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The in vitro polymerization and tissue-specific expression patterns of the
four essential intermediate filament (IF) proteins (A1, A2, A3, B1) and the
non-essential IF protein A4 were analyzed. Recombinant Bl, used as a
probe in blot overlay assays of the 11 Caenorhabditis elegans IF proteins,
reacted strongly with proteins Al to A4, indicating a heterotypic inter-
action. Obligate heteropolymeric filament assembly in vitro was confirmed
by electron microscopy. Protein Bl formed long IF when mixed with an
equimolar amount of Al, A2 or A3. Developmentally regulated coexpres-
sion of Bl and one or more members of the A family was found with
GFP-promoter reporters. This coexpression pattern argues for a hetero-
polymer system in vivo. One or both splice variants of the Bl gene are
always coexpressed in a tissue-specific manner with at least one member
of the A family in hypodermis, pharynx, pharyngeal-intestinal valve,
excretory cells, uterus, vulva and rectum. Interestingly, while the intestine
normally lacks a B1/A pair, the dauer larva shows intestinal Bl and A4.
These results are in line with similar postembryonic phenotypes of the
hypodermis induced by RNA interference (RNAi) of genes Bl, A2 and
A3. Similarly, defects of the pharynx and its A1-GFP containing tonofila-
ments observed in the postembryonic Bl RNAi phenotype are consistent
with the coexpression of Bl and Al in the marginal cells. Thus RNAi
analyses provide independent evidence for the existence of the B1/A obli-
gate heteropolymer system in vivo. Proteins Al and B1 have a similar and
rather slow turnover rate in photobleaching experiments of the pharynx
tonofilaments.
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Introduction

cal rod domain, which can form a parallel double-
stranded coiled coil. On the basis of sequence

Intermediate filament (IF) proteins are important
components of the cytoskeleton in many metazoa.
Man has more than 65 different IF genes.' All IF
proteins show a common tripartite structure. Vari-
able head and tail domains flank the central a-heli-
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similarities, biochemical properties, tissue-specific
expression patterns and the organization of the
corresponding genes, five major subfamilies are
identified. Human type I and II proteins are, with
25 members each, by far the largest subfamilies.
They encode the keratins I and II, which give rise
via a hetero coiled coil to the obligate heteropoly-
meric keratin filaments of epithelia and epidermal
appendages. The four type III proteins can form,
at least in part, homopolymeric IF. The seven
genes coding for type IV proteins show a unique
intron pattern totally unrelated to that of type I to
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III genes. Finally, type V covers the nuclear
lamins.>™*

Point mutations in many IF genes are connected
to human diseases. Mutations in at least 14 epi-
dermal keratin genes cause various fragility syn-
dromes of the skin,® and indicate that one function
of IF is connected with cellular resistance to mech-
anical stress. Similar mutations in the type III
genes desmin and GFAP are associated with myo-
pathies and Alexander’s disease, respectively.®”
Ablation of murine genes gives sometimes corre-
sponding results but often only mild phenotypes
are observed.®

There are two prototype sequences of cyto-
plasmic IF proteins that parallel metazoan phylo-
geny. Compared with nuclear lamins, the first
prototype, originally defined in the vertebrates,
lacks 42 residues (six heptads) in the coil 1b sub-
domain of the central rod. It accounts for the cur-
rently known 13 sequences of the cephalochordate
Branchiostoma® and the five sequences of the uro-
chordate Ciona.'" The early chordates have ortho-
logs of type I to III proteins and some IF proteins
without an obvious vertebrate counterpart. Neuro-
filament type IV proteins emerged only with the
vertebrate lineage. Thus, the first sequence proto-
type is specific for the chordates.

The second prototype of cytoplasmic IF proteins
covers all sequences established from 12 different
protostomic phyla.'>'* Here, the coil 1b subdomain
has always the same length as in nuclear lamins
and the tail domain displays often a lamin hom-
ology segment. The nematode C.elegans has a
single nuclear lamin, which is an essential protein
of the early embryo,"*"” and 11 genes encoding
cytoplasmic IF proteins. Using RNA interference
(RNAi) with microinjected double-stranded RNA
(dsRNA) on all 11 genes, we identified four genes
essential for nematode development (A1, A2, A3
and B1) and a mild adult phenotype for one gene
(C2)."* The phenotypes for the IF proteins A2 and
A3 indicate an essential role of the hypodermal IF
in the transmission of muscle force to the cuticle
and the maintenance of the correct hypodermis/
muscle relationship in development.'”~*

Using GFP-promoter reporters, we have ana-
lyzed the expression pattern of the four essential
IF genes as well as of the A4 gene during C. elegans
development. A strict coexpression of Bl and at
least one member of the Al to A4 group is
observed. This coexpression pattern relates to the
in vitro polymerization properties of the proteins.
In gel overlays of all 11 recombinant IF proteins,
Bl strongly decorates only Al to A4, while fila-
ment assembly studies show that Bl gives rise to
obligate heteropolymeric IF when mixed with
equal molar amounts of Al, A2 or A3. Using Bl
RNAi by feeding” on wild-type as well as on
transgenic worms expressing the A1-GFP protein
we observed a postembryonic phenotype similar
to that found earlier for A2 and A3. This result fits
the hypodermal coexpression of Bl with A2 and
A3. The postembryonic Bl RNAi phenotype

obtained by feeding shows additional defects of
the A1-GFP-containing tonofilament bundles in
marginal cells in line with the coexpression of Bl
and Al in the pharynx.

Results

Expression patterns of A1a, Bla and A4
promoter/gfp reporters

The four genes Al to A4 and the two genes Bl
and B2 form the A and B protein subgroups in the
collection of the 11 C. elegans IF proteins (Figure
1A and B).' In addition, the Al and the B1 genes
each produce two alternative splice variants desig-
nated Ala, Alb and Bla, Blb (Figure 1A)."*** The
protein Alb (F38B2.1a) differs from the shorter
splice variant Ala (F38B2.1b) by an additional 25
residues on the N-terminal end that are encoded
by the separate Alb-specific exon (Figure 1C).
Similarly, the different N termini of the Bla
(F10C1.2a) and Blb (F10C1.2b) proteins are
encoded by the two distinct Bla and Blb-specific
exons (Figure 1C). Expression patterns of Alb, A2
(W10G6.3), A3 (F52E10.5) and Blb have been
reported.’®® To complete the expression analysis
of the four essential IF genes Al to A3 and B1'
we determined the expression patterns of the Ala
and Bla genes and added also the A4 (K05B2.3)
gene.

Inspection of the genomic sequence containing
the entire Al gene (F38B2.1) indicated that the
1946 nt genomic sequence located between the
Alb-specific exon and the rest of the gene could
act as an Ala-specific promoter (Figure 1C). We
therefore amplified this sequence together with
the following Al gene by PCR, fused the sequence
to gfp of the pEGFP-N1 plasmid and used this
construct to prepare the non-integrated transgenic
lines. The resulting promoter-driven Ala/GFP
expression was monitored in the C. elegans strain
DP38 unc-119(ed3) I rescued for wumnc-119 (for
details, see Materials and Methods). As shown in
Figure 2, Ala/GFP was expressed and integrated
into the thick filament bundles of the pharynx, the
excretory cell, the vulva and the rectum of the
larva. The strong expression in the pharynx was
visible already in late embryos (data not shown).
In adults, an additional GFP-containing network
was found in the uterus (Figure 2I).

A similar strategy was used to determine the
expression pattern of the Bla gene in wild-type
worms. The 3186nt fragment, immediately
upstream of the Bla-specific exon (Figure 1C), was
fused to gfp and used to prepare the non-integrated
transgenic line. The Bla promoter/gfp reporter
was strongly expressed in the embryonic and the
early larval hypodermis (Figure 3A). Additional
expression was seen in cells associated with the
amphid sensory neurons, the excretory cells, the
vulva, the nerve cord and the rectum, as well as in
some neurons of the tail of the late larva or the
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A3 KKEITELNDRLASYIGKVRFLAAQNRKLEADLNVLQSRFGKSTGSVKIMYEMEITTATNVVKETGKDHEEAEKEIGKIKDQLDELRKKFEEAQKGRAEDRLKIDELLVTLSNLEAEIN
A4 KKEMSELNDRLASYIEKVRFLEAQNRKMEKDLNLLRGKWGHDSTSVKVMYETELRSAKDLIADSDKERAQLEDQIKKLVEELNNYRNKLHEAERGADVTRKELDNVLGRLGALEAEIE
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Bl KKTLQGLNDRLGNYIDRVKKLEEQNRKLVADLDELRGKWGKDTSEIKIKYSESLSTARKDIDDAARRKAEVDVKVARHRDDLAEYRSRYEDIQQORRESDREKISQWTNAIADAQSEVE
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* * * * * * * * * * * * * * * * * * * * * * * * * *
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coil 2b stutter V'S
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Bl VSEVQGSANRANMESTYQRDEVKRMRDNIGDLRGKLGDLENKNSLLEKEVQNLNYQLTDDQRQYEAALNDRDATLRRMREECQTLVAELQALLDTKQMLDAEI AT YRKMLEGEETRYV
tail lamin-tail homolo: segment
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A3 VFEGDDTFGAGANVQTILYNNSGEERATHMQRQSQQTTTS
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Figure 1. A, Comparison of the amino acid sequences of the C. elegans IF proteins Ala, Alb, A2, A3, A4, Bla and
B1b. The typical IF domain organization consisting of head, rod and tail domains is indicated. Arrowheads pointing
down or up mark the start and end of the four rod subdomains (coil 1a, 1b, 2a, 2b) which are connected by three
non-helical linkers (L1, L12, L2). Asterisks ( * ) given in the lines between the Al to A4 and B1 rod sequences mark a
and d positions of the heptad repeat pattern with the stutter in coil 2b (details of IF structure have been published* *%).
Dashes optimize the sequence alignment. Bold letters indicate amino acid residues that are identical in all sequences.
B, Evolutionary tree formed by the rod domains of the 11 cytoplasmic IF proteins and the single nuclear lamin of
C. elegans. The tree was constructed using the unweighted pair-group method with arithmetic mean (UPGMA).
C, Diagrams of the genomic sequences containing the Al, Bl and A4 genes. In the diagram of the Al gene the
1946 nt genomic sequence located between the Alb-specific exon and the rest of the Al gene was used as promoter
for the Ala promoter/gene/gfp construct (see Figure 2 and Results). The genomic sequence upstream of the Alb
exon was used previously for the Alb promoter/gfp reporter.’® In the Bl gene diagram, the 3186 nt genomic sequence
located between the B1b and Bla-specific exons was used as promoter in the Bla promoter/gfp construct (see Figure 3
and Results). The genomic sequence upstream of the Blb exon was used previously in the B1b promoter/gfp reporter'®
and here to drive the expression of the Bla cDNA in transgenic worms analyzed by FRAP (for details, see the text). The
genomic sequence of 2419 nt upstream of the A4 gene was used in the A4 promoter/gfp construct (see Figure 3 and
Results). The unique N-terminal amino acid sequences of proteins Alb, Bla and Blb (see A), all encoded by
separated exons, and of protein Ala are given.
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Figure 2. Tissue-specific expression of the Ala-promo-
ter/gene/gfp construct in larva and adult. The 1946 nt
5-upstream region plus the entire Al gene (see
Figure 1B, and Materials and Methods) were used in the
Ala-promoter/gene/gfp reporter. Nomarski phase con-
trast monitoring (B, D, F and H) was used to facilitate
the identification of cells and tissues. In the larva,
expression of the Ala-GFP was detected in the filament
bundles of the pharyngeal marginal cells, the rectum
and the vulva (the latter marked by the arrow in A). C,
E and G Higher magnifications of the pharynx, vulva
and rectum of the larva given in A. In addition,
strong Ala-GFP-fluorescent filament bundles were
present in the uterus of the adult (I). Scale bars represent
25 pm.

juvenile (marked with arrows in Figures 3B-D).
A similar expression pattern was detected in
adults, which, however, lacked the hypodermal
expression (marked with arrowheads in Figure 3C
and D) seen at earlier developmental stages.
Expression of the A4 gene in wild-type worms
was determined using the promoter/gfp reporter
containing the 2416 nt genomic sequence directly
upstream of the A4 coding sequence (Figure 1C).
This construct was detected in the larva in the
pharyngeal-intestinal valve, the rectum and some
neurons of the tail (Figure 3E). In the adult
(Figure 3F-H) additional expression was seen in
the excretory cells and in some unidentified cells
in the middle of the body (marked by the arrow in

Figure 3G). Interestingly, the A4 promoter/gfp
reporter was strongly up-regulated in the intestine
of the newly formed dauer larva (Figure 3I and J),
while the intestine of the normal developmental
stages lacks A4 expression.

The strong hypodermal expression of the Bla
promoter/gfp reporter described above differs
from our previous immunostaining results using a
rabbit anti-B1 specific antibody that did not signifi-
cantly stain the hypodermis.'® However, new
experiments in which the antibody was used at
higher concentrations (see Materials and Methods)
clearly decorated the hypodermis. This staining
pattern gradually evolved from patches seen in
the embryo (Figure 4A, C and E) into a stripe
pattern in the larvae (Figure 4G) and in adults
(not shown). In agreement with our previous
results,'® this staining pattern is very similar to
that obtained with the monoclonal antibody MH4
(for details, see Figure 4B, D, F and H; and see
Francis & Waterston'” and Hresko et al.’®)), which
reacts strongly with recombinant IF proteins Al,
A2 and A3 in immunoblots."

Table 1 summarizes the results on the GFP-
promoter expression of genes Ala, Bla and A4 as
well as results obtained previously with GFP-
promoters of genes Alb, A2, A3 and B1b."**° The
combined results show that one or both splice vari-
ants of the Bl gene are tissue-specifically and
developmentally coexpressed with at least one
member of the A gene family in the hypodermis,
the cells associated with the amphid sensory
neurons, the pharynx, the pharyngeal-intestinal
valve, the excretory cells, the uterus, the vulva
and the rectum. Interestingly, the intestine of the
dauer larva shows strong coexpression of the A4
and Blb genes, although normally the intestine
lacks expression of these genes. Here, we note that
some tissues, such as the pharyngeal and the body
muscles, do not express proteins Bl and A.

Biotinylated B1 binds A1, A2, A3 and A4
strongly in blot overlay assays

The coexpression of the Bl and the A proteins
described above raised the question of whether
these IF proteins form heteropolymeric filaments
or separate homopolymeric filaments in nematode
cells. To answer this question, the recombinant pro-
tein Bla was labelled with biotin and used as a
probe to investigate its binding to all 11 recombin-
ant nematode IF proteins (Alb, A2 to A4, Bla, B2
(F10C1.7), C1 (F37B4.2), C2 (M6.1), D1 (R04E5.10),
D2 (F25E2.4) and E1 (C43C3.1) in blot overlays
(see Materials and Methods). Figure 5 shows that
the biotinylated Bla recognizes proteins Alb, A2,
A3 and A4 strongly, while a very much weaker
binding was detected on C2 and E1. No homotypic
B1/B1 interaction was observed. These results
suggest that protein Bl may form heteropolymeric
filaments with the four IF proteins Al to A4,
which comprise the largest subgroup of C. elegans
IF proteins (Figure 1B).'
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B1a-GFP A4-GFP

Figure 3. Tissue-specific expression of the Bla and A4-promoter/gfp constructs in larva and adult. Expression of the
Bla-promoter driven GFP in the larva was detected in the main body hypodermis (excluding the seam cells), the
pharynx, the excretory cells and the rectum (A). This expression pattern and the additional expression in the vulva
were seen in the late larva/juvenile (marked by arrows in B-D), while no signals were detected in the adult hypo-
dermis (marked by arrowheads in C and D). Expression of the A4-promoter driven GFP in larva was detected in the
pharyngeal-intestinal valve and the rectum (E). This and the additional staining in the H-shaped excretory cells
(F and H) and some other unidentified interior cells (G) were seen in the adult. The A4-promoter/gfp construct was
upregulated strongly in the newly formed dauer larva (I and its higher magnification in J). Scale bars represent
50 um for A—H and 25 pm for I and J.

Table 1. Tissue specific coexpression of proteins Al to A4 with B1 monitored by GFP-promoter reporters

IF pro- Cells of the Pharyngeal-intesti- ~ Excretory Intestine of

tein Hypodermis amphid Pharynx nal valve cells dauer larva Vulva Uterus Rectum
Ala - - + - + - + + +
Alb - + - + - - + - +
A2 + - - - - - + + +
A3 + - - - - - - - +
A4 - - - + + + - - +
Bla + (+) + + ) - + (+) +
Blb +* + + + + + + + +

GFP-promoter reporters for Ala, Bla and A4 are given in Materials and Methods. Other reporters were as described.'** (+), weak
expression.

# In addition to previous expression results'®

we found the Blb-promoter driven GFP expression also in the embryonic hypodermis.
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Figure 4. Colocalization of Bl and MH4 antigens in
C. elegans embryo and larva. The left half of the Figure
gives rabbit anti-Bl specific'® immunofluorescence of
embryos (A, C and E) and the larva (G) that were
double-stained with the murine monoclonal antibody
MH4 that detects proteins Al to A3 (right half of the
Figure). The arrowheads highlight coexpression/co-
organization of the B1 and the MH4 antigens in the dor-
sal and ventral hypodermis (except for the seam) of the
comma (A and B), 1.5-fold (C and D) and 3-fold (E and
F) stage embryos and the larva (G and H).

Equimolar mixtures of B1 and A1, A2 or A3
proteins yield heteropolymeric IF in vitro

To test the polymerization properties of the
recombinant proteins Bla, Ala, Alb, A2 and A3 in
vitro, we dialyzed the proteins either alone or in
all four possible equimolar Bla/A mixtures to
remove the urea. Assembly products were
monitored by electron microscopy after negative
staining. While the individual proteins yielded
only aggregates, the equimolar Bla/Ala, Bla/
Alb, Bla/A2 or Bla/A3 mixtures polymerized
into long IF (Figure 6). Thus, proteins Al, A2
and A3 form an obligate heteropolymeric IF
system with protein Bl. We assume that this IF
system includes protein A4, which is recognized
strongly by the biotinylated B1 probe in the blot
overlay (Figure 5). A direct assembly assay was
not done because our recombinant A4 protein
lacked the very N-terminal end.

0a ¥ PRI I I

116 «
97 °* .
- -
66 - .
- r St - coomassie
55 ! .-
. -
36
*
- gy ™ -
* B1a-biotin
overlay

Figure 5. Blot overlay assays of biotin-labeled Bla pro-
tein on the 11 immobilized IF proteins. Equal amounts of
purified recombinant proteins Alb, A2, A3, A4, Bla, B2,
C1, C2, D1, D2 and E1 were separated by SDS/10%
PAGE and stained with Coomassie brilliant blue dye
(upper panel) or transferred to nitrocellulose mem-
branes. The lower panel shows the blot after incubation
and staining with the Bla-biotin protein (marked on the
right). The Bla-biotin probe, visualized by horse radish
peroxidase-conjugated streptavidin, detects Al, A2, A3
and A4 proteins strongly and C2 and E1 very weakly
(marked by asterisks (*)). All other IF proteins were
negative. Approximate molecular mass standards (in
kDa) are given on the left of the upper panel.

Calculation of interchain ionic interactions of
individual A/B1 rod homo and heterodimers

Before calculating the potential interchain ionic
interactions, and hence the probable interacting
pairs of chains in the two-stranded molecules,”*
we tried to ascertain the coiled-coil regions in the
proteins Al to A4 and B1. As shown in Figure 1A,
all five sequences are “classical” in the sense that
they had easily recognisable 1A (35 residues), 1B
(143 residues), 2A (19 residues) and 2B heptad-con-
taining segments (121 residues), together with the
intervening linkers. Segment 2B also had a stutter
close to its mid-point, as is seen always in IF
proteins.”>~* The interchain ionic interactions were
determined for a total of 15 chain combinations
involving the proteins Al to A4 and Bl (Table 2).
The Bl rod would, in order of ionic interaction
score, significantly favour the B1/A2 (423), B1/
Al (+20), B1/A4 (+20) and B1/A3 (+18)
heterodimerization over the formation of the
B1/B1 homodimer (+12). In all cases the score is
maximised for a parallel in-register chain arrange-
ment. These results follow closely the heterotypic
interactions of the protein Bl observed in the blot
overlay and the in vitro polymerization experi-
ments. Interestingly, however, the A chains seem
able to form a heterodimer with another A chain
(Table 2).
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Figure 6. Electron micrographs of IF assembled in vitro from equal amounts of the recombinant proteins Bla/Ala,
Bla/Alb, Bla/A2 and Bla/A3. The scale bar represents 0.2 pm.

Table 2. Interchain ionic interactions for parallel and in
register arrangements of A and B1 protein rods

IF chain Al A2 A3 A4 Bl

Al +24 +25 +21 +24 +20
A2 +25 +22 +19 +24 +23
A3 +21 +19 +16 +16 +18
A4 +24 +24 +16 +24 +20
BlL +20 +23 +18 +20 +12

The numbers show potential ionic interactions calculated for
charged residue pairs in positions 2¢’-1g, 1g'-2e, 2a’-1g, 1g'-2a,
1€’-1d, and 1d’-le of the two chains. Attractive interactions
between oppositely charged residues were scored +1 and inter-
actions between residues that are either both positively or both
negatively charged were scored — 1. All other interactions were
scored 0.7%

Copolymerization of B1 with A2 and A3: the
postembryonic RNAi phenotype of B1 has the
same hypodermal defects as the A2/A3

RNAIi phenotypes

The tissue-specific coexpression of Bl and the A
proteins suggest that these proteins form hetero-
polymeric IF in vitro and in vivo. We have therefore
explored some RNAi phenotypes. Earlier, using
microinjection of the dsRNA into gonads, we
found late embryonic lethality with multiple
morphogenetic defects for Bl RNAi.'® However,
when the Bl RNA was introduced by feeding,'>*'
we observed a strong paralysis of the late larvae
and adults resulting in 35% lethality (1 = 368).
The paralysed larvae exhibit detachment of the
hypodermis from the cuticle (arrows in Figure 7A),
displacement of body muscles (double arrow in
Figure 7B) and uneven and sometimes cystic
excretory canals (arrowheads in Figure 7C). These
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defects are the same as those reported for the A2/
A3 phenotypes obtained by microinjection.'® Thus,
in line with the coexpression of Bl and A2/A3
in the hypodermis (Table 1), all three RNAi pheno-
types are closely related and indicate a defect in
the hypodermal IF that most likely are built from
the corresponding heteropolymers. Hypodermal
IF are thought to participate in the transduction of
force from the muscle to the cuticle.'*~*

Figure 7. Postembryonic defects of larvae induced by
B1 RNAi feeding. Nomarski views of larvae document
detachment of the hypodermis from the cuticle (arrows
in A), displaced body wall muscle (double arrow in B)
and uneven and cystic excretory canals (arrowheads in
C). Scale bars represent 25 pm.

Copolymerization of B1 with A1: aberrant
pharynx IF bundles containing B1, A1 and
A1-GFP by B1 RNAi

Worms expressing A1-GFP together with Al and
Bl in the pharynx were used in Bl RNAi feeding
experiments (for details, see Materials and Methods).
Figure 8 summarizes the striking structural defects
in the pharyngeal marginal cells of live larvae visual-
ized by the A1-GFP fluorescence. In the postembryo-
nic Bl phenotype, defects ranged from abnormal
aggregates observed mainly on the apical or basal
side of the tonofilaments (marked by arrows in
Figure 8A and C) to their nearly complete collapse
and the loss of such filaments (Figure 8E). In about
60% of the larvae (n = 80) the posterior part of the
pharynx was shifted from the central part to the
periphery, indicating defects in the mechanical coup-
ling of the organ with the surrounding hypodermal/
cuticle layer (arrow in Figure 8G).

RNA interference of the IF genes A1, A2, A3
and C2 through feeding

Since Bl dsRNA delivered by microinjection
leads to a late embryonic RNAi phenotype,'
while feeding of the same RNA provided a larval/
adult phenotype (see above), we explored RNAi by
the feeding method on the other IF genes (Al, A2
and A3) previously found to be essential in micro-
injection experiments.'®

Using the RNAi feeding approach for A2 we
observed a strong paralysis of the late larvae and
adults resulting in about 30% lethality (n = 430).
No phenotype was observed for the early larvae,
which was in contrast to our results obtained by
microinjection of the same dsRNA." Feeding with
bacteria producing Al or A3 dsRNA did not result
in a recognizable phenotype. Interestingly, the
same dsRNAs introduced by microinjection induced
L1 arrest for Al and embryonic and early larva
lethality for A3." In RNAi feeding experiments
using the C2 dsRNA, we observed adult lethality
in about 3% of the progeny (n = 847). This was
due to the rupture of vulva and/or anus (data not
shown). In addition, about 10% of the C2 RNAi
animals showed uncoordinated movement.

Fluorescence recovery after photobleaching
(FRAP) analyses of A1-GFP and B1-GFP
containing tonofilaments of live marginal cells

Recent FRAP studies using mammalian
GFP-tagged IF proteins demonstrated that keratins
K8-GFP and K18-GFP recover their fluorescence in
the heteropolymeric keratin filaments approxi-
mately two hours after photobleaching. This pro-
cess was about 20 times slower than that reported
for homopolymeric vimentin in a similar experi-
ment.* We used a similar approach on the
A1-GFP and B1-GFP-containing filament bundles
in live marginal cells of the pharynx.

The photobleached filament bundles containing
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Figure 8. Aberrant A1-GFP-containing tonofilaments in
marginal cells of live worms as result of Bl RNAi.
Nomarski phase contrast monitoring (B, D, F and H) was
used to facilitate the identification of cells and tissues.
Analysis of the B1 RNAi treatment using confocal fluor-
escence microscopy revealed different structural defects
in the A1-GFP containing large filament bundles of the
live pharyngeal marginal cells. These range from the
abnormal aggregates observed mostly on the apical or
basal side of the tonofilaments (marked by arrows in A
and C) to the almost complete collapse and loss of the
tonofilaments (E). These results reveal a requirement of
protein B1 for the normal structure of the A1-GFP-contain-
ing tonofilaments in vivo. Moreover, in about 60% of the
scored animals the posterior part of the pharynx was
shifted from the central part to the periphery, indicating a
defect in mechanical coupling of the pharynx to the
surrounding hypodermis/cuticle layer (marked with the
arrow in G). Scale bars represent 10 pm.

A1-GFP in the marginal cell of the anaesthetised
worm had not recovered their fluorescence by
four hours after photobleaching (Figure 9; for
details, see Materials and Methods). Similar results
were obtained for the filament bundles containing
Bla-GFP in worms expressing Bla under control
of the Blb-specific promoter (for details, see Figure
1B, and Materials and Methods). The first signs of
fluorescence recovery became visible at five hours

Figure 9. FRAP analysis of tonofilament bundles con-
taining Ala-GFP in live marginal cell. The region around
the pharyngeal metacorpus of the anesthesized trans-
genic Ala-GFP larva was photobleached (see Materials
and Methods for details) and recovery of fluorescence
was monitored every 30 minutes up to 7.5 hours. A and
B, The area of the Ala-GFP containing filament bundle
0 and 7.5 hours after photobleaching, respectively. As
described in Results, the first signs of fluorescence
recovery became visible five hours after bleaching and
reached 35% at 2.5 hours later.

after bleaching, while the fluorescence quantifi-
cation revealed 35% recovery at 7.5 hours after
bleaching (Figure 9B). These results indicate that
the turnover rate of B1-GFP and A1-GFP in the
tonofibrils is similar and rather slow.

Discussion

C. elegans has 11 genes encoding cytoplasmic IF
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proteins. Using RNA interference with micro-
injection on all 11 genes, we identified four genes
(A1, A2, A3, Bl) as essential for nematode develop-
ment.'® Here, we have defined the expression pat-
tern of these genes during development using
GFP-promoter reporters and have analyzed the
in vitro assembly properties of the corresponding
recombinant proteins. A strict coexpression pattern
of B1 and the four members of the A subfamily (Al
to A4) is seen. When either one or both splice vari-
ants of the Bl gene occur, at least one of the mem-
bers of the A family is expressed also. There is no
tissue that expresses an A-type and does not
express Bl simultaneously (Table 1). This relation
holds for an unusual situation of the dauer larva.
While the intestine lacks a B1/A pair during nor-
mal development, the intestine of the dauer larva
shows B1/A4 expression.

This B1/A coexpression pattern fits the obser-
vation of an obligatory heteropolymeric IF assem-
bly established with the recombinant proteins. Gel
overlay assays performed with B1 on all 11 C. elegans
IF proteins showed a strong binding only on Al to
A4 (Figure 5). Electron microscopy revealed that
Bl as well as Al to A3 dialyzed alone against fila-
ment buffer form only aggregates. In contrast
equal molar mixtures of Bl with either A1, A2 or
A3 provided normal IF (Figure 6). The obligate
heteropolymeric B1/A assembly pathway is a
keratin-related system but it differs from the mam-
malian keratins in that there is only one protein of
one type which can assemble with four closely
related proteins of the second type. Interestingly,
a similar assembly system was documented in
cephalochordates. Branchiostoma has a keratin
I/keratin II system closely related to mammalian
keratins that even allows the formation of chimeric
IF from some Branchiostoma and vertebrate kera-
tins. In this additional keratin-related system, a
single Branchiostoma protein assembles only with
three closely related IF proteins. For the latter sys-
tem, the isolation of a polymerization-competent
crosslinked heterodimer proved directly the pre-
sence of a hetero coiled coil.” In the case of C. elegans
B1/A, we tentatively assume the existence of a
heterodimer, since the calculation of interchain ionic
bonds for a parallel in-register arrangement is com-
patible with this view. Nevertheless, we note that
the A proteins may have some tendency for homo-
dimer formation (Table 2), which is not understood.

We do not know the assembly properties of the
six remaining C. elegans IF proteins. Some of them
could reflect proteins that are bound peripherally
to IF but there must be an assembly system distinct
from that of B1/A (Table 1). Although the intestine
lacks the B1/A system, immunofluorescence
microscopy of intestinal cells shows a wealth of IF
proteins (A.K. & K.W., unpublished results). We
plan to study the assembly properties of some of
the remaining IF proteins once we have learned
more about the functional role of their genes using
transgenic worms expressing negative dominant
IF mutant proteins (see below).

Analysis of the RNAi-induced lethal phenotypes
for B1, Al, A2 and A3' shows independent evi-
dence for the existence of the B1/A obligate hetero-
polymer system in vivo. Using microinjection of Bl
RNAi, we previously found a late embryonic
lethality with hypodermal as well as general
morphogenetic defects. Using the RNAi feeding
protocol, we show now that the Bl phenotype
arrests in the larva (for discussion, see below).
This postembryonic Bl phenotype has the same
hypodermal defects (Figure 7) as the A2 and A3
phenotypes: detachment of the hypodermis from
the cuticle, displacement of the body muscle cells,
uneven excretory canals and paralysis.' The same
hypodermal defects for B1, A2 and A3 fit the co-
expression of the three proteins in the hypodermis
(Table 1) and emphasize that the hemidesmosome-
anchored IF, the so called fibrous organelles,'”'
participate in the transmission of force from the
muscle to the cuticle. They are necessary to main-
tain the correct spatial relationship of hypodermis
and muscle cells during development. The post-
embryonic Bl RNAi phenotype obtained by feed-
ing shows additional defects that are particularly
easy to monitor in transgenic worms expressing
GFP-tagged Al protein. In line with the coexpres-
sion of Bl and Al in the pharyngeal marginal
cells, striking structural defects of the tonofilament
bundles are seen by green fluorescent protein
(GFP) fluorescence. Moreover, the pharynx was
shifted from the central part to the periphery
(Figure 8). We therefore propose that in the late
embryonic lethal Bl phenotype obtained by micro-
injection'® morphogenetic defects most likely arose
from defects in embryonic hypodermis and pharynx.

Similar analyses of the Bla-GFP protein-containing
tonofilaments in the pharynx of the RNAi arrested
Al larvae'® were not yet possible due to loss of the
GFP-tagged protein expression in the F2 progeny
(see Materials and Methods). Therefore, the
physiological basis of the A1 RNAi phenotype is
not entirely understood. Given the results of Bl
RNAI in the pharynx (see above) one can speculate
that the Al larvae arrested because of feeding
reduction due to pharynx defects.

Our original identification of four IF genes (Al,
A2, A3 and B1) essential for nematode develop-
ment was based on RNAi delivery by micro-
injection.'® Using delivery of the same dsRNA by
bacterial feeding, we found that the late embryonic
lethal phenotype of Bl obtained by microinjection
is shifted to a later developmental stage and mani-
fested itself as a larval/adult lethal phenotype. We
took advantage of this shift to analyze the post-
embryonic Bl phenotype obtained by feeding,
and documented the resulting hypodermal and
pharynx defects in line with coexpression of Bl
with either A2/A3 or Al. Because of the develop-
mental shift of the Bl phenotype dependent on
the RNAi delivery method, we analyzed the other
three essential IF genes (A1, A2 and A3) by bac-
terial feeding with the same dsRNA probes used
previously in the microinjection experiments. Our



Heteropolymeric C. elegans IF in Vivo and in Vitro

317

results show that feeding missed both the late
embryonic/early larval lethality of A3 and the L1
larval arrest of Al documented previously by
microinjection. On the other hand, feeding clearly
registered the larval lethality of A2, in agreement
with earlier microinjection results.'® Screening of
the results of the elegant high-throughput analysis
published recently for nearly all C. elegans genes
by RNAI feeding™ showed that this study regis-
tered only Bl and A2, with results similar to ours.

The differences in RNAi/phenotyping between
the two delivery methods is not without pre-
cedence. Introducing the feeding protocol, Timmons
et al*' made the general prediction that this delivery
method can be less effective than microinjection in
establishing early developmental RNAi pheno-
types, while it can be more effective than micro-
injection for late developmental stages. This is
essentially what we observe with IF genes. Of the
four late embryonic/larval RNAi phenotypes (Al,
A2, A3 and Bl) obtained by microinjection,'
delivery by feeding provides the A2 phenotype,
shifts the late embryonic Bl phenotype to a late
larval phenotype but missed the A1l and A3 pheno-
types entirely. Thus, as predicted by Timmons
et al.”' delivery by feeding is less effective than
microinjection for early developmental RNAI
phenotypes. On the other hand, C2 RNAi delivery
by microinjection resulted only in a mild dumpy
phenotype with reduced motion,' while a much
stronger adult phenotype, including defects of the
vulva and the anus and an uncoordinated move-
ment, occurs upon feeding (see Results and
Kamath et al.*®). This result is again in line with
the predictions made by Timmons et al.*'

Since both delivery methods show no effect on IF
genes A4, B2, C1, D1, D2 or E1,'** the function of
these six genes must be approached by a different
strategy. One obvious way to try is to explore
transgenic animals with negative dominant muta-
tions, which can be modelled along the known
point mutation in mammalian IF genes (see Intro-
duction) or tentatively can be constructed to carry
deletions of the highly conserved sequences at one
or both ends of the rod domain.****

Here, for the first time, the properties of GFP-
tagged IF proteins have been analyzed in a living
organism. We found that kinetics of fluorescence
recovery after photobleaching (FRAP) of the A1-GFP
or B1-GFP-containing tonofibrils in the marginal
cells of the pharynx are similar and rather slow. In
both cases the first signs of fluorescence recovery
were visible approximately five hours after photo-
bleaching. These results indicate that in the nema-
tode cells there is an equilibrium between
unpolymerized IF subunits and the polymerized
IF of the tonofibrils. Moreover, a similar rate of
fluorescence recovery for Al and Bl proteins is in
line with the obligatory heteropolymeric nature of
the polymerised IF. Interestingly, the recovery
times of the C.elegans pharynx IF are similar to
those reported for mammalian keratin filaments in
cultured cells, while the vimentin filaments of the

same cells show a much faster recovery.* Future
experiments using GFP-tagged IF proteins should
analyze their recovery rates in different subcellular
regions or organs of C. elegans and try to determine
the factors and/or proteins that influence IF tono-
fibril formation and turnover. As shown for the
Bl RNAi phenotype of Al-GFP-expressing live
worms (Figure 8), the RNAi approach may be a
useful tool in this effort.

Materials and Methods

Nucleic acid techniques

C. elegans strain N2 Bristol was cultured and harvested
using standard procedures.”® The full-length cDNAs of
the Alb (F38B2.1a) and A3 (F52E10.5) IF proteins® were
amplified by PCR from the cDNA library as described.'®
The following primers were used:

Alb sense 5-CAATCAACATTTCAAAACATATGGA
GATTACCAGAGAAAG-3, antisense 5-GTTAATTGTT
GGGAAGAAGCTTGATTAGGCAGTGCTC-3; A3 sense
5- CCATGGCCGATCCAGATTCCTACCGCAGCTC-3/,
antisense 5-GATTTATGAAGTITGTAG-TCTGTTGGCTT
TGGCG-3'.

The Alb and A3 PCR fragments were ligated to
pCR2.1-TOPO vectors (Invitrogen, San Diego, CA, USA)
and the inserts were sequenced completely (MWG-Bio-
tech, Ebersberg, Germany). For expression of the full-
length proteins Alb and A3, restriction fragments from
pCR2.1-TOPO vectors were cloned to pET23 vectors
(Novagen, Madison, WI, USA).

The Ala-promoter/gene/gfp construct and the A4-
and Bla-promoter/gfp reporters were prepared from
DNA fragments amplified by PCR on genomic DNA.'
The amplified Ala (4000nt), A4 (2419nt) and Bla
(3186 nt) PCR products were ligated to pEGFP-N1 (Ala)
or pEGFP-1 (Bla, A4) vectors (Clontech, Heidelberg,
Germany) as HindIll/Pst], HindIll/BamHI and Xhol/
BamHI fragments, respectively. The following primers
were used:

Ala sense 5-GGAGGTGAGT-TGCGGAAGCTTTGC
CTTTGTATTTCG-3/, antisense 5-CTGATTAGGCAGTG
CTCTGCAGTT-GGATGTGGGTAGC-3/; A4 sense 5-
CGTAGTTTATCCCCAAGCTTATTGTCTACATAGATC-3,
antisense 5-CGGTATTCGCTCTCCGACGGATCCTACA
AACATGGAAAC-3; Bla-promoter sense 5'-CTATATC
CTTTCCTCTGAAAATACTCGAGAATACCAGGAGCA
TTTCTTG-3, antisense 5'-GGTGCCTGTGGCGCTGATT
CAGGATCCATTTCTGATGTGTTTTAGCTTG-3'.

The Blb-promoter/Bla-cDNA/gfp construct was pre-
pared by cloning the Bam HI-digested coding region of
the Bla cDNA (F10C1.2a) into the Bam HI-digested Blb-
promoter/gfp reporter (for details, see Karabinos et al.').
Either microinjection or ballistic transformation of
the A4-promoter-, Bla-promoter- and Blb-promoter/
BlacDNA-gfp plasmids was used to obtain unintegrated
transgenic lines.'® These lines were used for the charac-
terization of GFP expression and the FRAP analyses.
Because of the loss of Bla-GFP protein expression in the
F2 progeny, only F1 transgenic arrays could be used for
the FRAP analysis.

A vector for the transformation of C. elegans by particle
bombardment using the unc-119 rescue approach was
created by transferring the wild-type unc-119 gene
of plasmid pMMO016* as a HindIll/Xbal restriction
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fragment into the Nhel/HindIll cut vector pEGFP-N1
(Clontech Laboratories, Palo Alto, CA, USA) resulting in
pPEGFP-N1-unc-119. The C. elegans intermediate filament
Ala-promoter/gene/gfp gene fusion from the pEGFP-1
plasmid (see above) was inserted as a HindIIl/NotI
restriction fragment. The construct was used to trans-
form the C. elegans strain DP38 unc-119(ed3) Il by particle
bombardment as described by Praitis et al.*® The result-
ing C. elegans strain EC668 showed unc-119 rescue and
A1-GFP expression, and contained the transgene as an
extrachromosomal array. For the RNAIi feeding experi-
ments, the coding cDNAs for Al, A2, A3, Bl and C2'¢
were ligated between the phage T7 promoters of the
L4440 feeding vector.”

Protein and antibody techniques

Cloning, expression and purification of the recombin-
ant IF proteins Ala, A2 and Bla have been described.'
For expression of full-length proteins Alb and A3, the
Escherichia coli strain BL21(DE3)pLysS (Novagen) was
transformed with the Alb and A3 pET23 plasmids (see
above). Recombinant proteins Alb and A3, highly
enriched in inclusion body preparations, were purified
in urea by ion-exchange chromatography as described."
Biotinylation of recombinant protein Bla and the overlay
assay were essentially as described.”* After washing, the
membrane was treated with horse-radish peroxidase-
conjugated streptavidin (Pierce, Rockford, IL, USA)
and developed using the ECL chemiluminiscence kit
(Amersham Pharmacia, Uppsala, Sweden). For in vitro
assembly, aliquots of recombinant proteins either alone
or as stoichiometric mixtures were dialyzed at room tem-
perature for 20 hours on dialysis filters against filament
buffer containing 1 mM 2-mercaptoethanol. The follow-
ing filament buffers were used: for Bla/Ala (each
0.3 mg/ml) 5 mM Tris—-HCl (pH 7.2), containing 15 mM
NaCl; for Bla/Alb (each 0.4 mg/ml), Bla/A2 (each
0.6 mg/ml) and Bla/A3 (each 0.8 mg/ml) 10 mM Tris—
HCl (pH 7.2). Negative staining and electron microscopy
were as described.”

Indirect immunofluorescence microscopy of C. elegans
embryos and larvae was performed as described.'® Con-
focal light microscopy of C.elegans larvae and adults
was performed using the Zeiss confocal laser scanning
microscope LSM 510 with software version 2.02. The
antigen affinity-purified rabbit B1 antibody'® was diluted
1:2 and the murine monoclonal antibody MH4 (Develop-
mental Studies Hybridoma Bank, University Iowa, USA)
was used as 1:25 dilution of a hybridoma supernatant.

RNA interference mediated by feeding

RNAI feeding experiments were performed essentially
according to Fraser ef al."® but with the following modifi-
cations. The 5cm NGM plates containing carbenicillin
(25 pg/ml) and 1 mM IPTG were inoculated with 5 pl
of the overnight Al-, A2-, A3-, Bl- or C2-cDNA /L4440-
transformed HT115(DE3) bacterial culture and left for
six hours at room temperature. The L3-L4 stage worms
(FO) were washed with M9 medium and placed indivi-
dually onto the feeding plates and incubated for 48
hours at temperatures between 20 °C and 23 °C. The FO
worms were removed from the plates and their progeny
(F1) was scored for abnormalities by Nomarski and
fluorescence microscopy.

Fluorescence recovery after photobleaching
(FRAP) analyses

FRAP experiments were made using the Zeiss con-
focal laser scanning microscope LSM 510 with software
version 2.02. Worms expressing Ala-GFP and Bla-GFP
were anaesthetised for 20 mintes by the method of
Kirby et al.** in 0.1% tricaine, 0.01% tetramisole in water.
The region around the pharyngeal metacorpus of live
GFP-expressing nematodes was photobleached with a
laser wavelength of 488 nm (serial laser scanning with
manually adjusted z-coordinates). The bleached animals
were put on to OP50 E. coli plates and recovery of the
fluorescence was monitored at 30 minute intervals for
up to 7.5 hours using fluorescence microscopy. The
animals resumed a normal mode of locomotion three
hours after bleaching. First signs of fluorescence recovery
became visible five hours after bleaching. Fluorescence
quantification was done 7.5 hours after bleaching by
laser scanning microscopy. Average background
fluorescence was subtracted. The analysis of the lateral
average fluorescence of the bleached and the non-
bleached areas indicated a fluorescence recovery of 35%
7.5 hours after bleaching and 4.5 hours after the recovery
of normal locomotion.
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