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ABSTRACT. The receptor tyrosine kinase MuSK plays a crucial +ddeth as a signaling molecule and
structurally—in the process of clustering nicotinic acetylcholine receptors at the neuromuscular junction.
Immunofluorescence microscopy of transiently transfected fibroblasts has been used to visualize the cell-
surface distribution of MuSK, which is found in discrete, punctate clusters. This distribution does not
result from targeting of MuSK to identified plasma membrane subdomains, and MuSK's association with
itself is specific, as MuSK clusters at the cell surface are segregated from clusters of other cotransfected
receptor tyrosine kinases. A mutational analysis, using coexpressed pairs of MuSK mutants and chimeras,
demonstrates that the putative signal peptide is both necessary and sufficient for association with MuSK.
Removal of the intracellular domain or most of the extracellular domain, or replacement of the
transmembrane domain, does not abolish MuSK self-association. The N-terminus of the MuSK protein,
however, is sufficient to recruit another receptor tyrosine kinase to MuSK clusters. Quantitation and
statistical analysis of the amount of colocalization between coexpressed MuSK mutants and chimeras
confirm these results.

At the mature neuromuscular junction (NMJy highly Muscle AccessorySpecificity Component) 8). Stimulation
morphologically and molecularly specialized postsynaptic of MuSK signaling by agrin is in part responsible for
apparatus ensures efficient synaptic transmissipnNico- reorganization of nAChRs9¢11), although the sequence
tinic acetylcholine receptors (nAChRs) are concentrated to of events leading from MuSK phosphorylation/activation to
over 10 00Q«m? at the NMJ R), a density at least 3 orders nAChR clustering is still poorly understood (see teffor
of magnitude higher than the nAChR concentration in review).
extrasynaptic membran8)( During development, nAChRs Interestingly, in addition to the regulation of signaling
are evenly and diffusely distributed over the entire cell pathways through its kinase enzymatic activity, MuSK also
surface of the developing muscle membrane until innervation geems to play a structural role at the NMJ. A tekuSK
(4), at which time existing NnAChRs in the sarcolemma are chimera that is constitutively active but does not contain the
recruited to, and anchored at, the site of nerve contact. This\j sk extracellular domain does not induce nAChHR cluster-
clustering is stimulated by the neuronally released, extra- jng (13). Similarly, the juxtamembrane region of the MuSK
cellular-matrix associated heparan sulfate proteoglycan agringxtracellular domain is required for MuSK interaction with
(5). Deletion of the neuronal-specific agrin gene in mice is  the intracellular NAChR clustering protein rapsyn. MuSK has
lethal, and mice null for this splice variant have fewer, peen suggested to function as a central scaffold around which
mislocalized nAChR clusters and none of the postsynaptic the rest of the postsynaptic apparatus is constructed via
specializations associated with mature NM8g (- interactions with rapsynld). This theory is supported by

The agrin receptor consists of the receptor tyrosine kinasethe fact that, in mice with a deletion of either the agrin or
(RTK) MuSK (for MuscleSpecificKinase) ), coupled with  r35syn gene, MuSK protein is concentrated in the central
an as-yet unidentified coreceptor, referred to as MASC (for jhnervated band of the muscle membrane despite the lack
of synaptic nAChR clusteringlf). MuSK is concentrated
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with itself but not other coexpressed proteins. To identify Aectqs-4s5, FTMUSK 1—-44/486-868; rMuSKAectG7-492,
structural domains involved in this self-association, which rMuSK 1—36/493-868; rMuSKAectQs-4g5Aend@os-ges,
may relate to the structural component of MuSK function, rMuSK 1—-44/486-524; rMuSKAectG7—40-Aend®;s-ges,
we examined the surface distribution of a panel of MuSK rMuSK 1—-36/486-514; s#Nj3_4s -rMuSK, rMuSK 1—-22/
mutants in transfected fibroblasts using immunofluorescence49—868; rMuSK-trkTM, rMuSK +-492/rat trkB 429-453/
microscopy. Similar experiments have provided information rMuSK 515-868; (trkN,—4g)-rMuSK, rat trkB 1-48/rMuSK
as to the domains of the MuSK protein required for kinase 48—868; and (rMuSKN-4g)-trkB, rMuSK 1—48/rtrkB 47—
signaling 0), agrin binding 21), and interaction with rapsyn  802. The DNA sequence of the complete insert of each
(14). Here, we report that, surprisingly, the putative signal mutant was verified by nucleotide sequencing performed at
sequence of MuSK is both necessary and sufficient for MuSK the Harvard Medical School Biopolymer Facility.
self-association and discuss the implications of this finding. pBK-CMV Alac-tMuSK-myc @2) was provided by Dr.
Rick Huganir, John Hopkins School of Medicine; pCMX-
MATERIALS AND METHODS myc-trkB (myc inserted after residue 36, between the signal
AntibodiesThe antibodies used and their sources are rabbit sequence and the first structural domai2g)(by Dr. Philip
anti-caveolin, Transduction Laboratories (BD Biosciences); Barker, Montreal Neurological Institute, McGill University;
mouse anti-c-erbB-4 H4.77.16, NeoMarkers; mouse anti- and pCDM8-erbB4 (human)24) by Dr. Gabriel Corfas,
clathrin heavy chain Ab-1, Oncogene; mouse anti-Flag Children’s Hospital, Harvard Medical School.
octapeptide epitope tag M2 and fluorescein isothiocyanate Cell Culture.Human embryonic kidney HEK293T (293T)
(FITC)-conjugated mouse anti-Flag M2, Sigma-Aldrich; cells were grown in 25 c#nflasks in high glucose DMEM
rabbit anti-Flag, Zymed Laboratories or Sigma-Aldrich; supplemented with 10% FBSx1L-glutamine, 1 mM sodium
mouse anti-c-myc 9E10, Developmental Studies Hybridoma pyruvate, and & penicillin/streptamycin. Flasks were in-
Bank at the University of lowa; rabbit anti-c-myc Al14, Santa cubated at 37C and 10% CQ@ QT-6 cells (a gift of Dr.
Cruz Biotechnology; mouse anti-CD71 (transferrin receptor) Josh Sanes1@)) were grown in Medium 199 (Earle’s)
T56/14, Leinco Technologies; Alexa Fluor 488 (A488)- and supplemented with 5% FBS, 1% DMSO, 10% Tryptose
Alexa Fluor 596 (A596)-conjugated goat-anti-mouse IgG and Phosphate Broth, and<lpenicillin/streptamycin and incu-
goat anti-rabbit IgG and A488-conjugated cholera toxin bated at 37C and 5% CQ.
subunit B, Molecular Probes; and tetramethylrhodamine For transient transfection, cells were plated onto UV-
isothiocyanate (TRITC)- and FITC-conjugated goat anti- sterilized 12 mm circle cover slips treated with rat tail
mouse lgG and rhodamine Red-X-conjugatgglffagment collagen Type | (Becton Dickinson) at a density to yield
of goat anti-rabbit IgG, Jackson ImmunoResearch Labora- about 50% confluence the next day; confluence at the time
tories. of transfection ranged from 40 to 70%. Each cover slip was
Expression Plasmids and MuSK MutantMuSK was transfected with 0.5¢g DNA(S) using either the calcium
cloned via RT-PCR from mRNA isolated from rat skeletal phosphate metho@¥) or the Fugene-6 transfection reagent
muscle primary cultures treated under differentiation condi- (Roche, protocol according to manufacturer’s instructions
tions for 3 days (generously provided by Dr. Ken Rosen, using a DNA/lipid ratio of 1ug:2.5uL). Following trans-
Caritas St. Elizabeth’s Medical Center). cDNA was prepared fection, cells were incubated in growth medium under
with the 1st strand cDNA Synthesis Kit (Boehringer Man- standard conditions until the time of fixation and staining.
nheim), and full-length clones of rIMuSK were amplified via Immunocytochemistryf.ransiently transfected 293T cells
PCR using primers against the beginning and end of the were fixed and immunostained anywhere from 18 to 36 h
rMuSK coding sequence using the Expand High Fidelity after transfectiorrusually 24 h. The standard protocol for
PCR System (Boehringer Mannheim). PCR products were labeling surface proteins was as follows: cells were fixed
ligated into the EcoRI and Xbal sites of the pBK-CM\ac in 1% PFA in PBS for 20 min at room temperature, then
vector (Stratagene). All rMuSK mutants were constructed blocked in a solution of 4% bovine serum albumin (BSA,
using PCR-based mutagenesis of the affected region followedFraction V, Sigma), 10% goat serum, and 100 mM lysine
by insertion of the mutant sequence into wild-type MuSK (to quench any remaining free PFA) in PBS fioh atroom
and were derived from an RT-PCR clone with sequence temperature. The cover slips were transferred to a solution
identical to the rMuSK GenBank sequence (accession of the primary (2) antibody in Ab dilution buffer (4% BSA
number U34985) with one exception: a 10 amino acid insert and 10% goat serum in PBS) and incubated at room
at the first splice site between E209 and V210 (insert  temperature for 1 h, then incubated in secondar§) (2
EDSEPERDTK, analogous to the insert at this site in human antibody in Ab dilution buffer fo 1 h atroom temperature,
MuSK reported in ref7). Each mutant also contained an and then mounted using Citifluor mounting medium (Ted
epitope tag inserted after L34 (either myc, inserted sequencePella, Inc.) onto Superfrost/Plus microscope slides (Fisher).
EQKLISEEDLNL, or Flag, DYKDDDDKYV). For simplici- To label total (internal and surface) cellular receptor, a
ty’s sake, all constructs maintain the GenBank sequencepermeabilization step of 10 min in 0.1% Triton X-100 in
amino acid numbering; that is, the 10 aa splice insert and PBS at room temperature was added immediately before the
the epitope tag are not counted in the numbering. Other thanblocking step. In experiments involving differential labeling
these two insertions, the amino acid sequences contained irof surface and internal components (Figure 2), fixation and
each of the mutant constructs included in these studies arel® antibody incubation were followed by the permeabilization

as follows (see Figure 4): wild-type, rIMuSKB68; rMuSK- step, and then a repeat of blocking and incubation in a second
K608A, rMuSK 1-868 with K608 mutated to A; rMuSK-  1° antibody before labeling with°2antibodies.
Aendgeg-ges, IMUSK 1—-568; rIMuSKAend@,s-gss, IMUSK We performed several control experiments to address

1-524; rMuSKAend@is-ggs, rMuSK 1-514; rMuSK- whether the observed staining pattern was an artifact of the
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experimental conditions (data not shown). The same clusteredof the 100x 100 array in both images to Microsoft Excel.
pattern was observed in live, unfixed cells and in cells fixed These arrays were digitized such that any pixel with a value
at 4°C (a temperature at which endocytotic processes shouldequal to or higher than the value of the 1000th largest pixel
be shut down), suggesting that the pattern is not a result ofintensity (i.e., the top 10% of pixels) was assigned a value
reorganizations occurring during fixation. To address the of 1, and other pixels were assigned a value of 0. A ¥00
possibility that the clusters were a result of antibody-induced 100 overlap array was then calculated by multiplying the
aggregation in incompletely fixed cells, MuSK distribution two digitized values for each pixel. The total number of
was characterized in cells more strongly fixed at 4% PFA, pixels with value 1 in the overlap array divided by the total
or with an Ry, fragment of the secondary antibody to elim- number of pixels with value 1 in the original array1000)
inate one of the potential bivalent cross-linkers. In each case,yielded a value between 0 and 1, which when expressed as
there was no change in the degree or pattern of immunof-a percentage was the percent colocalization for that image.
luorescent surface clusters. Epitope-tagged MuSK protein The values fom represent the number of 100 100 pixel
was visualized using both mouse monoclonal and rabbit arrays for which this calculation was performed for a given
polyclonal antibodies against both the myc and Flag epitope pair of coexpressed proteins. No more than one array was
tags, and untagged MuSK was visualized using rabbit used from a single cell, and to the extent possible, cells were
polyclonal antibodies against an extracellular epitope. The selected from experiments performed on different dates (in
observed fluorescence pattern was the same for all of thesemost cases the population represents images gathered from
antibodies, showing that the pattern of staining was not a two to three different experiments).
function of the specific antibody or epitope tags being used. Statistical AnalysisTo assess whether there is a specific
Finally, we transfected the QT-6 fibroblast cell line used in association between two proteins in our expression system,
previous studies22) and found the same staining pattern the probability that the observed amount of colocalization
seen in 293T cells, suggesting that the result is not cell- could have occurred for two randomly distributed proteins
type-specific. was estimated according to the following protocol. From each
Fluorescence Microscopy and Image Editimgamunof- 100 x 100 array of digitized pixel values, every seventh pixel
luorescently labeled samples were examined using a Nikon(in both the vertical and horizontal axes) was selected,
Eclipse E800 epifluorescence microscope fitted with a yielding a subarray of 225 independent pixels. We assume
PlanFluor 106/1.30 oil immersion lens (Nikon) and a 100 that two pixels separated by at least six pixels can be
W mercury lamp (Chiu Technical Corp.) as a light source. considered independent since type 2 clusters are about six
FITC and A488 were visualized using a Nikon 91617-FITC/ pixels in diameter, and larger type 3 clusters most likely
HYQ filter (excitation 466-500 nm, emission 515560 nm). represent aggregates of type 2 clusters. With these two
Rhodamine, TRITC, and A596 were visualized using a Nikon subarrays representing the fluorescence signal in both chan-
96171-Rhod/CY3/HYQ filter (excitation 536650 nm, emis- nels of the same cell, the probability that the resulting number
sion 590-650 nm). Images were collected using the Micro- of overlapping ones (“double positive pixels”) would occur
MAX 5 MHz Digital Camera System (Princeton Instruments) given two independent samples was calculated using a
and the Metamorph Imaging System software (Universal Fisher’s exact test, yieldingmvalue. The lower the value,
Imaging Corp.) in grayscale without scaling or background the less likely the two samples are independent, that is, the
subtraction. Offline processing of these images (level adjust- more likely there is a specific association. The subset of
ment or color rendering) was performed using Adobe selected pixels was then shifted by (1, 1) and the same
Photoshop. Image level adjustment involved rescaling the analysis performed. Five more iterations of this shift yielded
range of lowest to highest pixel values in the original images a total of severm values for a given 10& 100 array. Since
to a range of 6-:256. For comparison of double-labeled the probability of rejecting the null hypothesis for any one
samples, grayscale images were pseudo-colored to eitheof these seven frames is necessarily less than the sum of all
magenta or green by converting the image to RGB color seven probabilities, this sum was used as an upper bound
mode, then filling the green channel with black (yielding a for thep value for the entire array and is thevalue assigned
magenta image) or filling the red and blue channels with to that array. This approach errs on the side of accepting a
black (yielding green). Perfect overlap (in both position and false null hypothesis (i.e., concluding independence when,

intensity) of green and magenta yields white.
Quantitation of Clustering and Colocalizatiofror the

in reality, there is specific association); in other words, it is
conservative with respect to concluding that a specific

quantitation of the distribution of cluster size and shape, the association occurs.

in-focus region of a grayscale image from a MuSK-

An aggregatep value for a given pair of proteins was

expressing cell was thresholded using Metamorph such thatgenerated using thevalues of each individual array within

the positive pixels most closely matched those that visually
defined clusters within the image. Using the Metamorph

Integrated Morphometry Analysis tool, we measured each
distinct object’'s mean radius, total pixel area, shape coef-

ficient, and average and total pixel intensity. Objects with a

the sample according to the following formul26}:

"“(—In p)
i!

Fa(P)=p

pixel area less than or equal to 5 were excluded, since these

generally represented thresholding noise.
To quantitate colocalization, the same 1R0100 pixel

wheren = number ofp values andp = product of allp
values.

area was selected from the two grayscale images from This combinedo value, Fn(p), represents the probability

fluorescein and rhodamine optics for a given cell and focal
plane. Using Metamorph, we exported the pixel intensities

that all of the observed expression patterns for a given protein
pair could have occurred if there was no specific association
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Ficure 1: Transfected MuSK clusters at the surface of fibroblasts.
Epifluorescence microscopy images of the distribution of transfected
MuSK as visualized using antibodies against the extracellular myc
epitope tag. (A) 293T cell fixed in 1% PFA and permeabilized in
0.1% Triton X-100 before antibody staining. XEell fixed but

not permeabilized to stain surface protein on8ee text for
discussion of the surface clusters represented by the arrows. Scale
bar, 5um.

between the two proteins, and it is evaluated against a
Bonferroni-corrected significance level of 0.002. It is fhe
value reported in Figure 9.

RESULTS

MuSK is Expressed in Discrete Clusters at the Cell
Surface.Figure 1 shows the fluorescence pattern obtained
from immunolabeling MuSK transfected into the fibroblast
cell line HEK-293T (293T) under two experimental condi-

tions. Cells that were fixed and permeabilized before FIGURE 2: Transfected MuSK does not colocalize with cell

antibody incubation, allowing for visualization of total ~Sompartment markers. 293T cells transfected with myc-tagged
llul tein. h d’ diff ticul it f staini MuSK were stained for surface MuSK and for markers for cellular
cellular protein, had a diifuse, reticular pattern or staining  compartments, then visualized using epifluorescence microscopy.

that filled the cell, with a ring of strong perinuclear staining Image 1 in each row is the fluorescence signal for MuSK stained
(presumably endoplasmic reticulum, Figure 1A). Cells that with an anti-epitope tag antibody. Image 2 in each row is the
were fixed but not permeabilized, such that only the cell- fluorescence for the cell compartment marker, stained as described

; below. Image 3 is the merge of images 1 and 2, pseudocolored.
surface MuSK but not internal MuSK would be labeled, had No significant overlap was seen for any of the markers tested, as

a markedly different pattern of staining made up of small, yisyajized with (A) anti-transferrin receptor antibody, a marker for
discrete puncta (Figure 1B). The camera exposure requiredearly endosomes; (B) anti-clathrin antibody, a marker for endocy-
to reach a given intensity level for permeabilized cells was totic clathrin-coated pits; (C) anti-caveolin antibody, a marker for
as much as 10 times shorter than that required to reach the&aveolae; and (D) cholera toxin subunit B (ChTx), a marker for

; ; o s GMI ganglioside-rich lipid rafts. Cells in panels A and D were
same intensity level for unpermeabilized cells. This differ- fixed in 1% PFA and stained; cells in panels B and C were stained

ence in overall intensity suggests that _the MuSK found in ysing the sequential staining protocol described in Materials and
surface clusters represents a small fraction of the total MuSK Methods for staining one surface protein and one internal protein.

in the cell. Images in all figures do not convey information Scale bar, m.

about the relative absolute intensity between conditions

because all images have been rescaled to the same maximur#®r all clusters combined was 0.46n (+0.02um, n = 212
intensity (as described in Materials and Methods). clusters), and the mean cluster area was @23 (£0.02

MuSK clustering at the cell surface was consistently #M? N = 212 clusters).
observed in all 293T cells expressing the transfected protein. MuSK Does Not Colocalize with Cell Compartment
The immunofluorescent puncta could be classified in roughly Markers. One potential cause of the observed surface
three different categories based on size, identified with distribution was that the transfected protein was specifically
numbered arrows in Figure 1B. The most commonly targeted to some subcellular compartment. To test this, we
observed was an intermediate-size cluster labeled as type 2double-labeled myc-MuSK-transfected 293T cells with anti-
these puncta were typically round, on the order of &% myc antibody and with markers for four different cellular
in diameter, and of moderate to strong fluorescence intensitycompartments: anti-transferrin receptor antibody, a marker
(pixel intensities within the cluster were usually at least 5-fold for surface-associated early endosom2g);(anti-clathrin
higher than the intensity of pixels in areas of the cell surface antibody, a marker for clathrin-coated endocytotic p3){
between the clusters). Interspersed between the type 2 clusteranti-caveolin antibody, a marker for caveolat8){ and
were smaller grains of staining (type 1), which were up to cholera toxin B subunit, a marker for ganglioside-rich lipid
4-fold smaller in diameter and usually significantly dimmer, rafts. As shown in Figure 2, in no instance did the
and larger irregularly shaped clusters (type 3), which were immunofluorescent signal for MuSK overlap with the cell
2—5 times larger and usually of higher fluorescence intensity. compartment marker. The punctate staining pattern, thus, is
Type 3 clusters often had the appearance of two or morenot a result of a cellular compartmentalization process, at
type 2 clusters fused together. The mean cluster diameterleast for the compartments tested.
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FiGURE 3: rMuSK clusters specifically with itself in 293T cells o L1 L]
and not with cotransfected proteins. Flag-tagged rMuSK was 1 2 3 4 5 6 7
cotransfected with other proteins containing a single membrane-
spanning region, followed by immunostaining of the surface proteins

and visualization using epifluorescence microscopy. (A) Surface r T I T e
clusters of myc-tMuSK (as visualized with an anti-myc antibody) 1 [ ss | | 191
and Flag-rMuSK (visualized with an anti-Flag antibody). The 1

percent colocalization for coexpressed tMuSK and rMuSK was ‘ -

70%, withp < 1075 (see text). (B) The surface clusters of myc- 2 | SS Rty ot

tagged rat trkB, visualized with anti-myc antibodies, have little or

no overlap with clusters of coexpressed Flag-rMuSK. Percent r T y
colocalization was 18%p = 1.0. (C) Clusters of coexpressed Flag- s I 8 l -
36

rMuSK and human erbB4 (visualized using an antibody against an 1 22
extracellular region of erbB4) were segregated. Percent colocal- |trkss | myc | Ig1
ization was 17%p = 1.0. Scale bar, xm. ==

Ficure 4: Cartoons of MuSK mutants. (A) Depiction of rat MuSK

- e : deletion mutants used. 1, wild-type; 2, rMuSK-K608A; 3,
MuSK Clustering Is SpecifidVe examined the surface IMUSKAENOe oo 4. IMUSK-AENdoss weg 5, MUSK—

distrit_)uti_on for severgl oth_er singlg-pass transmembraneAendeeg 6. IMUSK-Aectas 4s5 7, IMUSK-AeCtar 405 8,
proteins in 293T cells, including transiently transfected RTKS rMuSK-Aectas-sssAendaos-gss and 9, rMuSKAect®r—_aor
trkB and erbB4 and the structural proteirs-dystroglycan Aenda;s-ges (B) Depiction of deletions and substitutions at the
(all of which are also concentrated at the NMJ) and the rMuSK N-terminus, used in the experiments described in Figure

- . 8. 1, wild-type; 2, myc-s&xNy3-45-tMUSK (see text for explanation
endogenous proteins transferrin receptor and class I_MHC. t the three different signal sequence endpoints): 3, Flag-
Each of these proteins had a clustered surface pattern in 293V MuSKN;_4g)-trkB; and 4, myc-(trkN_ag)-rMuSK.

cells. The only protein tested with a more uniform distribu-

tion at the cell surface was transfected CD4 (data not shown).the calculated percent colocalization for coexpressed tMuSK
These observations raised the possibility that the clustersand rMuSK was 70%. Statistical testing of the data using
were a result of a nonspecific aggregation of proteins Fisher's exact test, as described in Materials and Methods,
expressed at a high level at the cell surface. yields a probability of less than 1®that the distributions
Coexpression studies, however, indicate that these protein®f these two proteins are independent of each other,
specifically self-associate and do not associate with otherindicating that there is a specific association between the
cotransfected proteins (Figure JorpedoMuSK (tMuSK) two. The coexpressed pairs of rMuSK with either trkB or
and rat MuSK (rMuSK), tagged with different epitopes for erbB4, however, yielded a percent colocalization-@0%,
differential labeling, exhibited immunofluorescence signals with a p value of 0.9-1.0, indicating that the distributions
with a high degree of overlap (Figure 3A, see arrows). In of clusters of the two proteins are independent of each other.
contrast, when Flag-tagged rMuSK was coexpressed with Such prominent segregation of surface clusters of different
either myc-trkB or erbB4, there was very little overlap proteins suggests that the punctate distribution is not a result
between the two immunofluorescence signals, even thoughof a nonspecific aggregation or cellular shepherding of
the clusters of the two proteins were intermingled and often overexpressed proteins at the cell surface and implies that
in close proximity to each other (Figure 3B,C, see arrows MuSK self-association is specific.
for examples of neighboring but nonoverlapping clusters).  Mutational Analysis: Extracellular and Intracellular
To quantitate the extent of overlap for two fluorescence Regions.To identify domains within the MuSK protein
images (and by inference two expressed proteins), we usedmportant for self-association, we engineered a panel of
an algorithm adapted from that used in 28 as described  rMuSK mutants, as described in Materials and Methods. A
in Materials and Methods. When this algorithm was used, cartoon of these rMuSK mutants is found in Figure 4.

4847

4848

N
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FIGURE 6: The transmembrane domain of MuSK is neither
necessary nor sufficient for self-association. The transmembrane
region (TM domain) of rMuSK was replaced with the TM domain

of trkB (rMuSK-trkTM). This construct was coexpressed in 293T
cells with either rMuSK or trkB. The pattern of surface expression
was determined using immunofluorescence, and a percent colocal-
ization was determined as described in Materials and Methods. (A)
rMuSK lacking the rMuSK TM domain (rMuSK-trkTM, A2) was
expressed at the surface in clusters similar to those seen for wild-

¢ type rat MuSK (Al). This chimera also had a high degree of
colocalization (percent colocalization 61%0< 105) with clusters
of wt rMuSK. (B) rMuSK-trkTM clusters were not colocalized with
trkB clusters (18%p = 0.9). Scale bar, wm.

=} o
protein and the region of the TM domain (Figure 4A,
nos. 8 and 9, rMuSKendg;s sesAectas 455 and

rMuSKAenda@;s-gssAect@r-492). These minimal constructs

FiGure 5: Neither the intracellular domain of rMuSK nor most of \yare expressed at the surface of 293T cells in clusters (Figure
the extracellular region is necessary for clustering. 293T cells were 5C). Theref ither th tire int lular d .

transfected with a single rMuSK mutant, and the surface expression )- ereiore, neither the en Ire_ 'n_ race u ar domain nor
pattern was determined by immunofluorescent staining of the the bulk of the extracellular domain is reqUIred for surface

epitope tag in fixed cells. (A) rMuSK mutants with kinase- self-association to occur.

inactivating mutations or intracellular deletions were clustered. 1, : ‘. .
myc-rMUSK—K608A: 2, myc-rMuSK\endage-ses 3, myc-rMUSK- _ Mutational Analysis: Th(_a Transmgmbrane-Spannlng Re-
Aendezs-gss and 4, myc-rMuSK-Aendais-sss (B) rMuSK gion (_)f rMuSK.T_he guestion remained yvhe_ther the T_M
mutants involving deletion of most of the extracellular domain, domain, present in all constructs tested in Figure 5, might
including all four Ig-like domains and the C6 box, were clustered. play a role in surface clustering. Since deletion of this TM
1, myc-rMuSKAectas_4ss and 2, Flag-rMuSKAectayrse (C) domain would disrupt rMuSK’s insertion into the membrane,

:jl\élrlilsaﬁmduet?er;itgncson\:vtg:\emgcﬂgizr?; 'nltracme;lcl{lfl\;gggéﬁf;?m'ar we substituted the rat trkB TM domain for the rMuSK TM

Aenda,s-ges, and 2, Flag-rMuSKAectG7-49-Aend@;s-gss Scale domain (rMuSK-trkTM). When expressed in 293T cells,
bar, 5um. rMuSK-trkTM was distributed in clusters at the surface.

When this chimera was coexpressed with wild-type (wt)
Initially, we made large deletions in the intracellular rMuSK, there was a high amount of colocalization of the
domain of rMuSK by introducing premature stop codons clusters (61%p < 1075 Figure 6A), indicating that the
either immediately before the kinase domain (Figure 4A, no. rMuSK TM domain is not necessary for association with
3, IMuSKAend@es-seg), 10 amino acids beyond the putative rMuSK clusters. In addition, coexpression of rMuSK-trkTM
transmembrane (TM)-spanning region (Figure 4A, no. 4, with trkB in 293T cells resulted in clusters of each protein
rMuSKAenda;s-seg), Or immediately after this TM domain  but with a low level of colocalization (18%,= 0.9, Figure
(Figure 4A, no. 5, rIMuSKenda;s-gsg). We also tested a  6B). The trkB TM domain, thus, is not sufficient to recruit
full-length but kinase-inactive point mutaritQ) (Figure 4A, the chimera to trkB clusters.

no. 2, rMuSKeosa). As shown in Figure 5A, each of these Mutational Analysis: The rMuSK N-TerminuBhe only
mutants was expressed in a clustered pattern at the surfac@agion of rMuSK unaltered in all previously tested constructs
of transfected 293T cells. was the N-terminal 36 amino acids, including the epitope
We also expressed two ectodomain deletions, remov-tag. As illustrated in Figure 7, one set of coexpression studies
ing either the region from Igtig4 (Figure 4A, no. 6, performed with the rMuSK ectodomain deletion mutants had
rMuSKAectas-4s5) or more completely the entire sequence already suggested that the position of this N-terminus might
from just after the epitope tag to the beginning of the TM be important in clustering. As previously shown, wt rMuSK
domain (Figure 4A, no. 7, rMuSKectar-497). Surface and tMuSK surface clusters were highly colocalized when
clusters were observed when these constructs were transeoexpressed in 293T cells (70%, < 1075, Figure 7A).
fected into 293T cells (Figure 5B). Further, the endo- However, when wt rMuSK was coexpressed with the
domain and ectodomain deletions were combined in two ectodomain deletion rMuSKectar-492, €ach was clustered
constructs that retained only the N-terminus of the at the surface with little colocalization (24%, = 0.6,
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FIGURE 7: The relative position of the N-terminus affects rMuSK
self-association. Pairwise cotransfections of rMuSK mutants were
performed in 293T cells, followed by immunofluorescent visualiza-
tion of surface protein expression and calculation of percent
colocalization. (A) myc-rMuSK and Flag-rMuSK were highly
colocalized (71%p < 1075). (B) When Flag-rMuSK and myc-
rMuSKAecta7-39, were coexpressed, almost no overlap was
observed between the clusters of the two proteins (331€46,0.9).

(C) Two differentially taggedecto rMuSKs,_myc-rMuoS&ect@Fggz FiIGURE 8: Colocalization of MuSK N-terminal mutants and
and Flag-rMuSH\ecta;—soz, were colocalized (56%p < 107°). chimeras. 293T cells expressing pairs of mutants were fixed,
Scale bar, Gium. immunostained, and visualized, and the percent colocalization was

. . s calculated as previously described. (A) Flag-rMuSKmyc-ss-
Figure 7B). A return to a more colocalized distribution was ANas_ss™MUSK. Deletion of the post-signal sequence region around

seen when two differentially labeled ectodomain mutant the epitope tag of rMuSK did not affect colocalization with wild-
rMuSKs were coexpressed (56%,< 10°°, Figure 7C). type rMuSK (68%p < 1075). (B) myc-trkB+ Flag-(rMuSKN,_¢)-

Hence, colocalization occurred when the N-termini of the trkB. Replacement of trkB’s N-terminus with that of rMuSK

; TSR ; abolished coclustering with trkB (25%,= 0.7). (C) myc-rMuSK
two proteins were at the same pOS'F'O” in relation to the + Flag-(rMuSKN - 4g)-trkB. trkB, which normally is segregated at
membrane (Figure 7A,C) but was abolished when the relative e syrface from rMuSK, was recruited to wt rMuSK clusters upon

positions of the N-termini were offset (Figure 7B). substitution of its N-terminus with that of rMuSK (70%,< 1075).

To assay the role of the N-terminal sequences of rIMUSK (D) sSAN23-4gTMuSK + Flag-(rMuSKN.-45)-trkB. Two mutants
without eliminating a signal sequence or epitope tag, we Whose only common sequence is rMuSK-22 were highly
constructed the deletion mutants and chimeras illustrated inS°'0calized (75%p < 107). Scale bar, Gum.

Figure 4B. The three s&Ny_ssTMuSK mutants deleted the ¢4 16wing the putative signal sequence (residues-28) is
latter half of this N-terminus while keeping the signal unnecessary for self-association.

sequence and the epitope tag (Figure 4B, no. 2). Thide The entire N-terminal region (residues-45) as a whole,
mutants were made, retaining the first 19, 22, and 25 aminogyever, is involved in self-association. Replacing the
acids of the rMuSK coding sequence because of uncertaintyn_terminus of trkB with that of rMuSK vyielded a protein
as to the minimum sequence required for proper presumed(\ySKN,_4g)-trkB) whose surface clusters no longer colo-
signal sequence processing. In addition, chimeras were madegjized with those of wt trkB (24% = 0.9, Figure 8B). In

in which the N-termini of trkB and rMuSK were swapped addition, the rMuSK N-terminus confers the ability to
((MUSKN;—4g)-trkB and (trkN.-4g)-rMuSK, Figure 4B, nos.  associate with wt rMuSK clusters, as coexpressed
3 and 4). (MuSKN;_4¢)-trkB and wt rMuSK were highly colocalized

Both sSAN2g-4g-rMUSK and ssANzs-4gTMUSK were (70%,p < 1075, Figure 8C). Thus, the N-terminal 48 amino
clustered at the surface when expressed in 293T cells. Theacids of rMuSK are sufficient to recruit the trkB protein to
SSAN,o-4-rMUSK construct was expressed internally but yMuSK clusters.
never reached the surface plasma membrane, suggesting that Given that the rMuSK N-terminus is sufficient for as-
at least the first 2622 residues are required for proper sociation of trkB with rMuSK clusters (Figure 8B) but the
membrane insertion and transport to the surface (data notiatter half of this N-terminus is not necessary for coclustering
shown). When s&N;-45TMUSK was coexpressed with wt  (Figure 8A), the first 22 amino acidghe putative signal
rMuSK, there was a high degree of colocalization (6§, sequenceare implicated in self-association. This is sup-
< 1075, Figure 8A); this result was the same forAbhs_ss ported by the fact that surface clusters of (MuSKN)-trkB
rMuSK (data not shown). That the 8dN-rMuSK constructs ~ and those of s&Nj3 4-TMuSK were highly colocalized
were themselves clustered and that they colocalized with wt (73%,p < 1075, Figure 8D). In this instance, the N-terminus
MuSK clusters suggest that the region of the N-terminus of rMuSK is sufficient to allow colocalization with a protein
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strongly colocalize, and no observable homology between
those of rMuSK and trkB, which do not colocalize.

d f g
ﬁ ﬂ ﬂ At this point it remains unclear how the signal sequence
= ﬁ 0 might promote and/or maintain clustering. The standard

column  a b c e

| s s s | o8 [t mod_el for membrane insertion of int(_agral membrane proteins
row {MuSK | rMusk | 4endo | dendo | dedto | Furit vy B TSk predicts that the signal sequence is cleaved, and for those
FR P R A proteins that have been studied, it appears this cleavage is
! % " 70% | 71% 38% | 24% | 61% | 68% | 45% cotranslational and occurs shortly after the signal sequence
S °‘+ “‘+ + = emerges from the translocon into the lumen of the BR (
2 ﬁ Abnomsea| 26% | 38% | 40% | 36% | 20% | 37% | 52% | 28% 31). It is not known whether, and if so where, the signal
el et ol ool el il Ol el sequence is cleaved in the mature MuSK protein. This is
3 B Muske 5 N e O the subject of an ongoing investigation in our lab. The signal
ﬁ Aol e g P sequences of the EGF, insulin, and PDGF RTKs are cleaved
@(MUSKN“ N N P in the mature protei'n, pa_sed on 'N—tt.erminal sequencing
ST e ™| 1% | 70% 49% 5% e performed during their original purificatior8B2—34).
a e If signal peptide cleavage occurs for MuSK in these cells,
. q ke 18% "6 5% promotion of clustering at the cell surface could not occur
o via protein-protein interactions involving the signal se-
guence at the cell surface. One plausible mechanism for a
B cleaved signal sequence to induce clustering would be that
rat MuSK MREL-VNIPLVHILTLVAFSGT EK-LPKAPVI the signal sequence targets the nascent MuSK peptide to a

specific subcompartment of the ER, and that this subcom-

partment directs MuSK into a trafficking pathway that
rat trkB MARLWGLCLLVLGFWRASLA CPMSCKCSTT processes the protein in a way that results in cluster

FiUre 9:  Analysis of colocalization and signal sequences. (A) formation. This mechanism would be in agreement with the

Summary of the results of colocalization studies in 293T cells for . . . . . .
pairs of MuSK mutants/chimeras. Each cell presents the summaryeVOIVIng hotion that signal peptides may be involved in

data for the quantitated coexpression of the two corresponding SPeCific targeting beyond just membrane insertif) ( If
proteins and is presented as meanSEM, with the number of  this were the case though, one would have to postulate the
quantitt?]ted Sar%plesd Be(?egagh;?at ils the sggrepgaa&ﬁe Calcullat?d existence of several different ER compartments, or different
using the combined individug values from each sample (see Al 3 i
Materials and Methods). Empty cell, pair not quantitated= ::rlifsﬂtzli:zg ?athways, lto act:c_ount fo(rj the SeILspter? |f|C|ty of
<33%: 4 = 33-50%: 4+ = 50-67%: +++ = ~67%. (B) ! g for several proteins, and currently, there is no
Alignment of the N-terminal amino acid sequences for rMusK, evidence for such a multiplicity of parallel trafficking
tMuSK, and trkB. The break in the sequence indicates the predictedpathways.

site of signal peptide cleavage (using the SignalP 3.0 algorithm,  Another possibility is that the signal peptide of MuSK is

hitp:/fwww.cbs.diu.dk/services/SignalP). not cleaved and remains as a part of the mature protein. In
this case, some sort of direct homophilic interaction between
neighboring signal peptides could account for clustering, or
alternatively, a cluster could result from an interaction of

the peptide with other proteins that are associated with the
plasma membrane or the extracellular matrix. Any interaction

We used a mutational analysis to identify domains within with other cellular proteins would not involve muscle-specific
MuSK necessary for self-association. Figure 9 summarizesP/Ot€Ins, since the clustering occurs in fibroblasts. The

the colocalization results for all of the tested protein pairs. mamtt()anance cif .thi S|gbnal pephd;aém l:? tmature mtetgral
Each box within the chart displays the mean percent mem ra?e protein has :aer& repor ta)t,'( u V\tle ?re nc; th
colocalization for the corresponding protein pair for the aware ot any experiments demonstrating retention ot the

number of cells quantitated. The results are binned into fours'ql_nh‘?:eI zg?;faﬁiigziggyszgiﬁs summarized in Fiaure 9 also
categories: “-”, indicating no observable specific association . . . gure
) AR establish that the intracellular domain of MuSK, while not
of the clusters of the two proteins and insignificant aggregate : . o .
e DR - required for clustering, strengthens association. Deletion of
p values, and+" to “+++", indicating significant aggregate

values and increasing degree of observed colocalization.!€ Entiré endodomain, in rMuSkenda;s ses does not
P g deg “abolish surface clustering of the rMuSK protein (Figure 5A).

The predicted signal sequence (specifically residuez2) However, quantitation of the amount of colocalization
plays an essential role in MuSK self-association. This region petween this deletion mutant and other MuSK mutants shows
is sufficient to confer recruitment to MuSK clusters, based that colocalization is weakened without the endodomain
on the strong colocalization of 8Na3-4fMUSK and  (Figure 9A, row 2). There is specific association of
(MUSKN;-49)-trkB (75% colocalizationp < 10°°, Figure  rMuSKAend@is ges With wild-type MuSK or other endo-

9, box 4g). The importance of this region explains why pairs domain mutants, as indicated by the significant aggregate
of proteins in which the N-termini are distant from each values, but the colocalization values are relatively low+{35
other, relative to the plane of the membrane, do not colocalize 40%, p < 1075, Figure 9A, box 2b-d). It may be that the
(21—26%,p > 0.1, Figure 9A, boxes 3bd,f,g). As shown interactions between neighboring endodomains within the
in Figure 9B, there is a high degree of homology in the cluster have an enhancing effect on cluster formation or
predicted signal sequences of rMuSK and tMuSK, which maintenance. This could be a specific interaction between

Torpedo MuSK MNFIPVDIPLLMILLVTTGSSA DGILPKAPQI

that has the signal sequence of rMuSK but not the remaining
sequence preceding the first Ig-like domain.

DISCUSSION
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MuSK endodomains, or perhaps could be a property of any 3.

kinase domains in close proximity to each other. Alterna-
tively, the endodomain may stabilize clusters through
interactions with other cellular proteins. MuSK is known to
interact with cytoskeleton-associated proteid&<38), and

such endodomain interactions might play a role in our °:

system. Paradoxically, when two identical rMuSs&hda;s-sss
mutants with different epitope tags are coexpressed, the

clusters of the two are only mildly associated (3680< 6.

1075, Figure 9A, box 2d). The lack of cluster intermingling

in this instance raises the possibility that clusters of proteins
translated from different sources are initially segregated 7
before reaching the surface, and that maintenance of this
segregation at the surface accounts in part for the lack of
coclustering of different proteins. In this scenario, the
endodomain might play a role in allowing the association
of clusters once they have reached the surface.

The implication that MuSK plays a structural role at the
NMJ in addition to its function as a signaling moleculgl)
distinguishes it from other RTKs, and MuSK self-association
might contribute to that structural role. Alternatively, MuSK
clustering may have a function that is common to most
RTKSs, since receptor clustering is not unique to MuSK. In
fact, almost every single-pass transmembrane protein we
tested, endogenous or exogenous, had a similar punctate
distribution. Surface clusters of similar size have been
reported for other RTKs, such as members of the erbB and
Eph receptor families39, 40). How RTK function in general
is affected by clustering, and if such effects are the same
for every RTK, remains unclear.

Studies of membrane protein localization in cultured

fibroblast cell lines are performed under the assumption that 12.

the results are relevant to that protein in its native environ-
ment. While this technique has been used widely, different 3
interactions are seen for caveolin isoforms when expressed

in muscle cells compared with fibroblastl. In an effort

to test this assumption in the case of MuSK, we tried to
characterize the surface distribution of MuSK in the C2C12

skeletal muscle cell line. However, none of the anti-MuSK  14.

antibodies that we tested yielded a fluorescent signal above
background in C2C12 cultures, in both myoblasts and
differentiated myotubes, ha or agrin-treated. Similarly,
transfected C2C12 cells expressing exogenous MuSK had
no surface MuSK signal, using either anti-MuSK or anti-
epitope tag antibodies. These cells expressed transfected
MuSK protein internally, as visualized in permeabilized cells,
but any protein at the surface was undetectable (data not
shown).

Further research is necessary to elucidate the mechanisms
by which the signal sequence promotes clustering and the 1g
endodomain strengthens it. The results of such experiments
would have significant implications not only for MuSK
clustering and MuSK function but also for our understanding
of signal sequence function and processing and the trafficking
of RTKs.
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