.

To determine whether the APA domain binds AP2, we expressed the worm and mammalian APA 
domains fused to a HaloTag in tissue culture cells (HEK293) and pulled down the APA fragment using 
chloroalkane beads. Silver-stained gels (Figure 7A) and Western blot analysis (Figure 7—figure sup-
plement 1B) suggested the presence of all four AP2 subunits in the pulldowns. To systematically 
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identify the binding partners we performed a 
mass spectrometry analysis of the pulldowns 
using Multi-Dimensional Protein Identification 
Technology (MudPIT). The majority of the pep-
tide reads were from the bait itself (Figure 7B), 
but the most abundant interacting partner for the 
APA domains from mouse FCHo2 and SGIP1 was 
the AP2 complex (∼10% of peptides, Figure 7B 
and Figure 7—figure supplement 2). When the 
bait included the entire FCHo2 or SGIP1 proteins 
(or FCHo2 without the BAR domain), AP2 was 
still enriched; but additional components known 
to bind the μ-homology domain, such as Eps15, 
were also isolated (Figure 7—figure supple-
ment 1C). The interaction of the APA domain 
with AP2 likely occurs in vivo as well, since fluo-
rescently tagged APA colocalizes with AP2 on 
the membrane in coelomocytes, and membrane 
association is lost in mutants lacking the mu2 sub-
unit (Figure 7—figure supplement 1D).

We demonstrated that the interaction between 
the APA domain and the AP2 core is direct using 
purified recombinant proteins in pulldown assays 
(Figure 7C). The APA domain does not appear to 
bind the appendages of the large adaptins, nor 
to the mu domain alone. Rather, it bridges the 
complex since the APA bait binds both the alpha/
sigma and beta/mu hemicomplexes. Together 
these data suggest that the APA domain in FCHo 
homologs from worms, mice and humans binds 
AP2 to destabilize the closed conformation and 
promote the active conformation.

Discussion
Mutations in the FCHo gene were found to phe-
nocopy loss of AP2 subunits in the nematode  
C. elegans, suggesting these proteins act in a sin-
gle pathway. We found that FCHo acts upstream 
of AP2: the function of FCHo can be bypassed 
by constitutively open mutations in the AP2 com-
plex. Moreover the effect of FCHo on AP2 is 
direct: a 90 amino acid fragment of the linker 
domain in the FCHo family proteins binds AP2. 
This activator fragment is necessary and sufficient 
for rescue when overexpressed in fcho-1 mutants.

FCHo acts on AP2
There is broad agreement that FCHo acts early 
and it acts to stabilize nascent clathrin-coated pits 
via AP2. The AP2 complex associates with the 
plasma membrane with different lifetimes; some 
AP2 clusters are aborted rapidly (between 5–16 s) 
whereas others develop into fully committed pits 
(90 s) (Loerke et al., 2009). In the absence of 
FCHo, the lifetime of AP2 at the membrane in 
cultured cells is quite brief (<10 s), whereas 

Figure 5. Charge swaps activate and inactivate AP2  
in vivo. (A) Predicted location of residues stabilizing an 
important inter-subunit salt bridge within the inactive 
(PBD ID: 2VGL) crystal structure of the vertebrate AP2 
core complex. Alpha is blue, beta is green, and mu2 is 
pink. The residue numbers are from the worm subunits. 
See Figure 2A and Figure 5—figure supplement 1  
for localization on interfaces. (B) Starvation assay (days 
required for a worm population to expand and 
consume the bacterial food). AP2 mutations indicated 
above. (C) Cargo assay (amount of GFP-tagged cargo 
on intestinal cell membrane). For (B) and (C), data 
represent the mean ± SEM for n ≥ 10. Significance 
determined by unpaired, two-tailed t-test, **p < 0.01. 
(D) in vivo TEV protease assay. Samples collected for 
Figure 5. Continued on next page
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overexpression of FCHo stabilizes AP2 and pro-
motes the growth of clathrin-coated pits with long 
lifespans (>25 s) (Henne et al., 2010; Cocucci 
et al., 2012). We observe a similar phenotype in 
fcho-1 mutants: although AP2 still associates with 
the plasma membrane, it does not form clusters. 
Moreover, the dwell time of AP2 on the membrane 
is shorter; in fcho-1 mutants worms, the lifespan 
of AP2 on the membrane is reduced from 35 to 
10 s. These results are strikingly similar to the 
observations of Cocucci et al (2012).

Previously it was thought that FCHo stabilizes 
AP2 on the membrane indirectly by binding Eps15 
and intersectin, and these proteins in turn bind 

AP2 and stabilize the formation of a clathrin-coated pit (Henne et al., 2010). Our data suggest that 
FCHo acts directly on AP2: a 90 amino acid segment of the linker domain binds the AP2 complex in 
pulldowns from HEK293 cells. The linker region of human FCHo1 was previously shown to interact 
with AP2 (Umasankar et al., 2012). This interaction was thought to be via the appendage domain 
of the alpha subunit of AP2, however we find that the interior of the linker binds the core complex. 
This AP2 activator domain (APA) is conserved and this fragment from the nematode FCHO-1 protein 
or from the mammalian FCHo1, FCHo2 and SGIP1 proteins can rescue fcho-1 mutant worms. It is 
curious to note that while the APA domain is conserved in metazoan orthologs of FCHO-1, it is absent 
in the yeast ortholog Syp1p (Reider et al., 2009).

What is the function of the μ-homology and F-BAR domains in C. elegans? Although the APA 
domain rescues fcho-1 mutants to grossly wild-type morphology and behavior, it does not fully rescue 
at a cellular level: endocytosis of cargo is not restored to wild-type levels by expression of the APA 
fragment. Full rescue is only observed when the rescuing constructs include both the APA domain and 
the μ-homology domain. We have confirmed that the μ-homology domains of FCHo proteins bind 
Eps15 and Eps15-like proteins in pulldowns from HEK293 cells by extending the bait proteins to 
include this domain (Figure 7—figure supplement 1C and Figure 7—figure supplement 2). It is 
therefore likely that binding of FCHo to Eps15 is required for endocytosis of cargo. It has been dem-
onstrated that FCHo forms an independent complex with Eps15 and Intersectin and that this com-
plex functions in the recruitment of cargo to clathrin-coated pits (Mayers et al., 2013).

The F-BAR domain binds membrane and is required to recruit FCHo to the cell surface in both 
yeast and tissue culture cells (Reider et al., 2009; Stimpson et al., 2009; Henne et al., 2010). By 
contrast, neither the F-BAR domain of FCHO-1 or the membrane association domain of SGIP are 
required for rescue of fcho-1 mutants. The dispensable nature of the F-BAR domain conflicts with 
models in which this domain must bend the membrane for clathrin-coated pit formation (Henne et al., 
2010), and instead suggests that the most important feature of the F-BAR domain is its ability to 
localize the APA domain to the membrane. Apparently in C. elegans, the APA domain of FCHo can 
be recruited to the membrane via interactions with other proteins independent of the F-BAR domain. 
Nevertheless, the presence of a membrane-binding motif in all FCHo and SGIP proteins demonstrate 
that membrane interactions are important and conserved.

Open AP2 bypasses the requirement for FCHo
Different crystal structures of AP2 suggest that the complex can adopt multiple conformations. AP2 
can assume a closed and inert conformation in which membrane- and cargo-binding domains are 
inaccessible (Collins et al., 2002), in the unlatched or open conformations AP2 can bind the plasma 
membrane and the recognition motifs of cargo (Kelly et al., 2008; Jackson et al., 2010).

The gain-of-function mutations in AP2 that bypass the requirement for fcho-1 provide in vivo support 
for these conformational changes. These mutations can be sorted into three classes based on the regions 
affected: the latch, the bowl and the hinge. In the unlatched state, the N-terminus of the beta subunit dis-
connects from the alpha and sigma2 subunits and exposes the dileucine-motif binding pocket (Kelly 
et al., 2008). Among the bypass suppressors of fcho-1 were seven residues at the contact interface of 
the latched state. In the open structure, the mu domain is expelled from the bowl formed by the other 
subunits, and about half of the suppressors (34/71) were found in contact residues between mu2 and 

western blot analysis (anti-HA) 8 hr after heatshock  
(As in Figure 3B). Numbers indicate band intensity 
normalized to the fcho(+) sample. (E) Blot for phospho-
rylated threonine 160. Samples collected before 
heatshock. Numbers indicate band intensity normalized 
to fcho(+) sample.
DOI: 10.7554/eLife.03648.013
The following figure supplement is available for  
figure 5:

Figure supplement 1. An Inter-subunit salt bridge is 
broken in the active conformation of AP2. 
DOI: 10.7554/eLife.03648.014

Figure 5. Continued
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the bowl. The alpha hinge domain flexes as the bowl collapses in the open state, and 19 mutations in 
the alpha hinge were identified. We isolated 7 other mutations in residues that reside near inter-subunit 
contacts in the closed conformation. These mutations are all consistent with a destabilization of the closed 
state, and are in fact in an open state as determined by the exposure of a TEV protease site in vivo.

Figure 6. A Conserved region of FCHo proteins is necessary and sufficient to rescue fcho-1 mutants. (A) FCHo homologs showing conserved 
domains. Amino acid numbers indicated above. The AP2 Activator (APA) domain is aligned below. Amino acids colored by Clustal X scheme and 
shaded by conservation. Membrane Phospholipid-binding domain (MP), μ-Homology Domain (μHD). (B) Structure/function analysis of worm FCHO-1.  
(C) Quantification of fcho-1 mutant rescue with APA domains from worm (Ce), mouse (Mm), and human (Hs) orthologs expressed as extrachromosomal 
arrays. See Figure 7—figure supplement 1A for results of the starvation assay when the APA domains are expressed from single-copy transgenes. For 
(B) and (C), protease assay performed with FLAG-tagged mu2 subunit as in Figure 3—figure supplement 1B. Numbers indicate band intensity of 
full-length mu2 (top) relative to the histone control (bottom) and normalized to the fcho(+) sample.
DOI: 10.7554/eLife.03648.015
The following figure supplement is available for figure 6:

Figure supplement 1. The APA domain of FCHO-1 Is sufficient to organize AP2 on the membrane. 
DOI: 10.7554/eLife.03648.016
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Figure 7. The APA domain binds AP2. In (A) and (B) APA domains from FCHo homologs were expressed as HaloTag fusions in HEK293T cells  
(Ce, C. elegans; Mm, M. musculus). (A) Silver-stained gel of affinity-purified proteins following proteolytic cleavage from the HaloTag. Arrows indicate 
bands of presumed identity. (B) The top ten human proteins purified using two different APA baits, as detected by MudPIT mass spectrometry. 
Nonspecific proteins also found in the control were removed. Values represent the mean % distributed Normalized Spectral Abundance Factor  
(dNSAF × 100) from three independent experiments. The values of all four AP2 subunits were totaled to determine the amount of complex in each 
sample. Multiple isoforms of alpha, beta, and phosphatidylinositol 5-phosphate 4-kinase type-2 (PIP4K2) were summed. WD repeat-containing protein 
48 (WDR48), epidermal growth factor receptor substrate 15 (EPS15), adaptin ear-binding coat-associated protein 2 (NECAP2), and serine/threonine-
protein kinase PLK1 (PLK1). See Figure 7—figure supplement 2 for complete results. (C) APA pulldowns using bacterially expressed proteins. Purified 
HaloTag with (HT + APA) and without (HT) the APA domain from mouse SGIP1 were incubated with purified AP2 fragments followed by TEV protease 
cleavage to release the APA bait. Silver-stained gel of the eluted proteins. Note that the alpha/sigma and beta/mu hemicomplexes are soluble in our 
hands and that the AP2 appendage (ear) domains exhibit non-specific binding in this assay.
DOI: 10.7554/eLife.03648.017
The following figure supplements are available for figure 7:

Figure supplement 1. The APA domain links FCHo proteins to the AP2 complex. 
DOI: 10.7554/eLife.03648.018

Figure supplement 2. Top proteins detected by MudPIT analysis. 
DOI: 10.7554/eLife.03648.019
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The activated AP2 mutations that result in the most open (protease sensitive) and phosphorylated 
AP2 complex fully rescue the morphological and growth defects of the fcho-1 deletion. Nevertheless, 
these mutations do not fully restore clearance of an artificial cargo from the surface of the intestine. It 
is likely that the activated AP2 mutations cannot recapitulate all of the normal functions of the AP2 
complex, since it is known that FCHo has other functions beyond its actions on AP2, for example 
via interactions with Eps15 or Disabled-2 (Figure 7—figure supplement 2 and Figure 7—figure 
supplement 1C) (Reider et al., 2009; Henne et al., 2010; Uezu et al., 2011; Mulkearns and 
Cooper, 2012; Umasankar et al., 2012; Mayers et al., 2013). Nor do these mutants exhibit 
enhanced endocytosis or membrane association in an otherwise wild-type background (Figure 8). 
It is possible that compensatory mechanisms counteract the open state of these AP2 mutants. 
Alternatively, our endocytosis assay may be at its detection limit because fluorescence from the 
artificial cargo is close to background levels in the wild-type.

The only mysterious suppressors are the mutations at the phosphorylation site on the mu2 subunit. 
The other suppressors led to an increase in phosphorylation of T160, consistent with phosphorylation 
promoting the open state (Fingerhut et al., 2001; Olusanya et al., 2001; Ricotta et al., 2002). 
However, mutation to a phosphodefective, as well as a phosphomimetic, amino acid caused AP2 to 
adopt the open state. These data are most consistent with dephospho-threonine at this position sta-
bilizing the closed state. Phosphorylation then does not cause the open state but rather is a result of 
the open state. This conclusion is supported by the observation that clathrin assembly stimulates 
AAK1 to phosphorylate mu2 (Conner et al., 2003; Jackson et al., 2003).

How then does FCHo promote the AP2 cycle? The formation of a closed form of AP2 is probably 
required to unbind membranes from newly endocytosed vesicles and to scan the membrane for new 
sites of endocytosis. The coincidental presence of FCHo, cargo, and PIP2 can then stabilize the open 
state, and the conformational changes in the complex then nucleate recruitment of clathrin and other 
pit components (Figure 4—figure supplement 1A) (Jackson et al., 2010; Kelly et al., 2014).

Materials and methods
Strains
Worm strains were cultured and maintained using standard methods (Brenner, 1974). A complete list 
of strains and mutations used is in the Extended Strains List (Supplementary file 1A).

Jowls screen
C. elegans late L4s were mutagenized for 4 hr at 22°C in 0.2 mM EMS. ∼50,000 haploid genomes were 
screened in the F2 and F3 generation to isolate animals exhibiting the jowls phenotype. Genomic DNA 
was prepared from the offspring of these animals for amplification and subsequent sequencing of 
AP2 subunits. Mu2 subunit (apm-2) primer pairs were oGH408-9, oGH411-452, and oGH412-3. Alpha 
subunit (apa-2) primer pairs were oGH414-5, oGH416-7, and oGH418-9. Sigma2 subunit (aps-2) primer 
pair was oGH430-2. Beta subunit primer pairs were oGH441-2, oGH443-4, oGH445-6 and oGH447-8. 
To identify fcho-1 mutants, PCR products corresponding to the coding sequences of the gene were 
amplified and sequenced using primer pairs oGH420-1, oGH423-50, oGH424-5, oGH428-9, and 
oGH433-51. Oligonucleotide sequences are listed in Supplementary file 1C.

fcho-1 alleles
The targeted deletion allele of fcho-1 was generated by mobilizing a Mos1 transposon from the gene 
(ttTi3855) and repairing the double strand break with a DNA template that replaces the first eight exons 
of fcho-1 with an unc-119(+) transgene in an unc-119(ed3) mutant strain (Frokjaer-Jensen et al., 2010). 
The repair template plasmid was generated by Three-Fragment Multisite Gateway (Invitrogen, Carlsbad, 
CA). The proximal targeting arm (2.1 kb) was amplified (oligos oMT1-2, Mengyao Tan, University of Utah, 
Salt Lake City, UT) and cloned into the [2–3] donor. The distal arm (2.1 kb) was amplified with oMT3-4 and 
cloned into the [4–1] donor. The targeting arm entry clones were assembled with a [1–2] entry containing 
unc-119(+) (pRL8, Rachel Lofgren, University of Utah) in the [4–3] destination using LR clonase (Invitrogen). 
The resulting repair template was injected into ttTi3855 II; unc-119(ed3) III worms along with additional 
plasmids (transposase and array markers) as previously described in (Frokjaer-Jensen et al., 2010) The 
molecular identity of the dx34 allele was determined by whole genome sequencing (Illumina, San 
Diego, CA); dx34 deletes the 3ʹ end of fcho-1, the downstream gene vig-1 and the 5ʹ end of jip-1. 

http://dx.doi.org/10.7554/eLife.03648
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Additional mutant alleles of fcho-1 (ox500[Q634X], 
ox504 [frameshift], ox620[K872X], ox619[W882X]) 
were isolated in the jowls screen (See above). 
Worm strains, plasmids and oligonucleotide 
sequences are listed in Supplementary file 1.

fcho-1 suppressor screen
fcho-1(ox477) mutants were mutagenized for 4 hr 
at 22°C in 0.5 mM ENU. After washing with M9 
buffer, ∼100 L4 to young adult animals were pipet-
ted onto 10 cm Normal Growth Media (NGM) agar 
plates previously seeded with 1 ml of a dense bac-
terial culture (OP50). After starvation, ∼2 × 2 cm 
pieces of each plate were transferred to a fresh 
NGM agar plate with bacteria. This process was 
repeated 3–4 times to select for genotypes with 
greater fitness than the starting strain. ∼10 worms 
were selected from each plate exhibiting a faster 
rate of food consumption than sibling plates. 
Genomic DNA was prepared from the offspring 
of these animals for amplification and sequenc-
ing of AP2 subunits. Males of fcho-1 suppressor 
strains were generated by heatshock and crossed 
to fcho-1 mutant hermaphrodites to score domi-
nance and sex chromosomal linkage of the sup-
pressor mutations in the F1 offspring. ox618 was 
isolated as a spontaneous suppressor. Worm strains 
are listed in Supplementary file 1A.

Preparation of worms for 
microscopy
Worms were immobilized for fluorescence micros-
copy by placing them in a 1:1 mixture of a 1 μm 
polystyrene bead slurry (Polysciences, Warrington, 
PA) and 2× PBS pH 7.4 on 8–10% agarose pads 
(Kim et al., 2013). Worms were allowed to equil-
ibrate on the slide for 5 min before data were 
acquired. Data acquisition from each slide did 
not last longer than 20 min to ensure the health 
of the worms.

AP2 localization in coelomocytes
Worms expressing alpha adaptin-GFP (oxSi254) 

were imaged on an Ultraview VOX spinning disk confocal microscope (Perkin Elmer, Waltham, MA) with 
a 100× oil immersion objective (Carl Zeiss, Jena, Germany). A z-stack of half of the coelomocyte was 
acquired at maximum speed (200 ms exposure per slice) with 0.2 µm spacing. Fluorescence was 
excited with a 488 nm laser and was filtered through a 500–550 nm bandpass filter to an EMCCD 
(C9100-23B, Hamamatsu Photonics, Hamamatsu, Japan). The images were then analyzed using a set 
of custom written plugins (available at http://research.stowers.org/imagejplugins) in ImageJ (http://
rsbweb.nih.gov/ij/). We started by creating a maximum intensity projection of the data. Next, the user 
specified an ROI inside the coelomocyte that does not include the outermost membrane. The mean 
intensity and standard deviation of the ROI was then measured for each time point. The coefficient of 
variance (%CV) was then calculated and averaged for all time points and all worms per sample. 
Additionally, histograms of pixel intensities inside the coelomocytes were taken from the exact same 
ROI as the %CV measurements. The mode of a logarithmic histogram with a bin size of 1000 was used 
as the background intensity. The mode was then subtracted from the histogram. A value of 15,000 was 
then added back to the image and a new logarithmic histogram with bin size of 1000 was measured. 

Figure 8. fcho-1 bypass mutants do not exhibit 
hyperactive AP2. Mutations were examined in an 
fcho(+) background. (A) Cargo assay. Amount of 
GFP-tagged cargo on intestinal cell membrane.  
(B) FRAP assay. Time constants for recovery of alpha-GFP 
fluorescence after photobleaching. (C) The percent 
coefficient of variance of alpha-GFP pixel intensities in 
coelomocytes. Data represent mean ± SEM of n = 9–13 
intestinal cells for (A) and n = 9–14 coelomocytes for  
(B) and (C); **p < 0.01 unpaired, two-tailed t-test 
compared to fcho(+).
DOI: 10.7554/eLife.03648.020
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