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Abstract

The C. elegans gene unc-89 encodes a set of mostly giant polypeptides (up to 900 kDa) that 

contain multiple Ig and Fn3, a triplet of SH3-DH-PH, and two protein kinase domains. The loss of 

function mutant phenotype and localization of antibodies to UNC-89 proteins, indicate that the 

function of UNC-89 is to help organize sarcomeric A-bands, especially M-lines. Recently, we 

reported that each of the protein kinase domains interact with SCPL-1, which contains a CTD type 

protein phosphatase domain. Here, we report that SCPL-1 interacts with LIM-9 (FHL), a protein 

that we first discovered as an interactor of UNC-97 (PINCH) and UNC-96, components of an M-

line costamere in nematode muscle. We also show that LIM-9 can interact with UNC-89 through 

its first kinase domain and a portion of unique sequence lying between the two kinase domains. 

All the interactions were confirmed by biochemical methods. A yeast three-hybrid assay 

demonstrates a ternary complex between the two protein kinase regions and SCPL-1. Evidence 

that the UNC-89/SCPL-1 interaction occurs in vivo was provided by showing that overexpression 

of SCPL-1 results in disorganization of UNC-89 at M-lines. We suggest two structural models for 

the interactions of SCPL-1 and LIM-9 with UNC-89 at the M-line.
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INTRODUCTION

The fundamental unit of muscle contraction, the sarcomere, is an exquisitely organized 

assemblage of hundreds of different proteins. To gain insight into the functions of individual 

sarcomeric proteins, their interactions and the assembly and maintenance of the sarcomere, a 

number of laboratories profitably utilize the roundworm C. elegans 1, 2. C. elegans is an 

excellent model genetic organism due to its simple anatomy, sequenced genome and 

powerful forward and reverse genetics. Since sarcomere architecture and components are 

largely conserved, results from C. elegans can be extrapolated to other organisms, including 

man. Sarcomeres contain a number of unusually large polypeptides (0.7–4 MDa in 

molecular mass) related to mammalian titin 3. Members of the titin family consist primarily 

of multiple copies of immunoglobulin (Ig) and fibronectin type 3 (Fn3) domains, and one or 

even two protein kinase domains. C. elegans striated muscle of the body wall contains three 

such polypeptides 4: twitchin (754,000 Da) located in the A-band 5–7 , TTN-1 (2.2 MDa) 

located in the I-band 8, and UNC-89 (up to 900,000 Da) located at the M-line 9, 10. Loss of 

function unc-89 mutants display disorganized myofibrils, especially at the A-band, and 

usually lack M-lines 11, 12. unc-89 is a complex gene: through the use of three promoters and 

alternative splicing, at least 6 major polypeptides are generated, ranging in size from 

156,000 to 900,000 Da 4, 10. The largest of these isoforms, UNC-89-B and UNC-89-F, 

which are each ~900,000 Da, consist of 52 Ig domains, 2 Fn3 domains, a triplet of SH3, DH 

and PH domains near their N-termini, and two protein kinase domains (called PK1 and PK2) 

near their C termini. Most recently, we have demonstrated that the DH/PH region of 

UNC-89 has guanine nucleotide exchange factor activity towards RHO-1 (RhoA in C. 

elegans) and this is important for organization of myosin thick filaments in nematode body 

wall muscle cells 13. Although neither kinase domain has thus far demonstrated catalytic 

activity, molecular modeling suggests that PK2 is active, while PK1 is inactive 10.

For several reasons, we are very interested in exploring the structures and functions of the 

kinase domains of the giant titin-like proteins. First, a mutation in the human titin protein 

kinase domain causes hereditary muscle disease 14 . Second, in C. elegans, two mutant 

alleles of unc-89 that lack the kinase domain region result in disorganization of myofibrils 4. 

Third, the normally autoinhibited protein kinase domains of these giant proteins may be 

activated by mechanical forces that occur during muscle contraction 15–17. One way to gain 

insight into the function of a protein is to identify its binding partners. We reported 

recently 18 that the two protein kinase domains of UNC-89 interact with SCPL-1 (small 

CTD phosphatase-like-1), which contains a CTD type phosphatase domain. By antibody 

staining SCPL-1 co-localizes with UNC-89 at the M-line. Knockdown of scpl-1 mRNA 

results in no detectable phenotype in body wall muscle, but it does result in a defect in the 

function of egg-laying muscles.

The human homolog of UNC-89 is called obscurin 19, 20. Although obscurin contains all the 

same domains as UNC-89, the SH3, DH and PH domains are located near the C terminus 

rather than near the N terminus as they are in UNC-89. Another difference is that although 

UNC-89 is located only at the M-line, various obscurin isoforms are located at either the M-

line, the A/I junction or at the Z-disk and Z/I junction 21. Progress has also been made on 

finding binding partners for obscurin: Ig48 and Ig49 within the C-terminal third of obscurin 
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interact with specific Ig domains within the Z-disk portion of titin 20 and with a C-terminal 

portion of the 700 kDa isoform of titin called “novex-3 titin” 22. A sequence of 25 residues 

located near the C terminus of obscurin interacts with a small isoform of ankyrin 1, and this 

is postulated to provide a link between myofibrils and the sarcoplasmic reticulum 23–25. 

Overexpression of part of the C terminus of obscurin in primary skeletal myotubes results in 

disorganization of the A-band, and co-immunoprecipitation experiments suggest that 

obscurin interacts with myosin 26. This indicates that obscurin, like UNC-89, has a role in 

the assembly or maintenance of A-bands. The DH domain of obscurin has been shown to 

interact with the scaffolding protein called Ran binding protein 9 (RanBP9), and both 

obscurin’s DH domain and RanBP9 interact with titin to regulate titin’s incorporation into 

Z-disks 27. Most recently, the N-terminal most Ig domains (1–3) of obscruin have been 

shown to interact with the C-terminal most Ig domain of titin, and also with the M-line 

protein myomesin. 28. Whether nematode UNC-89 and mammalian obscurin have the same 

or even overlapping interacting partners is unknown.

To understand how nematode SCPL-1 carries out its function, we attempted to find 

additional proteins that SCPL-1 interacts with, and we discovered that SCPL-1 interacts with 

LIM-9 (FHL in mammals). We also found that LIM-9 can interact with UNC-89 directly, 

via the first kinase domain region (Fn3-Ig-PK1) and a portion of the interkinase region. We 

present a model that at the M-line, both SCPL-1 and LIM-9 interact with two portions of 

UNC-89 and function as bridges to stabilize the interaction of two UNC-89 polypeptides of 

opposite polarity, and/or to stabilize a loop created by interaction of the two kinase regions 

within one UNC-89 polypeptide.

RESULTS

Given that we had determined that UNC-89 interacts with SCPL-1, we wished to determine 

which additional proteins SCPL-1 might interact with to carry out its function. Therefore, 

we used SCPL-1 to screen the 16-protein two-hybrid bookshelf of proteins known to reside 

at the nematode M-line 29. We discovered a 2-hybrid interaction between either SCPL-1a or 

−1b as bait and LIM-9 as prey (Figure 1A). LIM-9 contains one PET domain and six LIM 

domains, and is the closest worm homolog of mammalian FHL2. LIM-9 was characterized 

initially as an interactor of UNC-97 (PINCH) and UNC-96, and resides at least partially at 

M-lines 29. Domain mapping indicates that the minimum region of LIM-9 required for 

interaction with either SCPL-1a or −1b consists of the 6 LIM domains of LIM-9 (Figure 

1A). Further, we can show that to obtain interaction with LIM-9, only the N-terminal, non-

phosphatase region of SCPL-1b is sufficient, whereas the entire SCPL-1a protein is required 

(Figure 1B).

We confirmed the interaction between SCPL-1 and LIM-9 using two methods. First, we 

showed that yeast-expressed myc-tagged SCPL-1 can interact with a bacterially-expressed 

maltose binding protein (MBP) fusion of LIM-9 (LIM domains only). A total protein lysate 

from yeast expressing myc-SCPL-1a or –SCPL-1b was prepared and incubated with agarose 

beads coated with antibodies to myc, pelleted, washed, and incubated with MBP-LIM-9 or 

MBP. After pelleting and washing the beads, the proteins were eluted in Laemmli buffer and 

portions were separated on 3 gels, blotted and reacted with either antibodes to myc or 
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antibodies to MBP. As shown in Figure 2A, as expected, both myc-SCPL-1a (top panel) and 

myc-SCPL-1b (middle panel) were precipitated. Reaction to anti-MBP (bottom panel) 

revealed that both myc-SCPL-1a and −1b co-precipitated MBP-LIM-9 but not MBP. 

Second, we showed that purified SCPL-1a interacts with purified LIM-9 (LIM domains 

only) by a far western assay (Figure 2B). GST and GST-SCPL-1a was separated on SDS-

PAGE, transferred to membrane, and incubated with either MBP, or MBP fused to LIM-9 

(LIM only). The binding reactions were visualized using antibodies to MBP followed by 

ECL. As shown in Figure 2B, MBP-LIM-9, but not MBP, interacts with SCPL-1a. 

Consistent with this direct interaction between SCPL-1 and LIM-9, we had found previously 

that each protein resides at M-lines 18, 29.

Given that LIM-9 is located at the M-line, we wondered if LIM-9 might interact directly 

with UNC-89. Consistent with this expectation, screening of the M-line bookshelf with Fn3-

Ig-PK1 and interkinase regions of UNC-89 revealed that each interacts with LIM-9. We 

utilized 2-hybrid analysis to determine which portions of each protein that were involved in 

these interactions. As shown in Figure 3A, the smallest region of LIM-9 required to interact 

with either the Fn3-Ig-PK1 or interkinase regions of UNC-89 contains all 6 LIM domains, 

the identical region of LIM-9 required for interaction with SCPL-1 (Figure 1A). Note that 

full-length LIM-9 does not interact with SCPL-1, PK1 or interkinase regions. As shown in 

Figure 3B, in order to interact with LIM-9, the kinase domain of PK1 is not sufficient 

(segment FB): the upstream Fn3 and Ig domains are also required. This larger segment of 

UNC-89, Fn3-Ig-PK1 kinase domain, had also been shown 18 to be required for interaction 

with SCPL-1 (Figure 9A). As indicated in Figure 3C, a smaller segment of the interkinase 

region of UNC-89 is required for interaction with LIM-9: as little as the C-terminal 200 

residues of interkinase are sufficient (segment LD).

To confirm the 2-hybrid interactions of LIM-9 with the PK1 and interkinase regions of 

UNC-89, we used a similar assay as described above with yeast expressed PK1 or 

interkinase with bacterially expressed LIM-9. Yeast expressed PK1 AB or FB segments 

(described in Figure 3B) with HA tags were immunoprecipitated with agarose beads coated 

with antibodies to HA and tested for binding to either MBP-LIM-9 or MBP. As 

demonstrated in Figure 4A, consistent with the 2-hybrid results, AB fragment (Fn3-Ig-PK1 

kinase) brought down much more MBP-LIM-9 than FB fragment (PK1 kinase alone), and 

neither segment brought down any detectable MBP. A similar strategy was used to verify 

interaction between LIM-9 and the interkinase region of UNC-89. In this case, yeast was 

used to express an HA tagged segment of the interkinase region (segment KD indicated in 

Figure 3C), which also interacts with LIM-9 by 2-hybrid. As shown in Figure 4B (left 

panels), the full-length KD fragment could be expressed and immunoprecipitated from yeast 

(upper band detected with anti-HA) although some apparent degradation bands were also 

present. Notably, this HA-KD protein was able to bring down MBP-LIM-9 but not MBP.

Given that the C-terminal 200 residues of the total 647 residues of the interkinase sequence 

were sufficient for binding to LIM-9, we wondered if there was anything special about the 

amino acid sequence or predicted structure of this binding region. As shown in Figure 5, the 

C-terminal 144 residues are different in several respects from the N-terminal 503 residues. 

In particular, residues 1–503 (italicized in Figure 5) is predicted to be a “NORS” region 30, 
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that is, a sequence with little to no secondary structure and possibly structurally flexible 31. 

Residues 1–503 are also predicted to have high solvent accessibility (80%), and have a high 

probability for assigning neither α-helix, nor β-strand (85%). Residues 1–470 contain 5 

segments ranging from 10 to 21 residues predicted 32 to be “SEG low-complexity regions” 

(double underlined in Figure 5). Moreover, the amino acid composition of residues 1–503 

and 504–647 are quite different: in 1–503, there is especially increased frequency of P, E, Q 

and D; consecutive Ps (up to 3) or Qs (up to 4) are found only in the N-terminal 453 residues 

(especially in residues 1– 250). Therefore, sequence analysis suggests that the N-terminal 

450–500 residues of the interkinase might be highly elastic, whereas the C terminal 150–200 

residues are different, possibly forming a domain that is suited to interact with LIM-9.

If LIM-9 interacts with UNC-89 in vivo, we would expect that the proteins co-localize in the 

sarcomere. Previously, we had shown that antibodies to LIM-9 localize to M-lines and to the 

I-band around and between dense bodies 29. We have also shown that antibodies to three 

different regions of UNC-89, including the interkinase region, localize to M-lines 10. Thus, 

we co-stained adult worms with anti-LIM-9 and anti-interkinase region of UNC-89. As 

demonstrated in Figure 6, there is partial co-localization between the interkinase region of 

UNC-89 and LIM-9 at the M-line (note the white dots at the bottom of the figure indicate 

co-localization).

Previously, we reported that SCPL-1 interacts with either Ig-Fn3-PK2 or Fn3-Ig-PK1 18. As 

described here, LIM-9 interacts with either Fn3-Ig-PK1, the C-terminus of the interkinase 

region, or SCPL-1 (Figure 9A). Additionally, we could not find direct interactions among 

Fn3-Ig-PK1, interkinase and Ig-Fn3-PK2 (data not shown). One hypothesis for the function 

of SCPL-1 binding to the two kinase domain regions is that in the sarcomere, SCPL-1 acts 

as a molecular bridge to bring together or stabilize two UNC-89 molecules or to stabilize a 

loop created by interaction of the two kinase regions within one UNC-89 molecule (Figure 9 

B and C). This idea was first tested by a yeast 3-hybrid assay. As shown in Figure 7, when 

Fn-3-Ig-PK1 bait was presented to Ig-Fn3-PK2 prey, no growth of the yeast could be 

detected on adenine deficient media, indicating no detectable interaction (top row in Figure 

7). However, when this bait and prey combination was expressed in the same yeast cell with 

myc-tagged SCPL-1 (either −1a or −1b isoforms), growth was detected on media missing 

adenine, indicating a three-way interaction (middle and bottom rows in Figure 7). Thus, the 

three hybrid results are consistent with SCPL-1 acting as a molecular bridge to bring 

together the PK1 and PK2 regions of UNC-89.

To obtain in vivo evidence for SCPL-1 functioning as a molecular bridge, we examined the 

muscle phenotype of worms overexpressing SCPL-1. We created several independent lines 

of wild type worms carrying extrachromosomal arrays containing a plasmid consisting of 

myc-tagged SCPL-1b full-length cDNA under the control of a heat shock promoter. After 

inducing expression by heat shock, worms were fixed and dually stained for anti-myc and 

anti-IK, the previously-described 10 antibody generated to the interkinase region of UNC-89. 

As shown in Figure 8, in body wall muscle cells not expressing the transgenic myc-

SCPL-1b, the pattern of anti-IK staining is normal: M-lines in parallel. However, in body 

wall muscle cells in which SCPL-1b is mildly or highly overexpressed, there are 

accumulations of myc-SCPL-1b, and near these areas of the myofilament lattice, the M-lines 
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detected by anti-IK are broken, diffuse or even missing. This result is consistent with our 

model that SCPL-1 acts as a linker or bridge between neighboring UNC-89 polypeptides at 

their kinase domain-containing C-terminal portions (Figure 9 B and C).

DISCUSSION

In this study, we provide evidence that a complex of two proteins, LIM-9 (FHL) and 

SCPL-1 (SCP) interact with the C-terminal protein kinase domain-containing portion of the 

largest isoforms of UNC-89 (obscurin). Interactions were identified by the two-hybrid 

method and then confirmed by showing interaction between purified components in vitro, 

and demonstrating co-localization in sarcomeres. Both LIM-9 and SCPL-1 were shown to 

interact with two portions of UNC-89 in ternary complexes. Moreover, support for the in 

vivo relevance of these interactions was provided by showing that overexpression of 

SCPL-1 results in abnormal localization of UNC-89, a key component of sarcomeric M-

lines.

We previously reported that SCPL-1 interacts with the two protein kinase domains of 

UNC-89 18, and reported first identification of LIM-9 as a component of the integrin-

associated protein complex at M-lines, and that the closest homolog for LIM-9 in mammals 

is “four and one-half LIM protein”, FHL 29. Here, we show that SCPL-1 interacts with 

LIM-9, and that LIM-9 interacts with UNC-89. In fact, our finding that UNC-89 interacts 

with LIM-9, now allows us to link the giant multi-domain protein UNC-89 to the integrin 

associated protein complex at the M-line (Figure 10)—a continuous linkage of proteins from 

the extracellular matrix to the thick filaments 29, 33–36. Moreover, although the largest 

isoform of UNC-89 (UNC-89B) is enormous and contains many domains, it is likely that 

LIM-9 and SCPL-1 only interact with the protein kinase domain containing regions of 

UNC-89: Using LIM-9, SCPL-1a or SCPL-1b as either 2-hybrid bait or prey to screen 16 

fragments that comprise the largest UNC-89 isoform, we failed to identify interaction with 

any other portions of UNC-89 (results to be described elsewhere).

What is the function of LIM-9 in nematode muscle? Although two of the mammalian 

homologs of LIM-9 called FHL-2 and FHL-3 have been shown to interact with the 

cytoplasmic tails of several α- and β-integrins 37, 38, we have reported that LIM-9 failed to 

interact with the cytoplasmic tail of β-integrin 29. Nevertheless, LIM-9 was shown to interact 

with UNC-97, which is part of a 4 protein complex (including PAT-6 (actopaxin), PAT-4 

(integrin linked kinase) and UNC-112(Mig-2)) that does associate with the tail of β-integrin. 

Thus, in both mammals and in nematodes, FHL proteins are linked to integrins, either 

directly or indirectly through integrin associated proteins.

Although knockout alleles of lim-9 have no obvious phenotype 29, mutations in one of the 

mammalian homologs of LIM-9 called FHL1 has been associated with three types of X-

linked human myopathies 39, 40, 41. FHL1 is just one member of a family of four mammalian 

FHL proteins. Whereas FHL1 is ubiquitously expressed, FHL2 is primarily expressed in the 

heart 42 and localized to Z-disks and also to M-lines. FHL3 is localized to Z-disks in skeletal 

muscles 37. Recently, Cowling et al. have shown that overexpression of FHL1 in transgenic 

mice results in both skeletal muscle hypertrophy and enhancement of myoblast fusion in 
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vitro; in addition, these authors showed that FHL1 interacts with NFATc1 and stimulates the 

transcription factor activity of NFATc1, probably leading to increased transcription of genes 

that result in increases in myofibrillar mass 43. Interestingly, our finding that LIM-9/FHL 

interacts with a giant protein kinase (in our case, UNC-89) is not unprecedented: FHL2 was 

found primarily to interact with 2 regions of mammalian titin—the N2B region, a heart-

specific sequence of the I-band portion of titin, and the is2 region in the M-line portion of 

titin 44. These authors also showed that several muscle specific isoforms of metabolic 

enzymes such as creatine kinase, adenylate kinase and phosphofructokinase also interact 

with FHL2. Thus, our finding that LIM-9 interacts with both the first kinase domain of 

UNC-89 (PK1) and the SCPL-1 phosphatase adds two more enzymes to those that can 

associate with an FHL protein.

What is the function of the associations of LIM-9 and SCPL-1 with UNC-89? Previously, 

we reported that SCPL-1, under the conditions tested, was not a substrate for 

phosphorylation by the UNC-89 PK2 kinase domain 18. We note here that LIM-9 also could 

not be phosphorylated by UNC-89 PK2 (data not shown). Nevertheless, we propose two 

alternative models (Figure 9B and C) for the function of a LIM-9 / SCPL-1 complex in 

stabilizing interactions between two UNC-89 molecules, or between regions of one UNC-89 

molecule, to form a loop at the C-terminal part of UNC-89. Support for the first model, that 

is, that an SCPL-1 / LIM-9 complex acts as a bridge between two adjacent UNC-89 

polypeptides was provided by our finding that overexpression of SCPL-1 disrupts the 

organization of UNC-89 at the M-line (Figure 8). Perhaps excessive levels of SCPL-1 

interfere with a ternary protein complex composed of SCPL-1 / LIM-9 / UNC-89, and this 

leads to disruption of the normal linkages of UNC-89 molecules through their kinase domain 

regions.

As shown in Supplementary Figure 1, RNAi knockdown for either lim-9, scpl-1, or both 

lim-9 and scpl-1 together, have no affect on the localization or organization of UNC-89. 

Given our model, we expected that such a “double mutant” might have a phenotype similar 

to unc-89 mutant alleles that lack the kinase domain-containing isoforms, UNC-89-B and 

UNC-89-F (alleles st79 and tm752 4). Because we observed normal localization of UNC-89 

in the lim-9; scpl-1 double RNAi, it suggests yet an additional protein or proteins might link 

the kinase domain-containing portions of UNC-89. However, screening of the two-hybrid 

library with the interkinase domain of UNC-89 revealed no new interactors (data not 

shown). In the future we will attempt co-immunoprecipitation of UNC-89 with its binding 

partners followed by mass spectrometry to perhaps reveal these missing proteins.

The sequence of the interkinase region, in particular, the N-terminal 450–500 residues, 

suggests physical properties that are consistent with either model. This 450–500 amino acid 

region is predicted to have very little secondary structure, low sequence complexity and high 

proline content (Figure 5). These features suggest that this portion of the interkinase region 

is structurally flexible or even elastic. Flexibility would facilitate an intramolecular loop (the 

second model). It is also possible that elastic interkinase regions of two oppositely oriented 

UNC-89 molecules linked together by SCPL-1 and LIM-9 might allow a certain degree of 

structural expansion and contraction of the M-line. By two hybrid, the LIM-9 binding site 

has been mapped to the C-terminal 200 residues of the interkinase region (Figure 3). Again, 
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sequence analysis is compatible with this result in that this sequence is different from the 

preceeding 450–500 residues, in that it is predicted to have some secondary structure, a lack 

of low sequence complexity regions and near normal proline content.

MATERIALS AND METHODS

Worm Strains and Culture

Bristol N2 was the wild-type strain, grown at 20°C on NGM plates with Escherichia coli 

strain OP50 as food source 45.

Yeast Two-hybrid and Three-bybrid Screens and Assays

The yeast two-hybrid method used to screen the nematode M-line bookshelf and to test for 

protein-protein interactions was performed as described 29, 34. The DNA sequences 

corresponding to fragments of a given protein were amplified by using synthesized primers 

and cDNA library template or plasmid templates isolated from the library during two-hybrid 

screening as described previously 29. The yeast three-hybrid assay was performed also as 

previously described 33.

Plasmid Construction

To construct yeast 2-hybrid plasmids for the interkinase region of UNC-89, we amplified the 

various portions of this region as depicted in Figure 3C using primers YIKC, YIKD, YIKJ, 

YIKK and YIKL as shown in Table 1. After cloning into pBluescript and verifying error-

free sequences, the fragments were re-cloned into pGBDUC1 and pGADC1. The KD 

fragment from the pBluescript clone was also re-cloned into pGEXKK1 for expression of a 

GST-KD fusion protein. The method used to construct plasmids for yeast expression of 

myc-tagged SCPL-1a and b was described 18. To express hemagglutinin (HA)-tagged 

UNC-89 fragments in yeast, PCR was performed to amplify UNC-89 fragments by using the 

primers YIKK and YIKD for interkinase region (fragment KD in Figure 3C). The cDNA 

sequence was cloned into pKS-HA8 (Nhex2) (three HA-tagged vectors) by using SmaI and 

XhoI sites. HA-tagged UNC-89 interkinase region (KD fragment) was excised from this 

construct using NheI and inserted into pGAP-C-Nhe (yeast expression vector, TRP1 marker) 

by using the NheI site of the vector. Construction of the plasmid for expression of HA-

tagged AB fragment of the PK1 region of UNC-89 was described 18. The plasmid used for 

expression of HA-tagged FB fragment of the PK1 region of UNC-89 was made by using 

primers U89-PK1-F and U89-PK1-B to PCR amplify and clone into pKS-HA8(Nhex2) 

(three HA-tagged vector) by using EcoRV and SalI sites.

Purification of Bacterially expressed proteins

The procedures for purification of GST or MBP fusion proteins were described 

previously 46.

Assays to Confirm Interaction between Proteins

To confirm a protein-protein interaction detected by the yeast two-hybrid assay, yeast-

expressed myc- or HA-tagged proteins were immunoprecipitated and tested for binding with 
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bacterially expressed MBP-tagged proteins. To verify the interaction between SCPL-1 and 

LIM-9, myc-tagged SCPL-1a or −1b was expressed in yeast, and lysates were prepared as 

described 18. Myc-tagged SCPL-1a or −1b was immunoprecipitated from yeast lysates 

containing 300 mg of total protein in a volume of 500 µl for 1 h with shaking at 4°C in 

immunoprecipitation (IP) buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM 

EDTA, 0.25% gelatin, complete mini protease inhibitors, and 0.1% NP-40) using 50 µl of a 

1:1 slurry of agarose beads conjugated to rabbit anti-myc antibodies (Sigma-Aldrich, cat. no. 

A7470). The beads were pelleted and washed 3X with IP buffer, and then incubated at 4° C 

for 1 h with shaking in a total volume of 500 µl with 10 µgs of either bacterially-expressed 

MBP-LIM-9 or MBP. The beads were washed 3X with IP buffer, transferred to clean 

Eppendorf tubes, pelleted, and the proteins eluted in 30 µl of Laemmli buffer. Two 10% 

SDS-PAGE were run and transferred to nitrocellulose membranes—one gel contained 5 µl 

of eluted protein per lane, and the other gel contained 25 µl per lane. The blot that had the 5 

µl samples was reacted with mouse monoclonal to myc (Sigma-Aldrich cat. no. M4439) at 

1:1000 followed by anti-mouse conjugated to horseradish peroxidase (HRP; Amersham) at 

1:10,000, and detection by ECL. The blot containing 25 µl samples was incubated with 

HRP-conjugated anti-MBP (New England Biolabs) at 1:5000 and detected by ECL.

To confirm the interactions between the PK1 or interkinase regions of UNC-89 with LIM-9, 

we expressed in yeast HA-tagged PK1 AB or FB fragments, or HA-tagged interkinase 

region-KD, immunoprecipitated them with anti-HA bound agarose beads and conducted a 

binding assay with bacterially-expressed MBP or MBP-LIM-9, using methods described 18.

A far western assay was also used to confirm the interaction between SCPL-1a and LIM-9 

(LIM domains only), performed essentially as previously described 29.

Immunostaining and Microscopy

Wild type adult worms were immunostained after fixation by the method described by 

Nonet et al. 47. Anti-interkinase region of UNC-89 (anti-IK 10) was used at 1:400 dilution, 

and anti-LIM-9 (Benian-9) was used at 1:100 dilution. Secondary antibodies and confocal 

microscopy were as described 29.

Amino acid sequence analysis

The interkinase sequence was analyzed using a combination of the Protean programs in the 

Lasergene package for tabulating amino acid composition and predicting secondary 

structure, and the website www.predictprotein.org for predicting SEG low-complexity and 

NORS regions. The average frequency of each amino acid in the C. elegans proteome was 

calculated by M. Borodovsky (pers. comm.).

RNAi for lim-9 and scpl-1

RNAi was performed by a feeding method 48. For feeding RNAi, the following plasmids 

were used: pPD129.36-lim-9 for lim-9, pPD129.36-scpl-1a for scpl-1, and pPD129.36-

lim-9/scpl-1a for lim-9 and scpl-1 double RNAi. To construct pPD129.36-scpl-1a, the XhoI 

fragment of 25B (originally isolated from yeast 2-hybrid screening with UNC-89 PK2 as 

bait18 containing full length of scpl-1a) was cloned into pPD129.36 49 using its XhoI site. 
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pPD129.36-lim-9 was made by cloning of a PCR-amplified LIM-9 N-terminal half 

fragment29 into pPD129.36 using BamHi and XhoI sites. For making pPD129.36-lim-9/

scpl-1a double RNAi plasmid, the XhoI fragment of 25B (scpl-1a) was cloned into the XhoI 

site of pPD129.36-lim-9.

For immunostaining of RNAi worms, sufficient numbers of worms were obtained by the 

following protocol. Feeding bacteria carrying a specific plasmid were cultured in liquid 

2xYT and induced to produce dsRNA by adding IPTG to a final concentration of 0.4 mM 

for 4 hrs. Induced bacteria cells were spotted onto NGM containing ampicillin (50 µg/ml) 

and tetracycline (15 µg/ml). Worms (the RNAi hypersensitive strain rrf-3 48) were picked 

onto five 6 cm RNAi plates (each containing 3 spots of induced bacteria) at 10 worms per 

plate and these plates were incubated at 20°C overnight to eliminate RNAi non-affected 

eggs. The next day, 10 worms were transferred from the 6 cm plates to 10 cm plates (11 

spots of induced bacteria) and incubated at 20°C for 8 hrs. After 8 hrs, 10 worms were 

removed from the 10 cm plates. After 3 days incubation at 20°C, the F1 generation reached 

a good stage for immunostaining using the Nonet method 47.

Overexpression of myc-SCPL-1b

To construct a C. elegans expression plasmid of myc-SCPL-1b under the control of heat 

shock promoter, myc-tagged full length SCPL-1b fragment 18 was cloned into pPD49.78 

and pPD49.83 using the NheI site. Mixtures of pPD49.78/83-myc-SPCL-1b(FL) with 

pTG96 (SUR-5::GFP, as a transformation marker) 50were injected into wild type (N2) for 

generating transgenic worms. Transgenic animals were identified by finding animals in 

which SUR-5::NLS::GFP was expressed in nearly all cells. Several independent lines were 

examined. Transgenic worms were placed at 30°C for 2 hours to induce expression of myc 

tagged full length SCPL-1b. After an additional 24 hours incubation at 20°C, worms were 

collected, and used for preparation of fixation by the Nonet method 47. Fixed worms were 

stained with anti-myc rabbit antibodies (Sigma Aldrich, 1:500 dilution) and anti-IK (1:500 

dilution 10).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Yeast two-hybrid assays demonstrate interaction between SCPL-1 and LIM-9. (A) LIM-9 

contains a PET domain (red bar) and 6 LIM domains (green boxes). Full-length and deletion 

derivatives of LIM-9 as preys were tested for interaction with SCPL-1 or SCPL-1b as baits. 

The minimal interacting region of LIM-9 consists of the 6 LIM domains. (B) Both SCPL-1a 

and SCPL-1b have a protein phosphatase domain (orange bar) and share additional 

sequences (yellow). Full length SCPL-1a interacts with LIM-9. However, the N-terminal, 

non-phosphatase region of SCPL-1b is sufficient for interaction with LIM-9. + : growth on –
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Ade plates; −: no growth on –Ade plates. Blue bars represent the minimal portions required 

for interaction. ND: cannot be determined due to high background.
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Figure 2. 
Two methods confirm the interaction between SCPL-1 and LIM-9. (A) Yeast expressed myc 

tagged full length SCPL-1a or SCPL-1b were immunoprecipitated by anti-myc monoclonal 

antibody coated agarose beads, incubated with bacterially expressed MBP-LIM-9 (LIM 

only) or MBP, extensively washed, bound proteins were eluted and separated on SDS-

PAGE gels, blotted and reacted with anti-myc and anti-MBP antibodies. myc-SCPL-1a 

(molecular weight ~50 kDa) was detected after short exposure, as shown by the arrow head. 

Long exposure revealed myc-SCPL-1b (molecular weight ~70 kDa), as shown by the arrow. 
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(The 50 kDa band in the right four lanes of this central blot is likely to be rabbit 

immunoglobulin heavy chain resulting from cross reactivity with the anti-mouse secondary 

antibody used to detect the anti-myc monoclonal.) The bottom panel shows the results of 

reaction with anti-MBP and demonstrates that both SCPL-1a and SCPL-1b interact with 

MBP-LIM-9 (prominent bands at ~75 kDa) but not MBP. (B) SCPL-1a interacts with LIM-9 

(LIM only) by far western assay. The bottom shows a Coomassie-stained SDS-PAGE of the 

starting materials: MBP, MBP fused to the 6 LIM domains of LIM-9, GST and GST fused 

to SCPL-1a. On the top is the far western: a gel similar to the one on the bottom was used to 

separate GST or GST-SCPL-1a, and the proteins transferred to a membrane. One half of the 

blot was incubated with MBP, the other with MBP-LIM-9 (LIM only), washed, and each 

half was incubated with antibodies to MBP conjugated to horseradish peroxidase. Reactions 

were visualized by ECL. Note that MBP-LIM-9 but not MBP interacts with SCPL-1a. The 

arrowhead indicates the position of GST; the arrow indicates the position of GST-SCPL-1a.
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Figure 3. 
Yeast two-hybrid assays demonstrate interaction of LIM-9 with either the PK1 or 

interkinase regions of UNC-89. (A) The six LIM domains (green boxes) constitute the 

minimal portion of LIM-9 required for interaction with Fn3-Ig-PK1. The six LIM domains 

of LIM-9 are also sufficient for interaction with the interkinase region of UNC-89. (B) The 

entire PK1 region including the Fn3 and Ig domains N-terminal of the kinase domain (PK1) 

is required for interaction with LIM-9. (C) A C-terminal portion of the interkinase region of 

UNC-89 (about 200 amino acid residues) is sufficient for interaction with LIM-9. + : growth 
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on –Ade plates; -: no growth on –Ade plates. Light green bars represent Fn3 domains and 

pink bars represent Ig domains. In UNC-89, the bar filled with heart dots denotes the PK1 

protein kinase domain, and the bar filled in stripes denotes the PK2 protein kinase domain. 

Blue bars represent the minimal portions required for interaction.
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Figure 4. 
Confirmation of interaction of LIM-9 with either the PK1 or interkinase regions of UNC-89. 

(A) Bacterially expressed LIM-9 interacts with yeast expressed HA-PK1. Yeast expressed 

HA tagged PK1 (AB or FB fragments, as shown in Figure 3) were immunoprecipitated by 

anti-HA monoclonal antibody-coated agarose beads, incubated with bacterially expressed 

MBP-LIM-9 or with MBP, extensively washed, the bound proteins were eluted and 

separated on SDS-PAGE gels, blotted and detected with anti-HA or anti-MBP antibodies. 

Consistent with the two-hybrid assay, Fn3-Ig-PK1 (AB fragment) demonstrates a stronger 
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interaction with LIM-9, than does the kinase domain alone (FB fragment). No interaction 

was detected with MBP. (B) Bacterially expressed LIM-9 interacts with yeast expressed HA 

tagged interkinase region of UNC-89. Left, the C-terminal 2/3 of the interkinase region of 

UNC-89 (KD fragment, about 400 amino acid residues, as shown in Figure 3) interacts with 

MBP-LIM-9, but not MBP, using the same method described in (A). Right, coomassie 

brilliant blue (CBB) stained gel of MBP, MBP-LIM-9 and GST-KD. The top bands of 

MBP-LIM-9 and GST-KD are likely to be the full length fusion proteins, and the second 

bands may be degradation products. CBB staining demonstrates the molecular weight of 

MBP, MBP-LIM-9 and GST-KD. The bands of GST-KD on coomassie stained gel can be 

used to estimate the molecular weight of HA-KD.
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Figure 5. 
Sequence features of the 647 residue interkinase region of UNC-89. The sequence is devoid 

of recognizable domains. Residues 1–503 are italicized to denote that this is predicted to be 

a NORS region, a sequence with little to no secondary structure and possible structural 

flexibility. Double underlining represents the 5 segments within the first 470 residues that 

are predicted to be SEG low sequence complexity regions. Amino acids in color are those 

amino acids that are present at frequencies 0.5% above the average frequencies of a given 

amino acid in the C. elegans proteome. Note the high P,E,Q,R,D and K in residues 1–503. 

The binding site for LIM-9 has been mapped to residues 447–647.
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Figure 6. 
Co-localization of LIM-9 and the interkinase region of UNC-89 at the M lines in C. elegans 

body wall muscle. Anti-interkinase (of UNC-89) and anti-LIM-9 antibodies were co-

incubated with wild type animals, and the body wall muscle was imaged by confocal 

microscopy. The images show a portion of one body wall muscle cell. Anti-UNC-89 is 

localized to M lines, anti-LIM-9 is localized to both M lines and I bands. Scale bar, 10µm.
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Figure 7. 
Yeast three-hybrid assay demonstrates a ternary complex containing Fn3-Ig-PK1, SCPL-1 

and Ig-Fn3-PK2. Fn3-Ig-PK1 as bait was coexpressed with myc tagged SCPL-1a or 

SCPL-1b (or empty myc-vector as control) and Ig-Fn3-PK2 as prey. +: growth on –Ade 

plates; −: no growth on –Ade plates. The right panel shows the yeast growth on –Ade plates 

from each experiment from three independent colonies.
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Figure 8. 
Transgenic overexpression of SCPL-1b results in disorganization of UNC-89 in body wall 

muscle. Transgenic worms were generated that carry extrachromosomal arrays of a plasmid 

consisting of myc-tagged SCPL-1b full-length cDNA under the control of a heat-shock 

promoter. Each row shows images of body wall muscle stained with both anti-myc and 

antibodies to the interkinase region of UNC-89 (anti-IK). These arrays are sometimes lost 

during the somatic cell divisions that give rise to the mature body wall muscle cells. 

Moreover, of those muscle cells that retain the array, there is a variation in the level of 

expression from that array. The top row shows immunofluorescent staining of a muscle cell 

that has lost the array: anti-IK shows the normal pattern of localization of parallel M-

lines 10. The second row shows a muscle cell which retained the array but the level of myc-

SCPL-1b was mild: in this cell notice that by anti-myc staining there is both normal 

localization to I-bands and M-lines (similar to the anti-SCPL-1 antibody staining previously 

reported 18), and also in abnormal accumulations. Near the accumulations, anti-IK shows 
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broken M-lines. The bottom 2 rows show muscle cells, which judging from the level of anti-

myc staining have even higher expression of myc-SCPL-1b. In these cells, when stained 

with anti-IK, there are many broken M-lines and diffuse M-lines around accumulations of 

myc-SCPL-1b. Scale bar, 10 µm.
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Figure 9. 
Summary of interactions and two working models. (A) Summary of protein-protein 

interactions. The dotted lines show the interactions demonstrated previously 18. The 

phosphatase domain (orange bar) of either SCPL-1a or SCPL-1b interacts with Fn3-Ig-PK1 

as well as Ig-Fn3-PK2 of UNC-89. The dashed lines show the interactions newly uncovered 

in this study. Only the 6 LIM domains of LIM-9 are required for interaction with SCPL-1a 

(or SCPL-1b), Fn3-Ig-PK1, or the interkinase region of UNC-89. (B) Model 1 involves two 

anti-parallel UNC-89 molecules linked at their C terminal regions through interactions with 
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LIM-9 and SCPL-1. (C) In model 2, it is assumed that the non-domain interkinase region is 

flexible and forms a loop that is stabilized through interactions with LIM-9 and SCPL-1.
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Figure 10. 
Through their interactions with LIM-9, UNC-89 and SCPL-1 can now join the complex of 

proteins at the M-line costamere of C. elegans body wall muscle. This diagram is an updated 

version of the network of proteins described previously 29 that provide a continuous link 

from the ECM, through the muscle cell membrane to myosin heavy chain A (MHC A) in 

thick filaments at the M-line.
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Table 1

PCR primers

Primer name Sequence

YIKC GTACCCCGGGAACGATGAAAAGCTGAAAACTG

YIKD CGTACTCGAGCTATCCATCATCATCATTCTTCTTTGT

YIKJ CGTACTCGAGTCAACTCAACACAACTGGACTC

YIKK GTACCCGGGCCACAAGACAAAGGAGAA

YIKL GTACCCGGGTCTCCACGCCGTTCCACT

U89-PK1-B CGTACTCGAGCTACGGACCAAGAATTGCTTCAAG

U89-PK1-F GTACCCCGGGCGAGTGCGAGAGCTCTACGAA
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