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ABSTRACT The transport of glutamate receptors from the cell body to synapses is essential
during neuronal development and may contribute to the regulation of synaptic strength in
the mature nervous system. We previously showed that cyclin-dependent kinase-5 (CDK-5)
positively regulates the abundance of GLR-1 glutamate receptors at synapses in the ventral
nerve cord (VNC) of Caenorhabditis elegans. Here we identify a kinesin-3 family motor
klp-4/KIF13 in a cdk-5 suppressor screen for genes that regulate GLR-1 trafficking. klp-4
mutants have decreased abundance of GLR-1 in the VNC. Genetic analysis of kip-4 and the
clathrin adaptin unc-11/AP180 suggests that klp-4 functions before endocytosis in the ventral
cord. Time-lapse microscopy indicates that klp-4 mutants exhibit decreased anterograde flux
of GLR-1. Genetic analysis of cdk-5 and klp-4 suggests that they function in the same pathway
to regulate GLR-1 in the VNC. Interestingly, GLR-1 accumulates in cell bodies of cdk-5 but not
klp-4 mutants. However, GLR-1 does accumulate in klp-4-mutant cell bodies if receptor deg-
radation in the multivesicular body/lysosome pathway is blocked. This study identifies kinesin
KLP-4 as a novel regulator of anterograde glutamate receptor trafficking and reveals a cellular
control mechanism by which receptor cargo is targeted for degradation in the absence of its
motor.

Received: Apr 30, 2012
Revised: Jul 9, 2012
Accepted: Jul 26, 2012

INTRODUCTION

The neurotransmitter glutamate is responsible for the majority of
fast excitatory synaptic transmission in the mammalian CNS. Activ-
ity-induced changes in synaptic strength are believed to be the

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E12-04-0334) on August 1, 2012.

*Present address: Department of Biological Sciences, Butler University, Indianapolis,
IN 46208.

Address correspondence to: Peter Juo (peterjuo@tufts.edu).

Abbreviations used: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid; CDK-5, cyclin-dependent kinase 5; GLR-1, glutamate receptor-1; GIuR, glu-
tamate receptor; KLP-4, kinesin-like protein-4; MVB, multivesicular body; NMDA,
N-methyl-p-aspartate; VNC, ventral nerve cord; VPS, vacuolar protein sorting.

© 2012 Monteiro et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society of Cell Biology.

Volume 23 September 15, 2012

cellular mechanism underlying learing and memory (Bredt and
Nicoll, 2003; Shepherd and Huganir, 2007; Kessels and Malinow,
2009). One mechanism by which neurons regulate synaptic strength
is through altering the number of glutamate receptors (GluRs) in the
postsynaptic membrane. Many studies have focused on how activ-
ity-dependent exocytosis and endocytosis of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)-type GluRs regulate syn-
aptic GIuR abundance; however, much less is known about the
mechanisms involved in the anterograde trafficking of GluRs from
the cell body to synapses (Bredt and Nicoll, 2003; Shepherd
and Huganir, 2007; Kessels and Malinow, 2009; van der Sluijs and
Hoogenraad, 2011).

Kinesin and dynein superfamily proteins are ATP-dependent mo-
lecular motors that transport diverse cellular cargoes along microtu-
bules to various destinations in the cell (Vale, 2003; Goldstein et al.,
2008; Hirokawa et al., 2010). Microtubule-dependent motors are
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essential for synapse development and synaptic transmission. Loss
of motor function in Caenorhabditis elegans, Drosophila, and mam-
malian neurons can result in the accumulation of cargo early in the
secretory pathway and the mistrafficking of cargo to inappropriate
subcellular compartments. For example, loss of function of kinesin
UNC-104/KIF1A or kinesin UNC-116/KIF5 results in the accumula-
tion of presynaptic cargoes in neuronal cell bodies and axons and, in
some cases, in the inappropriate trafficking of cargo into dendrites
(Hall and Hedgecock, 1991; Ferreira et al., 1992; Okada et al., 1995;
Yonekawa et al., 1998; Byrd et al., 2001; Sakamoto et al., 2005;
Sieburth et al., 2005; Pack-Chung et al., 2007, Barkus et al., 2008;
Ou et al., 2010; Goodwin et al. 2012). Aberrant accumulation of
cargo in neuronal processes is observed in several neurological
diseases and can result in synaptic transmission defects, paralysis,
and neurodegeneration (Yonekawa et al., 1998; Martin et al., 1999;
Hafezparast et al., 2003; Koushika et al, 2004; Duncan and
Goldstein, 2006; De Vos et al., 2008). These studies illustrate the
important role that motor proteins play in the function and viability
of neurons and suggest a link between inappropriate motor activity
and neurodegenerative disorders.

Several microtubule-based motors are implicated in transporting
AMPA receptors to synapses in mammalian cultured neurons. The
microtubule minus end-directed motor cytoplasmic dynein trans-
ports AMPA receptors into proximal dendrites, which contain micro-
tubules of mixed polarity (Kim and Lisman, 2001; Kapitein et al.,
2010). The scaffolding protein GRIP1 recruits AMPA receptors to the
microtubule plus end—directed motor kinesin-1/KIF5 and steers the
complex into dendrites (Kim and Lisman, 2001; Setou et al., 2002).
Finally, the kinesin-3 family motor UNC-104/KIF1A, which transports
presynaptic cargo to synapses (Hall and Hedgecock, 1991; Okada
etal., 1995), has been implicated in trafficking AMPA receptors into
dendrites via the scaffolding protein SYD-2/liprin-o. (Wyszynski et al.,
2002; Shin et al., 2003). These results illustrate a common theme in
motor-dependent transport in which one cargo uses multiple mo-
tors to reach its ultimate destination in the cell (Vale, 2003; Guzik
and Goldstein, 2004; Hirokawa et al., 2010).

The genetic model organism C. elegans has been used to iden-
tify many genes that are involved in GIuR trafficking; however, the
molecular motors involved in transporting GluRs from the cell body
to synapses in C. elegans are not known. The C. elegans genome
contains 10 glutamate receptor subunits: 2 NMDA type and 8 non-
NMDA type (Brockie et al., 2001). GLR-1 is a non-NMDA receptor
that is most homologous to AMPA-type glutamate receptors (Hart
et al., 1995; Maricq et al., 1995; Brockie et al., 2001). GLR-1 is ex-
pressed in a population of ventral cord interneurons, where it is lo-
calized to sensory—interneuron and interneuron—interneuron syn-
apses (Hart et al., 1995; Maricq et al., 1995; Rongo et al., 1998;
Brockie et al., 2001; Burbea et al., 2002) and is required for several
glutamate-dependent behaviors (Hart et al., 1995; Maricq et al.,
1995; Zheng et al., 1999; Mellem et al., 2002; Chao et al., 2004). In
this study, we identify the kinesin KLP-4 as a novel regulator of glu-
tamate receptor trafficking in C. elegans.

KLP-4 is a kinesin-3 family member that is distinct from UNC-
104/KIF1A and most homologous to Drosophila kinesin Khe-73 and
mammalian kinesins KIF13A and KIF13B. In Drosophila, Khc-73 reg-
ulates neuroblast polarity and mitotic spindle orientation and has
recently been shown to localize to endosomes (Siegrist and Doe,
2005; Huckaba et al., 2011). In mammals, KIF13A transports the
mannose-6-phosphate receptor from the trans-Golgi network to the
plasma membrane (Nakagawa et al., 2000), mediates endosomal
sorting of cargo during melanosome biogenesis (Delevoye et al.,
2009), and regulates cytokinesis by recruiting phosphatidylinositol
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3-phosphate (PI3P) and scission machinery to the midbody (Sagona
et al., 2010). KIF13B (also known as GAKIN; Hanada et al., 2000)
mediates axonal polarity in hippocampal neurons in culture through
its ability to transport PIP3-containing vesicles into axons
(Venkateswarlu et al., 2005; Horiguchi et al., 2006).

We show here that KLP-4 promotes the abundance of the gluta-
mate receptor GLR-1 in the ventral nerve cord (VNC). Genetic analy-
sis and time-lapse data suggest that KLP-4 regulates the anterograde
trafficking of GLR-1. We previously showed that cyclin-dependent
kinase-5 (CDK-5) positively regulates the abundance of GLR-1 in the
VNC (Juo et al., 2007). Our genetic analyses indicate that KLP-4
functions in the same pathway as CDK-5 to regulate GLR-1 traffick-
ing. Furthermore, we find that in the absence of functional KLP-4
motors, GLR-1 does not accumulate in the cell body but is instead
targeted for degradation in the multivesicular body (MVB)/lysosome
pathway. Our results suggest that regulating the amount or avail-
ability of a motor can influence the cellular fate of its cargo.

RESULTS

Identification of KLP-4

We study GLR-1 trafficking in C. elegans by analyzing the distribu-
tion of GLR-1 tagged with green fluorescent protein (GFP) at an in-
ternal site in its cytoplasmic tail (GLR-1::GFP; Rongo et al., 1998).
GLR-1::GFP, expressed under the glr-1 promoter, localizes to puncta
in the VNC (Figure 1B). Greater than 80% of these puncta are closely
apposed to presynaptic markers, indicating that the majority of
GLR-1::GFP puncta in the VNC represent postsynaptic sites (Rongo
etal., 1998; Burbea et al., 2002). Expression of GLR-1::GFP under its
own promoter rescues the behavioral defects of glr-7-null mutant
animals, indicating that the GFP-tagged receptor is functional
(Rongo et al., 1998).

To identify novel genes involved in GLR-1 trafficking, we took
advantage of a previously identified gene, cyclin-dependent
kinase-5 (cdk-5), which regulates the abundance of GLR-1 in the
VNC of C. elegans (Juo et al., 2007). cdk-5 loss-of-function
mutants have decreased GLR-1 in the VNC and a corresponding
accumulation of GLR-1 in the cell body. In contrast, overexpression
of cdk-5 results in increased levels of GLR-1 in the VNC (Juo et al.,
2007). We performed a forward genetic suppressor screen to iden-
tify mutants that blocked the effects of cdk-5 overexpression on
GLR-1 in the VNC. From this screen we isolated pz19 as a strong
suppressor mutant. Genetic mapping and sequencing analysis in-
dicate that the pz19 allele contains a mutation in the kinesin-3 fam-
ily motor klp-4 (see Materials and Methods). The pz19 mutation
corresponds to a single C-to-T point mutation (C3076T) in the
cargo-binding tail of klp-4 that results in a premature stop codon
(R1026Stop; Figure 1A). The C. elegans genome encodes three
kinesin-3 family members, UNC-104/KIF1A, KLP-4/KIF13, and
KLP-6/KIF28 (alignment shown in Supplemental Figure S1A; Peden
and Barr, 2005). KLP-4 is homologous to Drosophila kinesin-73
(Khc-73; 48% identity) and mammalian KIF13A (46% identity) and
KIF13B/GAKIN (44% identity; Figure 1A and Supplemental Figure
S1B). KLP-4 is likely a microtubule plus end-directed motor be-
cause its N-terminal motor domain is >60% identical to the motor
domains of plus end-directed kinesins Khe-73, KIF13A, and KIF13B
(Figure 1A and Supplemental Figure S1B). In addition, KLP-4 con-
tains the signature amino acids found in plus-end motors (Case
et al., 1997; Supplemental Figure S1). Of the two mammalian ho-
mologues, KLP-4 appears to be more closely related to KIF13A
based on sequence identity and the lack of a microtubule plus
end-binding CAP-Gly domain, which is found at the C-terminus of
KLP13B (Figure 1A).
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FIGURE 1: The kinesin KLP-4 functions in the VNC to regulate the abundance of GLR-1 and
GLR-1-dependent behavior. (A) Protein domain organization of C. elegans KLP-4, Drosophila
Khe-73, and mouse KIF13A and KIF13B. The N-terminal motor domain (red box) containing the
signature ATP-binding motif (thin black bar) and microtubule-binding regions (thick black bar),
the cargo-binding domain (gray box), the Forkhead-associated domain (FHA; purple box), and
the microtubule plus end-binding domain (CAP-Gly; orange box) are shown. The percentage
identity of the motor domain of C. elegans KLP-4 (percentages in white) or full-length KLP-4
(percentages in black) vs. Drosophila Khc73 and mouse KIF13A and KIF13B are indicated.

(B-F) Representative images of the anterior VNC of larval stage 4 (L4) wild-type (B), klp-4(pz19)
(C), rescued klp-4(pz19) (D), klp-4(tm2114) (E), and rescued klp-4(tm2114) (F) animals expressing
an integrated GLR-1::GFP transgene (nuls25). In these and all subsequent images anterior is to
the left and ventral is up. (G, H) Quantification of GLR-1::GFP puncta intensities (normalized;

G) and densities (H) for the strains pictured in B-F. Means and SEM are shown for n =38
wild-type, n =23 klp-4(pz19), n = 21 rescued klp-4(pz19), n = 20 klp-4(tm2114), and n =21
rescued klp-4(tm2114) animals. (I) Quantification of number of spontaneous reversals per minute
for n =20 wild-type, n = 20 klp-4(tm2114), and n = 23 animals expressing an integrated kip-4
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To investigate the expression pattern
of klp-4, we generated a transcriptional
reporter strain consisting of the klp-4
promoter driving expression of GFP
(Pklp-4::GFP). We found that Pklp-4::GFP
is expressed in the pharynx, in the intes-
tine, and throughout the nervous system,
including the nerve ring and the lateral,
dorsal, and ventral nerve cords (Supplemen-
tal Figure S2A-F and data not shown).
This klp-4 expression pattern is consistent
with previous expression studies (McKay
et al., 2003; Hunt-Newbury et al., 2007).
In addition, Pklp-4::GFP is expressed in
many head, tail, and ventral cord neurons,
including glr-1-expressing neurons, based
on the overlapping expression pattern
of Pklp-4::GFP and a glr~1 transcriptional
reporter  (Pglr-1::dsRED;  Supplemental
Figure S2, G-I).

Kinesin KLP-4 functions in GLR-1-
expressing interneurons to positively
regulate GLR-1 abundance

We initially identified klp-4 mutants by their
ability to suppress the effects of cdk-5 over-
expression on GLR-1. To determine whether
mutation of klp-4 alone affects the abun-
dance of GLR-1 in the VNC in the absence
of cdk-5 overexpression, we examined the
distribution of GLR-1::GFP in the anterior
region of the VNC of klp-4(pz19) mutant ani-
mals. We found that klp-4(pz19) mutant ani-
mals expressing an integrated GLR-1::GFP
transgene (nuls25) exhibit a 37% decrease
in GLR-1::GFP puncta intensity (o < 0.001)
and a 21% decrease in puncta density
(p < 0.001) compared with wild-type con-
trols (Figure 1, B, C, G, and H; see Materials
and Methods for quantification). We con-
firmed this effect by analyzing the distribu-
tion of GLR-1::GFP in a second, indepen-
dent klp-4 mutant, klp-4(tm2114). The
tm2114 mutant allele corresponds to a 747-
base pair deletion in klp-4, resulting in the
deletion of most of the motor domain, fol-
lowed by a frame shift and a premature stop
codon near the end of the motor domain
(Figure 1A and Supplemental Figure S1).
Thus tm2114 likely represents a functional

transgene under the control of the gir-1
promoter (klp-4(xs)) (pzls20), n= 14
glr-1(n2461), and n =13 glr-1(n2461) animals
overexpressing klp-4 (klp-4(xs)). Values that
differ significantly from wild type are
indicated by asterisks above each bar,
whereas other comparisons are marked by
brackets (**p <0.001, *p < 0.01, #p < 0.05,
Tukey-Kramer test).
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null mutant of klp-4. We found that klp-4(tm2114) mutants exhibit a
39% decrease in GLR-1::GFP puncta intensity (p < 0.001) and a 27%
decrease in puncta density (p < 0.001) compared with wild-type
controls (Figure 1, B, E, G, and H). Expression of wild-type klp-4
cDNA under the control of the glr-1 promoter corrects the defects in
GLR-1::GFP puncta intensities and densities in both klp-4(pz19)
and klp-4(tm2114) mutants (Figure 1, D and F-H). In addition,
GLR-1::GFP abundance decreases in klp-4 mutants in the posterior
VNC and in the nerve ring, suggesting that KLP-4 promotes GLR-1
levels at synapses throughout the neurons (Supplemental Figure
S3). Conversely, we found that increasing KLP-4 activity in wild-type
animals by overexpressing klp-4 under control of the glr-1 promoter
results in increased levels of GLR-1 in the VNC (Supplemental Figure
S4). Taken together, these data indicate that KLP-4 functions in
glr-T-expressing interneurons to positively regulate GLR-1 abun-
dance in the VNC.

KLP-4 regulates GLR-1-dependent locomotion behavior

If KLP-4 regulates the synaptic levels of GLR-1, we might expect
klp-4 loss-of-function mutants and animals overexpressing klp-4 to
affect GLR-1 signaling and consequently glutamate-dependent be-
haviors, such as locomotion. C. elegans locomotion is characterized
by periods of forward movement interrupted by brief periods of
backward movement. The frequency of these spontaneous reversals
is regulated by the level of glutamatergic signaling (Zheng et al.,
1999). For example, animals with decreased glutamatergic signal-
ing, such as mutants lacking glr-1 or the vesicular glutamate trans-
porter eat-4/VGLUT, exhibit decreased reversal frequencies (Zheng
et al., 1999; Burbea et al., 2002), and conversely, animals with in-
creased glutamatergic signaling have increased reversal frequencies
(Zheng et al., 1999; Burbea et al., 2002; Juo and Kaplan, 2004; Juo
etal., 2007; Schaefer and Rongo, 2006). We found that klp-4(tm2114)
mutants exhibit a small but significant (p < 0.05) decrease in reversal
frequency, consistent with a decrease in glutamatergic signaling
(Figure 11). Conversely, we found that animals overexpressing klp-4
(under control of the glr-T promoter) exhibit an increase in reversal
frequency (p < 0.01) consistent with increased glutamatergic signal-
ing (Figure 11). Importantly, this increase in reversal frequency
was completely blocked by mutations in glr-1, suggesting that the
effect of KLP-4 on locomotion is dependent on endogenous GLR-1
(Figure 11). Thus loss and gain of function of KLP-4 regulates GLR-
1::GFP abundance in the VNC and has corresponding effects on
GLR-1-dependent locomotion behavior.

KLP-4 does not affect the distribution of several other
synaptic markers

The decrease in GLR-1::GFP in the VNC of klp-4 mutants could be
due to a decrease in synaptic connections. We tested this possibil-
ity by examining the distribution of the synaptic vesicle protein
synaptobrevin tagged with GFP (SNB-1::GFP) in the VNC of wild-
type and klp-4 mutant animals. We observed no difference in the
intensity or density of SNB-1::GFP puncta in klp-4 mutants com-
pared with wild-type controls (Figure 2, A-D). We also analyzed
the distribution of two other synaptic proteins that have been
shown to colocalize with GLR-1 in the VNC—the PDZ protein
LIN-10/Mint1 and the MAGUK protein MAGI-1/S-SCAM (Rongo
et al., 1998; Emtage et al., 2009). We found that the distributions
of LIN-10::GFP (Figure 2, E-H) and MAGI-1::YFP (Figure 2, I-L)
were unaltered in klp-4 mutants when compared with wild-type
controls. These results suggest that klp-4 mutations do not result
in a general defect in trafficking of synaptic proteins, and glr-1-ex-
pressing interneurons likely have normal synaptic inputs in klp-4
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mutants. These data are consistent with a specific role for KLP-4
in regulating GLR-1 in the VNC.

KLP-4 is not required during early development

to regulate GLR-1 in the VNC

To test more directly whether the decreased levels of GLR-1 ob-
served in klp-4 mutants could be due to defects in early develop-
ment, we expressed klp-4 cDNA in klp-4 mutants using a heat-
shock-inducible promoter (hsp16.2). We raised animals at 20°C
until the L4 stage of development, when all our static imaging was
performed. We then induced expression of klp-4 by shifting the ani-
mals to 30°C and imaged GLR-1::GFP 16h later in adult animals.
Similar to non-heat-shocked animals, we found that heat-shocked
klp-4(tm2114) mutant animals exhibited a 27% decrease (p < 0.001)
in GLR-1::GFP puncta intensity in the VNC compared with heat-
shocked wild-type controls (Figure 2, M-P). In contrast, heat-
shocked klp-4 mutants expressing klp-4 cDNA under control of a
heat-shock-inducible promoter (Phsp16.2::klp-4) completely re-
stored GLR-1::GFP puncta intensities to wild-type levels (Figure 2,
M=P). These results suggest that KLP-4 is not required during early
development to regulate GLR-1 levels in the VNC and that KLP-4
activity may be continuously required to maintain GLR-1 levels in
the mature nervous system.

KLP-4 functions before endocytosis of GLR-1 at synapses

in the VNC

One possible mechanism by which KLP-4 could regulate GLR-1::GFP
abundance in the VNC is through regulation of glr-1 transcription. If
this were the case, we would expect decreased levels of glr-1 tran-
script in klp-4 mutants. We determined the relative amounts of gir-1
to act-1 (actin) mRNA in wild-type, klp-4(tm2114), and klp-4(pz19)
mutant animals using real-time PCR. Rather than a decrease in tran-
scription, we found that both klp-4 mutants had an increase in glr-1
transcript compared with wild-type controls (Supplemental Figure
S5). This result indicates that the decrease in GLR-1::GFP in the VNC
of klp-4 mutants is not due to a decrease in glr-1 transcription. The
increased glr-1 transcripts observed in klp-4 mutants might be due
to a compensatory feedback mechanism triggered by the decreased
GLR-1 in the VNC.

We next tested whether KLP-4 was involved in one of several
GLR-1-trafficking steps. GluRs are transported from the cell body to
synapses, inserted into the postsynaptic membrane via exocytosis,
internalized via endocytosis, and subsequently either degraded in
lysosomes or recycled back to the plasma membrane (Ehlers, 2000;
Lin et al., 2000; Shepherd and Huganir, 2007; van der Sluijs and
Hoogenraad, 2011). Decreased GLR-1 levels observed in the VNC
of klp-4 mutants could be due to a function of KLP-4 in anterograde
transport of GLR-1 from the cell body to the VNC or at one of the
postendocytic trafficking steps (i.e., by inhibiting trafficking to the
lysosome or by promoting reinsertion into the membrane). We
tested whether klp-4 functions before clathrin-mediated endocyto-
sis at the plasma membrane by analyzing GLR-1 in the VNC of
klp-4;unc-11 double-mutant animals. Mutations in the clathrin adap-
tin unc-11/AP180 result in defects in clathrin-mediated endocytosis
(Zhang et al., 1998; Nonet et al., 1999) and the accumulation of
GLR-1::GFP in the VNC (Burbea et al., 2002). If KLP-4 acts at a step
before GLR-1 endocytosis in the VNC (i.e., to promote the antero-
grade trafficking of GLR-1 from the cell body), we would expect
klp-4;unc-11 double mutants to have decreased GLR-1:GFP in
the VNC as observed in klp-4 single mutants. However, if KLP-4
functions at a postendocytic trafficking step, we would expect
GLR-1::GFP to accumulate in the VNC of klp-4;unc-11 double

Molecular Biology of the Cell
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FIGURE 2: KLP-4 does not affect the distribution of multiple synaptic markers and is not
required during early development to regulate GLR-1. (A, B, E, F, |, J) Representative images of
the anterior VNC of L4 wild-type (A, E, 1) and klp-4(tm2114) (B, F, J) animals expressing either
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mutants as observed in unc-11 single mu-
tants. We found that klp-4;unc-11 double
mutants had decreased GLR-1::GFP fluores-
cence intensities in the VNC, and this effect
was indistinguishable from that for klp-4
single mutants (p = 0.99; Figure 3, A-E).
Thus mutations in klp-4 prevent GLR-1::GFP
accumulation in the VNC of unc-11 mutants.
This result suggests that KLP-4 acts before
GLR-1 endocytosis at the synapse and is
consistent with a role for this motor in the
anterograde trafficking of GLR-1.

To investigate further whether KLP-4
acts before clathrin-mediated endocytosis
and degradation of GLR-1 at the synapse,
we tested whether klp-4 mutations affect
the abundance of a nonubiquitinatable ver-
sion of GLR-1::GFP. Clathrin-mediated en-
docytosis and degradation of GLR-1 in the
lysosome is dependent on the ubiquitina-
tion of GLR-1 (Burbea et al., 2002; Chun
et al., 2008; Kowalski et al., 2011). Ubiquit-
ination is a process in which the 76-amino
acid protein ubiquitin is conjugated to
lysine residues on target proteins. A mutant
version of GLR-1::GFP that has all four intra-
cellular lysine residues mutated to arginines
(GLR-1(4KR)::GFP) cannot be ubiquitinated
and therefore accumulates in the VNC
(Burbea et al., 2002). We analyzed the lev-
els of GLR-1(4KR)::GFP in the VNC of klp-4
mutants to test whether KLP-4 functions be-
fore degradation of GLR-1 at the synapse.

synaptobrevin::GFP (nuls125) (A, B),
LIN-10::GFP (nuEx993) (E, F), or MAGI-1::YFP
(nuEx1004) (1, J) under the control of the glr-1
promoter. (C, D, G, H, K, L) Quantification of
puncta intensities (normalized; C, G, K) and
densities (D, H, L) for the strains pictured.
Mean and SEM are shown for at least n= 20
animals per genotype. No significant
difference was found in puncta fluorescence
intensities or densities between wild-type
and klp-4 mutant animals for any of the
synaptic markers (p > 0.05, Student’s t test).
(M-O) Representative images of the anterior
VNC of adult wild-type (M), klp-4(tm2114)
(N), and heat-shock-rescued kilp-4(tm2114)
(O) animals expressing GLR-1::GFP (nuls25)
after 16 h of heat shock. Heat-shock-rescued
klp-4-mutant animals express wild-type
klp-4::mCherry under control of the heat-
shock-inducible promoter (pzEx237).

(P) Quantification of GLR-1::GFP puncta
intensities (normalized) for the strains
pictured in M-O. Means and SEM are shown
for n= 18 wild-type, n =35 klp-4(tm2114),
and n = 23 heat-shock-rescued klp-4(tm2114)
animals. Values that differ significantly from
wild type are indicated by asterisks above
each bar, whereas other comparisons are
marked by brackets (**p < 0.001, *p < 0.01,
Tukey-Kramer test).
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KLP-4 functions before GLR-1 endocytosis in the VNC. (A-D) Representative
images of the anterior VNC of wild-type (A), unc-11(e47) (B), klp-4 (tm2114) (C), and
unc-11(e47);klp-4(tm2114) (D) L4 animals expressing GLR-1::GFP (nuls25). (E) Quantification of
GLR-1::GFP puncta intensities (normalized) for the strains pictured in A-D. Mean and SEM are
shown for n = 24 wild-type, n= 25 unc-11, n= 22 klp-4, and n = 22 unc-11;klp-4 animals.
(F, G) Representative images of the anterior VNC of wild-type (F) and klp-4(tm2114) (G) L4
animals expressing GLR-1(4KR)::GFP under the control of the glr-1 promoter (nuls108). The
white asterisk marks a neuronal cell body. (H) Quantification of GLR-1(4KR)::GFP puncta
intensities (normalized) for the strains pictured in F and G. Mean and SEM are shown for

n = 25 wild-type and n =19 klp-4 animals. (E, H) Values that differ significantly from wild type are

indicated by asterisks above each bar, whereas other comparisons are marked by brackets
(**p < 0.001, Tukey—Kramer test). n.s., no significant difference (p > 0.05).
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We found that the fluorescence intensity of
GLR-1(4KR)::GFP in the VNC decreased by
39% in the VNC of klp-4 mutants compared
with wild-type controls (p < 0.001; Figure 3,
F-H). The magnitude of this decrease was
similar to that observed with wild-type GLR-
1:GFP in klp-4 mutants (Figure 1). These
data suggest that KLP-4 functions before
clathrin-mediated endocytosis and degra-
dation of GLR-1 at synapses in the VNC,
providing support for a role of KLP-4 in the
anterograde trafficking of GLR-1.

KLP-4 promotes the anterograde
transport of GLR-1

If KLP-4 functions as a motor to regulate the
anterograde trafficking of GLR-1, we would
expect KLP-4 to exhibit transport character-
istics similar to those of other fast neuronal
motors. We tagged KLP-4 with mCherry on
its C-terminus and expressed the tagged
motor in interneurons using the glr-1 pro-
moter in order to investigate the subcellular
localization and transport characteristics of
KLP-4. We found that KLP-4:mCherry was
localized to puncta in the cell body and
throughout the VNC (Figure 4 and data not
shown). Time-lapse microscopy and kymo-
graph analysis revealed that KLP-4::mCherry
puncta were mobile in cell bodies and the
VNC and moved with an average velocity of
1.0 pm/s and an average run length of
9.2 um (Figure 4 and Supplemental Videos
S1 and S2). This velocity of KLP-4 is compa-
rable to the average in vitro velocities ob-
served for other kinesin-3 family motors,
such as Khc-73, KIF13A, and KIF13B (Okada
et al., 1995; Horiguchi et al., 2006; Huckaba
etal., 2011), and the in vivo velocity of GFP-
tagged UNC-104 (Zhou et al., 2001) and in-
dicates that KLP-4 is a fast neuronal motor
that is mobile in interneuron cell bodies and
VNC processes.

To test directly whether KLP-4 regulates
GLR-1 transport, we first analyzed the move-
ment of GLR-1::GFP puncta in the VNC of
wild-type and klp-4 mutant animals using
time-lapse microscopy and kymograph
analysis (Supplemental Figure S6; see
Materials and Methods). The vast majority
of GLR-1:GFP-expressing ventral cord
neurons possess cell bodies in the head
of the animal and send processes toward
the tail; however, two strongly expressing
GLR-1::GFP neurons that contribute pro-
cesses to the VNC possess cell bodies in the
tail (White et al., 1976; Hart et al.,, 1995;
Maricq et al., 1995; Brockie et al., 2001).
In wild-type animals, we observed that
GLR-1::GFP puncta moved with a maximum
velocity of 2.2 pm/s from the head toward
the tail and 2.7 pm/s from the tail toward the
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KLP-4 is a fast neuronal motor that moves in the VNC. (A) Individual frames from a time-lapse movie
(Supplemental Video S$1) show KLP-4::mCherry puncta in the anterior VNC of young adult wild-type animals expressing
KLP-4::mCherry under the control of the glr-1 promoter (pzEx234). The arrow and arrowhead mark two different
KLP-4::mCherry puncta moving from the head toward the tail in the interneuron processes of the VNC. Images are
oriented with anterior to the left. Time in seconds is marked on the right. (B) A representative kymograph showing
mobile and stationary KLP-4::mCherry puncta was generated from the same time-lapse movie (Supplemental Video S1)
of KLP-4::mCherry in the anterior VNC. The kymograph is oriented with anterior to the left. (C) Velocity histogram of
KLP-4::mCherry puncta moving in the VNC from the head toward the tail (n = 147 mobility events). The maximum
KLP-4::mCherry velocity was 2.0 pm/s from the head toward the tail and 2.6 pm/s from the tail toward the head.

head. For GLR-1::GFP puncta moving from the head toward the tail,
the average velocity was 1.0 pm/s and the average run length was
9.1 ym. Time-lapse analysis of klp-4 mutants revealed several differ-
ences in the movement of GLR-1::GFP puncta from the head toward
the tail in the VNC compared with wild-type animals. First, there was
a 31% decrease in the flux of GLR-1::GFP puncta in klp-4 mutants
compared with controls (p < 0.005; Supplemental Figure Sé). Sec-
ond, the average run length of mobile GLR-1::GFP puncta was de-
creased by 45% (p < 0.005; Supplemental Figure Sé), and the aver-
age pause frequency was increased by 56% in klp-4 mutants
compared with wild type (average number of pauses/um: wild type,
0.09£0.008; klp-4,0.14 £ 0.007; p < 0.001). This reduced run length
combined with the increased pause frequency of GLR-1::GFP puncta
in klp-4 mutants is consistent with an overall reduction in the proces-
sivity of cargo motion. Third, the average velocity of GLR-1::GFP
puncta was decreased by 32% in klp-4 mutants compared with
controls (average head-to-tail velocity: wild type, 1.0 + 0.02 pym/s
[n=158]; klp-4, 0.67+0.05 um/s [n = 196]; p < 0.001). We found no
significant differences in any of the parameters for GLR-1::GFP
puncta moving in the VNC from the tail toward the head (Supple-
mental Figure Sé; average tail to head velocity: wild type, 1.29
0.06 pm/s [n=79]; klp-4, 1.29 £ 0.06 pm/s [n = 68]; p > 0.05). Taken
together with our previous data, these results suggest that KLP-4
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positively regulates trafficking of GLR-1::GFP from the head toward
the tail in the VNC. Because the majority of gl-T-expressing cell
bodies are in the head, these data implicate a role for KLP-4 in the
anterograde trafficking of GLR-1.

To measure anterograde trafficking of GLR-1 more accurately, we
repeated our time-lapse analysis on transgenic animals (pzls18) ex-
pressing GLR-1 tagged with the photoconvertible fluorescent pro-
tein Dendra2. Dendra2 fluorescence is irreversibly converted from
green to red by ultraviolet (UV) light, providing an optical method to
photolabel and track a defined population of proteins within cells
(Gurskaya et al., 2006; Chudakov et al., 2007). We used a confocal
microscope to locally photoconvert GLR-1::Dendra2 from green to
red in cell bodies of glr-T-expressing head neurons (Figure 5A) of
wild-type and klp-4 mutants and performed time-lapse microscopy
of the red mobile GLR-1::Dendra2 puncta in the VNC ~20 min post-
conversion (Figure 5, D-H). Control experiments show that before
photoconversion or immediately after local photoconversion of
neuron cell bodies in the head, there is no red GLR-1::Dendra2 sig-
nal in the VNC (Figure 5B and data not shown), whereas 20 min
postconversion, we observe red GLR-1::Dendra2 puncta in the VNC
(Figure 5C). Time-lapse analysis of red GLR-1::Dendra2 puncta mov-
ing in the anterograde direction revealed an average anterograde
velocity of 1.0 um/s in wild-type animals. Similar to our analysis of
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FIGURE 5: KLP-4 and CDK-5 promote the anterograde trafficking of GLR-1 in the VNC. (A) Green (488 nm) and red
(543 nm) images of cell bodies in the heads of young adult animals expressing integrated GLR-1::Dendra2 under the
control of the glr-1 promoter (pzls18) before and immediately after photoconversion using 405-nm light. (B, C) Images
of the anterior VNC of young adult animals expressing GLR-1::Dendra2 without photoconversion (B) and 20 min after
local photoconversion (C) of GLR-1::Dendra2 in cell bodies in the head. (D-F) Representative kymographs made from
time-lapse imaging using a 543-nm laser showing mobile and stationary red GLR-1::Dendra2 puncta in the anterior VNC
of young adult wild-type (D), klp-4(tm2114) (E), and cdk-5(gm336) (F) animals. For all kymographs, anterior is to the left
(proximal) and posterior is to the right (distal). (G) Quantification of average anterograde flux for red GLR-1::Dendra2
puncta for wild-type (n = 86 mobility events), klp-4 (n = 42 mobility events), and cdk-5 (n = 45 mobility events) animals.
(H) Quantification of average anterograde run length for red GLR-1::Dendra2 puncta for wild-type (n= 101 mobility
events), klp-4 (n =125 mobility events), and cdk-5 (n = 104 mobility events) animals. Mean and SEM are shown. Values
that differ significantly from wild type are indicated by asterisks above each bar (**p < 0.001, Student’s t test).
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mobile GLR-1::GFP, we found that klp-4 mutants had a 44% de-
crease in anterograde flux (p < 0.005; Figure 5, D-E and G), a 32%
decrease in anterograde run length (p < 0.005; Figure 5, D, E, and
H) and a 26% decrease in anterograde velocity (average antero-
grade velocity: wild type, 1.0 £ 0.02 pm/s [n = 165]; klp-4, 0.73
0.01 pm/s [n=120]; p < 0.001) of red GLR-1::Dendra2 puncta com-
pared with wild-type controls. The low number of retrogradely mov-
ing puncta at this time point precluded accurate quantitative analy-
sis of retrograde movement. Taken together, these data suggest
that KLP-4 promotes the anterograde trafficking of GLR-1 from neu-
ronal cell bodies in the head to the VNC.

CDK-5 and KLP-4 act in the same genetic pathway

to regulate GLR-1 in the VNC

Because we initially identified klp-4 in a cdk-5 genetic suppressor
screen and previously implicated CDK-5 in regulating the antero-
grade trafficking of GLR-1 (Juo et al., 2007), we repeated our time-
lapse analysis of mobile, red GLR-1::Dendra2 puncta in the VNC of
cdk-5-mutant animals. As described earlier, GLR-1::Dendra2 was
locally photoconverted in head neuron cell bodies, and red
GLR-1::Dendra2 puncta movements in the VNC were measured in
wild-type and cdk-5 mutant animals. Similar to our klp-4 mutant data,
we found that cdk-5 mutants had a 42% decrease in anterograde
GLR-1::Dendra2 flux (p < 0.005; Figure 5, D, F, and G) and a 32%
decrease in anterograde run length (p < 0.005; Figure 5, D, F, and H).
However, we observed no change in the anterograde velocity of
GLR-1 in cdk-5-mutant animals (average anterograde velocity: wild
type, 1.0 £ 0.02 um/s [n = 165]; cdk-5, 1.0 £ 0.02 pm/s [n = 151];
p > 0.05). Time-lapse analysis of GLR-1::GFP in the VNC of cdk-5
mutants revealed similar decreases in GLR-1 transport (Supplemen-
tal Figure S6). These data indicate that, similar to KLP-4, CDK-5 pro-
motes the anterograde trafficking of GLR-1 in the VNC.

Because cdk-5 and klp-4 mutants have very similar defects in
GLR-1 trafficking, we performed two complementary experiments
to formally test whether cdk-5 and klp-4 function in the same ge-
netic pathway. First, we analyzed the abundance of GLR-1::GFP in
the VNC of animals with mutations in both cdk-5(gm336) and
klp-4(tm2114) (Figure 6, A-E). The gm336 allele is a predicted
molecular null (Juo et al., 2007). If cdk-5 and klp-4 act in separate
genetic pathways, we would expect that the combination of the two
mutations would cause an additive decrease in GLR-1::GFP levels in
the VNC compared with either single mutant. Conversely, if cdk-5
and klp-4 act in the same genetic pathway, then cdk-5;klp-4 double
mutants would have nonadditive effects on GLR-1::GFP levels com-
pared with the single mutants. We found that the puncta intensity of
GLR-1::GFP in the VNC of cdk-5;klp-4 double mutants decreased
by 44% compared with wild-type controls (p < 0.001) and was not
significantly different from either single mutant (p = 0.1 vs. klp-4;
p = 0.5 vs. cdk-5; Figure 6, A-E). Similarly, GLR-1::GFP puncta
densities in cdk-5;klp-4 double mutants were not significantly differ-
ent from either single mutant (average puncta density [per 10 um] £
SEM: wild type, 2.88 + 0.08; cdk-5, 2.56 + 0.14; klp-4, 2.55 + 0.08;
cdk-5; klp-4,2.25 +0.08, p < 0.001 vs. wild type, p=0.11 vs. cdk-5,
p = 0.09 vs. klp-4), suggesting that cdk-5 and klp-4 function in a
common pathway. Second, we tested whether klp-4 mutations
could prevent the ability of overexpressed cdk-5 to increase GLR-
1::GFP abundance in the VNC. We previously showed that overex-
pression of cdk-5 in glr-1-expressing neurons (cdk-5(xs)) causes an
increase in GLR-1::GFP puncta intensities and widths in the VNC
(Juo et al., 2007). If klp-4 acts in the same genetic pathway as cdk-5,
we would expect mutations in klp-4 to completely occlude the ef-
fects of cdk-5 overexpression on GLR-1::GFP abundance. We found
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that GLR-1:GFP puncta intensity and width in cdk-5(xs);klp-
4(tm2114) animals are identical to those for klp-4(tm2114) single-
mutant animals (Figure 6, F-J) (average puncta width [um] + SEM:
wild type, 0.84 +0.02; cdk-5(xs), 1.1£0.03, p < 0.001; klp-4(tm2114),
0.83 £ 0.03; cdk-5(xs);klp-4, 0.74 + 0.02; p = 0.2 vs. klp-4 and
p < 0.001 vs. cdk-5(xs)). Similarly, the effects of overexpressed cdk-5
on GLR-1::GFP puncta intensity and width were occluded by a sec-
ond klp-4(pz19) loss-of-function mutant (Supplemental Figure S7;
average puncta width [um] £ SEM: wild type, 0.89 £ 0.03; cdk-5(xs),
1.3 £ 0.06, p < 0.001 vs. wild type; klp-4(pz19), 0.87 + 0.03;
cdk-5(xs);klp-4, 0.84 + 0.03, p = 0.4 vs. klp-4 and p < 0.001 vs.
cdk-5(xs)). These results suggest that cdk-5 and klp-4 act in the same
genetic pathway to regulate the trafficking of GLR-1 in the VNC.

GLR-1 accumulates in klp-4 mutant cell bodies under
conditions of decreased degradation

We previously showed that GLR-1::GFP decreases in the VNC and
accumulates in cell bodies of cdk-5 mutant animals (Juo et al., 2007,
Figure 6). Because our analysis of cdk-5 and klp-4 double mutants
suggests that these genes function in the same genetic pathway, we
tested whether klp-4 mutations also result in the accumulation of
GLR-1::GFP in the cell body. Surprisingly, we observed no difference
in the amount of GLR-1::GFP in klp-4 mutant cell bodies compared
with wild-type controls (p = 0.08; Figure 7, A and B). One possible
explanation for the lack of GLR-1::GFP accumulation in klp-4 mutant
cell bodies is that in the absence of functional KLP-4 motors, GLR-1
is targeted for degradation in the cell body. We tested this hypoth-
esis using two approaches to inhibit the degradation of GLR-1.
GLR-1 is ubiquitinated and targeted for degradation in the MVB/
lysosome pathway, and this process likely occurs in both the VNC
and cell body (Burbea et al., 2002; Chun et al., 2008; Kowalski et al.,
2011). As mentioned earlier, degradation of GLR-1 in this pathway
can be prevented by using a nonubiquitinatable version of GLR-1
(GLR-1(4KR)::GFP; Burbea et al., 2002). In the first approach, we
measured the levels of nonubiquitinatable GLR-1(4KR)::GFP in the
cell bodies of wild-type and klp-4 mutant cells. We found that GLR-
1(4KR)::GFP abundance in the cell body increases by 58% in klp-4
mutants compared with wild-type controls (Figure 7, C and D). Simi-
larly, GLR-1(4KR)::GFP levels in the cell body also increases in cdk-5
mutants compared with controls (Figure 7, C and D). This result dem-
onstrates that in contrast to wild-type GLR-1::GFP, which does not
accumulate in klp-4-mutant cell bodies, GLR-1(4KR)::GFP does ac-
cumulate in klp-4-mutant cell bodies. In the second approach, we
inhibited the degradation of GLR-1 in the MVB/lysosome pathway
by expressing a dominant-negative version of vps-4 (vps-4(dn)).
VPS-4 is an AAA-ATPase required for the formation of MVBs and deg-
radation of ubiquitinated proteins in the MVB/lysosome pathway
(Babst et al., 2002; Katzmann et al., 2002). Expression of vps-4(dn) in
interneurons results in increased GLR-1::GFP abundance in the cell
body and VNC (Figure 7; Chun et al., 2008; Kowalski et al., 2011).
We measured the levels of GLR-1::GFP in cell bodies of wild-type
and klp-4 mutant cells expressing vps-4(dn). We found that GLR-
1::GFP abundance increased by 34% in klp-4 mutant cell bodies ex-
pressing vps-4(dn) compared with cell bodies expressing vps-4(dn)
alone (Figure 7, E and F). Thus, inhibiting the degradation of GLR-1
in the MVB/lysosome pathway by expressing vps-4(dn) results in the
accumulation of GLR-1::GFP in wild-type cell bodies, and this cell
body accumulation is enhanced in klp-4 mutant animals. Taken to-
gether, these experiments suggest that in the absence of functional
KLP-4 motors, GLR-1 is inefficiently trafficked to synapses in the VNC
and, instead of accumulating in the cell body, is targeted for degra-
dation in the MVB/lysosome pathway.
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KLP-4 and CDK-5 act in the same genetic pathway to regulate GLR-1 levels in the VNC.
(A-D) Representative images of the anterior VNC of wild-type (A), cdk-5(gm336) (B), klp-4(tm2114) (C), and
cdk-5(gm336);klp-4(tm2114) double-mutant (D) L4 animals expressing GLR-1::GFP (nuls25). White asterisks mark
neuronal cell bodies. (E) Quantification of GLR-1::GFP puncta intensities (normalized) for the strains pictured in A-D.
Mean and SEM are shown for n = 35 wild-type, n = 22 cdk-5, n =29 klp-4, and n = 32 cdk-5;klp-4 animals. (F-I)
Representative images of the anterior VNC of L4-stage wild-type animals (F), animals overexpressing cdk-5 under the
control of the glr-1 promoter (cdk-5(xs)(pzls2)) (G), klp-4(tm2114) mutants (H), and klp-4(tm2114) mutants
overexpressing cdk-5 (cdk-5(xs)) (I). The white asterisk marks a neuronal cell body. (J) Quantification of GLR-1::GFP
puncta intensities (normalized) for the strains pictured in F-I. Mean and SEM are shown for n =21 wild-type, n=24
cdk-5(xs), n =21 klp-4, and n =21 cdk-5(xs);klp-4 animals. Values that differ significantly from wild type are indicated by
asterisks above each bar, whereas other comparisons are marked by brackets (*p < 0.05, *p < 0.01, **p < 0.001,
Tukey-Kramer test). n.s., no significant difference between the indicated strains (p > 0.05).

DISCUSSION

The trafficking of GIuRs to synapses is important during synapse
formation in development and during synaptic plasticity in the ma-
ture nervous system (Shepherd and Huganir, 2007; Kessels and
Malinow, 2009; van der Sluijs and Hoogenraad, 2011). Although
much research has focused on the insertion and removal of gluta-
mate receptors at synapses, less is known about the mechanisms
involved in transporting receptors from the cell body to synapses.
Here we describe a function for the kinesin-3 family motor, KLP-4,
for the first time and identify KLP-4 as a novel regulator of glutamate
receptor trafficking in C. elegans.
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KLP-4 regulates anterograde trafficking of GLR-1

Several pieces of evidence suggest that KLP-4 functions in interneu-
rons to promote the anterograde trafficking of GLR-1. First, the
abundance of GLR-1::GFP decreases in the VNC of two indepen-
dent klp-4 loss-of-function mutants and is rescued by expression of
wild-type klp-4 under the control of the glr-1 promoter (Figure 1).
Second, KLP-4 functions before GLR-1 endocytosis and degrada-
tion at the synapse because klp-4 mutations prevent the accumula-
tion of GLR-1 at synapses in the VNC when endocytosis is blocked
with unc-11/AP180 mutations or when receptor ubiquitination and
degradation is prevented (Figure 3). Third, time-lapse imaging
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FIGURE 7: GLR-1 accumulates in cell bodies of klp-4 mutants when receptor degradation is blocked.

(A, C) Representative images of PVC neuron cell bodies of wild-type, cdk-5(gm336), and klp-4(tm2114) L4 animals
expressing GLR::GFP (nuls25) (A) or GLR-1(4KR)::GFP (nuls108) (C). (B) Quantification of GLR-1::GFP mean fluorescence
intensity (normalized) for the strains pictured in A. Mean and SEM are shown for n = 34 wild-type, n = 32 cdk-5, and

n =20 klp-4 animals. (D) Quantification of GLR-1(4KR)::GFP mean fluorescence intensity (normalized) for the strains
pictured in C. Mean and SEM are shown for n = 24 wild-type, n =25 cdk-5, and n = 23 klp-4 animals. (E) Representative
images of GLR::GFP (nuls24) in PVC neuron cell bodies of L4 stage wild-type animals, klp-4(tm2114) mutants, wild-type
animals expressing vps-4(dn), and kip-4(tm2114) mutants expressing vps-4(dn). (F) Quantification of GLR-1::GFP mean
fluorescence intensity (normalized) for the strains pictured in E. Mean and SEM are shown for n = 24 wild-type, n =20
klp-4, n =22 vps-4(dn), and n = 22 vps-4(dn);klp-4 animals. Values that differ significantly from wild type are indicated by
asterisks above each bar (**p < 0.001). n.s., no significant difference between the indicated strains (p > 0.05).

revealed that several aspects of the anterograde trafficking of GLR-
1, including anterograde flux, velocity, and run length, are decreased
in klp-4 mutants (Figure 5 and Supplemental Figure Sé). The role of
KLP-4 in promoting the anterograde trafficking of GLR-1 receptors
is consistent with the function of a mammalian homologue of KLP-4,
KIF13A, which has been shown to transport mannose-6-phosphate
receptors from the trans-Golgi network (TGN) to the plasma mem-
brane in nonneuronal cells (Nakagawa et al., 2000).

Previous work in mammalian neurons demonstrated that multi-
ple motors are required for efficient GluR trafficking (Setou et al.,
2000, 2002; Wyszynski et al., 2002; Shin et al., 2003; Kapitein et al.,
2010). Our data are consistent with the idea that KLP-4 functions
together with other motors to transport GLR-1 from the TGN in the
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cell body to synapses in the VNC. In klp-4 mutants, there is a 40%
decrease in the abundance of GLR-1 (Figure 1) and a 38% decrease
in the anterograde flux of GLR-1 (Figure 5 and Supplemental Figure
S6) in the VNC. Thus, although GLR-1 trafficking is greatly reduced
in klp-4 mutants, it is not eliminated, suggesting that other mecha-
nisms exist to traffic GLR-1 to synapses in the VNC. We propose that
KLP-4 functions together with other motors to regulate the antero-
grade trafficking of GLR-1 from the TGN to synapses in the VNC
(see model in Figure 8).

One possible model is that KLP-4 functions in the cell body and
VNC together with other motors to transport GLR-1 to synapses
(Figure 8). In support of this model, our data show that KLP-4 can
move processively in the VNC at a velocity that is comparable to that
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neuronal cell type being investigated, given
the many different effects of CDK-5 on ax-
onal and dendritic trafficking (Ratner et al.,
1998; Morfini et al., 2004; Juo et al., 2007,
Ou et al., 2010; Park et al., 2011; Goodwin
et al, 2012). Intriguingly, although GLR-1

other motors ;

does not accumulate in klp-4 mutant cell
bodies, the receptor does accumulate if

3) @ KLP-4/other motors
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CDK-5) )
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9
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>

receptor degradation in the MVB/lysosome
pathway is blocked by expression of
vps-4(dn) or nonubiquitinatable GLR-1(4KR)
(Figure 7). These data suggest that in the ab-
sence of the kinesin klp-4, GLR-1 is targeted,
likely in a ubiquitin-dependent manner, for

FIGURE 8: Model illustrating KLP-4 regulation of GLR-1 trafficking. (1, 2) In the cell body, CDK-5
and KLP-4 function in the same pathway to regulate the anterograde trafficking of GLR-1
receptors. (3) Other motors may function together with KLP-4 in the cell body to traffic GLR-1.
(4) In the VNC processes, GLR-1 is transported to synapses by KLP-4 and/or other motors. (5) In
the absence of KLP-4 motors, GLR-1 is targeted for degradation in the MVB/lysosome pathway.

of GLR-1::GFP (Figure 4 and Supplemental Video S1). Alternatively,
KLP-4 could function in the cell body to transport GLR-1-containing
endosomes to the cell periphery, where GLR-1 is then loaded onto
other motors for trafficking in the VNC (Figure 8). Consistent with this
model, we were able to observe comigration of KLP-4::mCherry and
GLR-1::GFP in neuronal cell bodies (Supplemental Video S2). Inter-
estingly, KLP-4 homologues in other organisms have been shown to
associate with and traffic RAB-5 and PIP3-containing early endo-
somes to the cell periphery (Hoepfner et al., 2005; Horiguchi et al.,
2006; Delevoye et al., 2009; Huckaba et al., 2011). Although our ini-
tial attempts to observe comigration of KLP-4 and GLR-1::GFP in the
VNC were unsuccessful, we cannot rule out a direct role of KLP-4 in
transporting GLR-1 in the VNC because it remains possible that our
imaging conditions are not sensitive enough to detect cargo being
moved by one or a few motors. Regardless of whether KLP-4 func-
tions with other motors in the cell body and/or the VNC, our data
show that KLP-4 is required for the efficient trafficking and accumula-
tion of GLR-1 at synapses. In the future, it will be interesting to iden-
tify other motors that function together with KLP-4 and to under-
stand how muiltiple motors coordinate trafficking of GLR-1 cargo.

CDK-5 functions in the same pathway as KLP-4

to regulate GLR-1

Genetic analysis of the unc-11/AP180 clathrin adaptin mutant to-
gether with cdk-5 (Juo et al., 2007) or klp-4 mutants (Figure 3) sug-
gests that both CDK-5 and KLP-4 act before endocytosis of GLR-1 in
the VNC. In addition, genetic analysis of cdk-5;klp-4 double mutants
and klp-4 mutants overexpressing cdk-5 suggests that CDK-5 and
KLP-4 function in the same pathway to regulate GLR-1 in the VNC
(Figure 6). Furthermore, our time-lapse analyses revealed that antero-
grade trafficking of GLR-1 is reduced to a similar extent in both cdk-5
and klp-4 mutants (Figure 5 and Supplemental Figure Sé), suggesting
that CDK-5 may directly regulate KLP-4—dependent trafficking of
GLR-1. However, cdk-5 and klp-4 have different effects on GLR-1 in
the cell body. Our data show that GLR-1 accumulates in cdk-5, but
not klp-4 mutant cell bodies (Figure 7), suggesting that CDK-5 may
also function before KLP-4 to make receptors competent for KLP-4—
dependent anterograde trafficking. Further studies are necessary to
investigate the precise mechanism by which CDK-5 regulates KLP-
4-dependent GLR-1 trafficking. However, we anticipate that the ef-
fect of CDK-5 on trafficking will be specific to the particular cargo and

3658 | M.I. Monteiro et al.

degradation in the MVB/lysosome pathway
(Figure 8). Interestingly, studies in yeast indi-
cate that membrane proteins can be tar-
geted for degradation early in the secretory
pathway. For example, ubiquitination of the
amino acid permease Gap1lp in the Golgi
can target the protein to a pre-multivesicular
endosome, where it can either be sent to the vacuole for degradation
or recycled back to the Golgi for transport to the plasma membrane
(Helliwell et al., 2001; Risinger and Kaiser, 2008).

Recent studies suggest that vesicular cargo may be targeted for
degradation in the absence of motors or cargo adaptors. In mam-
malian neurons lacking the adaptor protein AP-4, AMPA receptors
are not trafficked to dendrites but instead accumulate in autopha-
gosomes, which often results in protein degradation when they fuse
with lysosomes (Matsuda et al., 2008). In C. elegans, amyloid pre-
cursor protein APL-1 is normally trafficked from the cell body to the
plasma membrane of neuronal processes by kinesins UNC-104/
KIF1A and UNC-116/KIF5 (Wiese et al., 2010). Loss of function of
either of these motors results in decreased levels of APL-1 in neu-
ronal processes. However, instead of accumulating in neuronal cell
bodies of these motor mutants, APL-1 protein levels decrease, im-
plying that APL-1 may be degraded in the absence of its normal
motors (Wiese et al., 2010). Another study demonstrated that anti-
sense oligonucleotide knockdown of kinesin KIF17 expression re-
sults in decreased protein levels of its cargo, the N-methyl-p-aspar-
tate (NMDA) receptor NR2B subunit (Guillaud et al., 2003). These
studies are consistent with our data showing that GLR-1 is targeted
for degradation in the MVB/lysosome pathway in the absence of
KLP-4 motors. Together, these data suggest an interesting potential
cellular regulatory mechanism that targets cargo for degradation in
the absence of its appropriate anterograde motor or adaptor. Such
a mechanism could prevent excess membrane proteins from accu-
mulating early in the secretory pathway, which may be detrimental
to the neuron. These results imply that the fate of GLR-1 receptors
early in the secretory pathway, and consequently the abundance of
GLR-1 at synapses, could be controlled by regulating the expression
level or availability of KLP-4 motors.

Implications for synaptic plasticity

Regulation of the number of glutamate receptors in the postsynaptic
membrane contributes to activity-dependent synaptic plasticity. In
particular, many studies have focused on the activity-dependent
regulation of exocytosis and endocytosis of AMPA receptors at the
synapse (Shepherd and Huganir, 2007; van der Sluijs and Hoogen-
raad, 2011). However, other studies suggest that activity-dependent
regulation of GluRs can also occur earlier in the secretory pathway.
For example, activity blockade regulates alternative splicing of
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NMDA receptor subunit NR1, resulting in increased ER exit and syn-
aptic levels of the receptor (Mu et al., 2003). In C. elegans, gl~1
splicing and the abundance of GLR-1 at synapses can be regulated
by the RNA-binding protein GRLD-1 (Wang et al., 2010). Interest-
ingly, several studies suggest that anterograde motors are limiting in
neurons and that regulation of motor expression influences synaptic
plasticity. For example, overexpression of KIF17 in the mouse fore-
brain increases expression and trafficking of its cargo NMDA recep-
tors to synapses, resulting in increased spatial and working memory
(Wong et al., 2002). Activity can influence motor/cargo expression
because activity blockade of NMDA receptors results in the coordi-
nated up-regulation of the NMDA receptor and its KIF17 motor
(Guillaud et al., 2003). In addition, raising mice in an enriched-envi-
ronment results in BDNF-dependent up-regulation of KIF1A and
transport of its cargoes in the hippocampus (Kondo et al., 2012).
Similarly, in Aplysia, neuronal activity results in increased expression
of kinesin heavy chain motors and its cargoes, and up-regulation of
the motor is required and sufficient for long-term synaptic plasticity
(Puthanveettil et al., 2008). These studies show that regulation of
motor expression can affect synaptic plasticity and that activity-de-
pendent expression of motors is coordinated with expression of their
respective cargoes. Our work identifies KLP-4 as a novel motor that
regulates anterograde trafficking of GluRs and reveals an interesting
regulatory mechanism by which expression or availability of the mo-
tor influences receptor degradation and ultimately the abundance of
GLR-1 in the VNC. Future studies will be necessary to determine
whether GLR-1 and KLP-4 expression are coordinated in vivo and
whether this concerted regulation influences synaptic plasticity.

MATERIALS AND METHODS

Strains

The following strains were used in this study: nuls25 (Pglr-1::glr-
1::gfp), nuls24 (Pglr-1::glr-1::gfp), nuls108 (Pglr-1::glr-1(4kr)::gfp),
nuls125 (Pglr1::snb-1::gfp), nuls145 [Pglr-1::vps-4 (dn)l, pzls2
(Pglr-1::cdk-5), pzls15 (Pgl-1::dsRED), pzls18 (Pglr~1::Dendra2),
pzls20 (Pglr-1::klp-4), nuEx993 (Pglr-1::lin-10::gfp), nuEx1004
(Pglr-1::magil::yfp), pzEx167 (Pglr-1::klp-4), pzEx169 (Pglr-1::klp-4),
pzEx188  (Pglr-1::klp-4::9fp), pzEx234  (Pglr-1::klp-4::mCherry),
pzEx237  (Phsp-16.2::klp-4), pzEx244  (Pklp4::NLS::GFP::LacZ),
pzEx256 (Pklp-4::GFP), klp-4(tm2114), klp-4(pz19), unc-11(e47),
cdk-5(gm336), and glr-1(n2461). All strains were maintained at 20°C
as described previously (Brenner, 1974).

Transgenes and germline transformation

Standard techniques were used to isolate transgenic strains by micro-
injection of various plasmids. nuls24, nuls25, nuls125, nuEx993,
nuEx1004, nuls108, nuls145, and pzls2 have been described previ-
ously (Rongo et al., 1998; Burbea et al., 2002; Juo and Kaplan, 2004;
Juo et al., 2007; Chun et al., 2008; Kowalski et al., 2011). The klp-4
(F56E3.3) open reading frame (ORF) was obtained by reverse
transcription-PCR  from cDNA isolated from wild-type animals.
The klp-4 cDNA was put under control of the gl-1 promoter by
subcloning klp-4 into pVé using Nhel/Kpnl restriction sites to
create Pglr-1::klp-4 (FJ#83). pzEx169 and pzEx167 were created by
injecting FJ#83 plasmid at 25 ng/pl along with coinjection marker
Pmyo-2::NLS::mCherry (10 ng/pl). pzls20 (Pglr-1::klp-4) was created
by UV integrating pzEx167. pzEx188 (Pglr-1::klp-4::gfp) and pzEx234
(Pglr-1::klp-4::mcherry) were constructed by subcloning GFP or
mCherry flanked by Notl restriction sites into a plasmid containing
(Pglr-1::klp-4) with a Notl restriction site engineered immediately be-
fore the klp-4 stop codon to create Pglr-1::klp-4::gfp (FJ#84) and
Pglr-1::klp-4::mcherry (FJ#85), respectively, and injected at 25 ng/l
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(pzEx188) or 100 ng/pl (pzEx234) along with injection marker
Pmyo2::NLS-mCherry (5ng/pl). pzEx237 (Phsp-16.2::klp-4::mCherry)
was made by subcloning the klp-4::mCherry coding sequence from
FJ#85 into the Nhel/Kpnl restriction sites of the heat-shock pro-
moter plasmid pPD49.78 (gift from Andrew Fire, Stanford Univer-
sity, Palo Alto, CA) to create Phsp-16.2::klp-4::mCherry (FJ#86) and
injected at 25 ng/pl along with injection marker Pmyo2::NLS-
mCherry (5 ng/pl). pzEx244 (Pklp-4::NLS::GFP::LacZ) was made by
PCR amplifying the 3-kb segment of genomic DNA immediately
upstream of the klp-4 coding region, flanking it with Pstl/BamHI
restriction sites, and subcloning it into the GFP expression plasmid
pPD96.04 (gift from Andrew Fire) to create Pklp-4::nls::gfp::lacz
(FJ#87) and injected at 25 ng/pl. pzEx256 (Pklp-4::gfp) was gener-
ated by subcloning the klp-4 promoter from FJ#87 into the
Pstl/BamHl restriction sites of the GFP expression plasmid pPD95.75
(gift from Andrew Fire) to create Pklp-4::gfp (FJ#88) and injected at
25 ng/pl along with injection marker Pmyo2::NLS-mCherry (5 ng/pl).
The plasmid KP#889 (Pglr-1::dsRED) (gift from Lars Dreier, UCLA,
Los Angeles, CA) was injected at 25 ng/pl to make pzEx96 and UV
integrated to generate pzls15 (Pglr-1::dsRED). Dendra2 (gift from
HoYi Mak, Stowers Institute, Kansas City, MO) was subcloned into
Hindlll sites flanking the gfp coding sequence in Pgir-1::glr-1::gfp to
make Pglr-1::gl-1::dendra2 (FJ#89). Plasmid FJ#89 was injected at
25 ng/pl along with coinjection marker Pttx3::GFP at 50 ng/ul to
make pzEx160 and subsequently UV integrated to generate pzls18
(Pglr-1::glr-1::dendra2). All constructs were confirmed by sequenc-
ing. Full details of plasmids and oligonucleotides are available upon
request.

Fluorescence imaging

Al static images of the VNC were taken of the anterior portion of the
ventral nerve cord, posterior to the RIG and AVG neuronal cell bodies
in larval stage 4 (L4) animals unless otherwise stated. Images of the
posterior nerve cord in Supplemental Figure S3 were taken posterior
to the vulva. Nerve ring images in Supplemental Figure S3 were
taken immediately anterior to the terminal bulb of the pharynx. Imag-
ing of heat-shocked animals shown in Figure 2 was performed on
young adult animals. For all images of the VNC, animals were immo-
bilized in 30 mg/ml 2,3-butanedione monoxamine (Sigma-Aldrich,
St. Louis, MO) for 5-7 min before imaging. Imaging was performed
using an Axioimager M1 microscope (Carl Zeiss, Jena, Germany) with
a 100x Plan Apochromat (1.4 numerical aperture [NA]) objective with
GFP filter and captured with an Orca-ER charge-coupled device cam-
era (Hamamatsu, Hamamatsu, Japan) using MetaMorph, version 7.1,
software (Molecular Devices, Sunnyvale, CA). To quantitate VNC fluo-
rescence, maximum intensity projections from Z-series stacks of 1 pm
total depth were used. For nerve ring images Z-series stacks of 3 um
total depth were used. Exposure settings and gain were set to fill the
12-bit dynamic range and to avoid saturation. Settings were identical
for each image acquired within an experiment for a given fluorescent
marker. MetaMorph, version 6.0, software was used to generate line
scans of maximum-intensity projection images of the VNC. Line scans
were analyzed with Igor Pro, version 5 or 6 (WaveMetrics, Portland,
OR), using custom-written software (gift from J. Dittman, Weill
Cornell Medical College, New York) as described previously (Burbea
et al., 2002). The fluorescence intensity of 0.5-um FluoSphere beads
(Invitrogen, Carlsbad, CA) was measured for each day of imaging and
used to normalize daily arc lamp intensity. Puncta intensities were
normalized to the average bead intensity for the corresponding day.
Puncta intensities are shown normalized to wild type. Puncta widths
were calculated by measuring the width of each punctum at half the
maximal peak fluorescence intensity. Puncta densities represent the
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average number of puncta per 10 um of the ventral nerve cord.
For all imaging quantification in the VNC, average + SEM values are
reported, and statistical significance was determined using Student's
t test for experiments in which two genotypes were compared or
the Tukey—Kramer test for experiments comparing more than two
genotypes.

To quantify the amount of GLR-1::GFP in interneuron cell bodies,
images were taken of PVC cell bodies, and maximum-intensity pro-
jections were generated from Z-series stacks (2 um total depth) as
described previously (Juo et al., 2007; Kowalski et al., 2011). Aver-
age pixel intensities of two to three separate regions of each cell
body were measured using MetaMorph, version 7.1, software.

Heat shock was performed by shifting L4 stage animals from nor-
mal growth conditions at 20°C to 30°C for 16 h. After heat shock,
animals were allowed to recover at 20°C for at least 1 h before
imaging.

Time-lapse imaging and data analysis

For all in vivo time-lapse imaging of the VNC, 1-d adult hermaphro-
dites were immobilized with 3 mM levamisole in M9 and mounted
on a 2% agarose pad. VNC imaging was performed in an anterior
region (70-80 pm) of the VNC just posterior to the RIG and AVG
neuronal cell bodies.

VNC time-lapse image acquisition

GLR-1::GFP time-lapse images were obtained with an Olympus
IX81 microscope (Olympus, Tokyo, Japan) using a Plan Apochromat
objective (100x, 1.4 NA) attached with a spinning disk confocal
head (CSU22; Yokogawa, Tokyo, Japan) and equipped with an elec-
tron-multiplying charge-coupled device (EMCCD) camera (iXon
897; Andor Technology, South Windsor, CT). KLP-4::mCherry time-
lapse images were obtained with an Andor Spinning Disk confocal
microscope.

Photoconversion and time-lapse imaging of GLR-1::Dendra2
GLR-1::Dendra2 was locally photoconverted in neuronal cell bodies
in the head in a 10 x 20 pm region of interest using a 405-nm laser on
a Zeiss LSM 510 meta-confocal with a 60x/1.45 NA oil objective (Carl
Zeiss, Jena, Germany). Before photoconversion, interneuron cell bod-
ies in the head were identified using a 488-nm argon laser (30 mW) at
low 2% power (60x objective, scan speed of 400 Hz, and 100-pm
pinhole size) to avoid accidental photoconversion of Dendra2. Photo-
conversion was performed using a 405-nm diode laser (25 mW) at
20% power for 4-5 min (60x objective, scan speed of 200 Hz, pinhole
size 100 um). Twenty minutes after local photoconversion of the cell
bodies in the head, time-lapse images of the VNC were obtained
using an Andor Spinning Disk confocal microscope using a Plan
Apochromat objective (100x, 1.4 NA) attached to a spinning disk con-
focal head (CSU22; Yokogawa) and equipped with an EMCCD cam-
era (iXon-897). We focused on the VNC using the 488-nm laser
(25 mW) at 10% power (100x objective, 150-ms exposure). There was
no accidental photoconversion of Dendra2 using these conditions.
Time-lapse imaging of photoconverted red GLR-1::Dendra2 in the
VNC was performed using a 561-nm laser (25 mW) at 60-80%
power (100x objective, exposure of 300 ms/image).

VNC time-lapse analysis

Moving particles were defined as puncta that were displaced by at
least three pixels in successive time frames, and stationary particles
were defined as puncta that were immobile for more than three
consecutive frames. The flux of particles was calculated as the num-
ber of puncta moving in either direction in a 15- to 20-pym region
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(just posterior to the RIG and AVG cell bodies) divided by the total
time. Run length was calculated as the length in microns of each
distinct movement event in the x-coordinate plane. The start and
end of each movement event was defined by pauses, reversals,
or length of movie. Images (512 x 512 pixels) were acquired at a
constant frame rate of 34 frames/s for a total of 300-400 frames.
Image analysis was performed using ImageJ software, version 1.37
(National Institutes of Health, Bethesda, MD), and statistical signifi-
cance was determined using the Student'’s t test.

Comigration time-lapse imaging

Comigration time-lapse imaging of GLR-1::GFP and KLP-4::mCherry
was performed on animals expressing both GLR-1::GFP (nuls25) and
KLP-4::mCherry under control of the gl~1 promoter (pzEx234).
Time-lapse imaging was performed using an UltraView spinning
disk confocal microscope (PerkinElmer, Waltham, MA) and assem-
bled into time-lapse movies using Volocity (PerkinElmer) and Quick-
Time (Apple, Cupertino, CA) software.

Real-Time PCR

Total RNA was isolated from mixed-stage wild-type (nuls25) and
klp-4 mutant (nuls25;klp-4(tm2114) or nuls25; klp-4(pz19)) animals
using an RNeasy fibrous tissue kit (Qiagen, Valencia, CA) as previ-
ously described (Kowalski et al., 2011). First-strand cDNA was syn-
thesized using Superscript Ill Reverse Transcriptase (Invitrogen), and
real-time PCR was performed using the Brilliant SYBR Green Master
Mix and SureStart Taq (Stratagene, Santa Clara, CA) on the MX3000P
real-time PCR machine (Tufts Center for Neuroscience Research,
Boston, MA). Standard curves were used to calculate the efficiency
of primers for both glr-1 and act-1, and the relative amount of glr-1
mRNA compared with act-T mRNA in each of six replicate samples
was determined as previously described (Pfaffl, 2001). The ratio of
glr-T:act-1 mRNA in klp-4(tm2114) and klp-4(pz19) mutant animals
was normalized to that in wild-type animals. For all genotypes mean
+ SEM of n = 3 replicates of two different starting cDNA concentra-
tions was determined.

Locomotion behavior assay

The spontaneous reversal assay was performed as previously de-
scribed (Kowalski et al., 2011). Fresh standard nematode growth
medium (NGM) agar plates were poured and allowed to dry at
room temperature. Young adult hermaphrodites were transferred
using halocarbon oil from a plate with food to the center of a fresh
NGM standard plate without food and allowed to acclimate to the
plate for 2 min. The number of spontaneous reversals was re-
corded over the subsequent 5 min. The genotypes of the animals
being studied in the behavioral assay were coded so that they
were unknown to the experimenter during the observation period.
The average number of reversals per minute £ SEM was deter-
mined for each genotype.

Ethyl methane sulfonate mutagenesis and mutations

The klp-4(pz19) allele was isolated in a forward genetic suppressor
screen for mutants that suppressed the effects of overexpressed
cdk-5 (pzls2) on GLR-1::GFP (nuls24). An F1 clonal screen was per-
formed by mutagenizing nuls24;pzls2 animals with ethyl methane
sulfonate (EMS) and screening F2 progeny on a compound micro-
scope for mutants with decreased abundance of GLR-1::GFP in the
VNC. Briefly, synchronized L4 animals were incubated with 50 mM
EMS at room temperature for 4 h as previously described (Brenner,
1974). After removal of EMS, the treated animals were allowed to
recover on NGM plates with food until movement resumed.
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Mutagenized L4 animals were transferred to fresh NGM plates
and incubated at 20°C to allow for growth of the F1 generation. One
hundred young adult F1 animals were singled and incubated at 20°C.
F2 animals were screened for GLR-1::GFP abundance in the VNC as
detailed earlier. pz19 was one of the strong suppressor mutants iso-
lated in this screen and was mapped to the X chromosome using
standard genetic mapping techniques. A parallel, independent RNA
interference screen for genes that decrease GLR-1::GFP in the VNC
also identified klp-4 as a gene that regulates GLR-1 and aided our
mapping of pz19. Sequencing of the exons and intron/exon junctions
of klp-4 revealed that the pz19 allele contains a C-to-T point mutation
at nucleotide 3076, resulting in a premature stop codon at amino
acid 1026 (Arg1026Stop) in the ORF of KLP-4 (numbering based on
F56E3.3a splice form). The klp-4 deletion allele tm2114 was isolated
by Shohei Mitani (National BioResource Project, Tokyo, Japan) and
consists of a 747-base pair deletion. The tm2114 allele deletes exons
4-6 of klp-4, eliminating more than half of the motor domain, includ-
ing the microtubule-binding sites, and thus likely represents a func-
tional null mutant. The tm2114 deletion also causes a frameshift, re-
sulting in a predicted premature stop codon after the first 167 amino
acids of KLP-4, eliminating the entire cargo-binding tail. pz19 fails to
complement tm2114 in a noncomplementation test.
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