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SUMMARY

Membrane trafficking and spinogenesis contribute significantly to changes in synaptic strength
during development and in various paradigms of synaptic plasticity. GTPases of the dynamin
family are key players regulating membrane trafficking. Here, we identify a brain-specific
dynamin family GTPase, neurolastin (RNF112/Znf179), with closest homology to atlastin. We
demonstrate that neurolastin has functional GTPase and RING domains, making it a unique
protein identified with this multi-enzymatic domain organization. We also show that neurolastin is
a peripheral membrane protein, which localizes to endosomes and affects endosomal membrane
dynamics via its RING domain. In addition, neurolastin knockout mice have fewer dendritic
spines, and rescue of the wildtype phenotype requires both the GTPase and RING domains.
Furthermore, we find fewer functional synapses and reduced paired pulse facilitation in
neurolastin knockout mice. Thus, we identify neurolastin as a dynamin family GTPase that affects
endosome size and spine density.

INTRODUCTION

Members of the dynamin family of GTPases play central roles in regulating vesicular
trafficking and membrane transport. The basic architecture of the dynamin family of
proteins includes the GTPase catalytic domain, the middle domain, and a GTPase effector
domain (GED). Homo-oligomerization is an important part of the catalytic process as these
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GTPases undergo assembly-stimulated GTP hydrolysis (Gasper et al., 2009) and is mediated
by the middle domain, along with the GED. For purposes of membrane remodeling, these
proteins are either embedded or peripherally associated with membranes via specific
domains or motifs. Different members associate with specific membranes and catalyze
membrane remodeling in a GTPase-dependent manner (Heymann and Hinshaw, 2009). For
instance, dynamin associates with the plasma membrane, atlastin with ER membrane, and
mitofusin is present on the mitochondrial membrane (Ferguson and De Camilli, 2012). Both
atlastin and mitofusin play a major role in maintenance of normal ER and mitochondrial
morphology, respectively (Hu et al., 2009; Zhang and Chan, 2007). Various isoforms of
dynamin have been implicated in regulating synaptic vesicle (SV) trafficking at the plasma
membrane (Raimondi et al., 2011).

Another important mechanism regulating vesicular trafficking is ubiquitination, a post-
translational modification. Key players involved in ubiquitination include E3 ubiquitin
ligases, which catalyze the transfer of ubiquitin from the cognate ubiquitin-conjugating
enzyme (E2) to the substrate (Deshaies and Joazeiro, 2009). E3 ligases containing a RING
domain are known to play diverse roles in endosomal sorting and synaptic plasticity
(Haglund and Dikic, 2012; Mabb and Ehlers, 2010). For example, RNF167 regulates
synaptic transmission by ubiquitinating AMPARs and targeting them to the lysosomes
(Lussier et al., 2012) and Drosophila E3 ligases regulate endosomal trafficking via
ubiquitination of VAMP3 (Yamazaki et al., 2013).

Of the many identified RING E3 ligases, one is RNF112 (Znf179/Zfp179/Bfp), which we
have named neurolastin based on our results. It maps within the chromosomal region
encoding the Smith-magenis syndrome (Kimura et al., 1997), a developmental disorder and
has known homologs only in higher eukaryotes. Though neurolastin has been shown to be
brain-specific with a temporal increase in its expression (Orimo et al., 1998; Pao et al.,
2011), there is no direct evidence demonstrating its E3 ligase activity and a very limited
understanding about the overall function of this protein. Only recently, a few studies have
suggested that neurolastin is important for neuronal differentiation and neurogenesis (Lin et
al., 2013; Pao et al., 2011).

In this study, we characterize neurolastin as a dynamin family GTPase, which contains
multi-enzymatic domains. Because it shows closest homology to atlastin and is specifically
expressed in the nervous system, we name it neurolastin. Neurolastin exhibits GTPase and
E3 ligase activities, is peripherally attached to membranes, and localizes to multiple
endocytic vesicles. To delineate the importance of neurolastin, we generated neurolastin
knockout mice (KO), which have smaller endosomes, less synapses, reduced dendritic spine
density and reduced paired pulse facilitation. While endosomal localization and a functional
RING domain of neurolastin affect the endosome size, both RING and GTPase domains are
essential to maintain spine density. The characterization of neurolastin expands the dynamin
family and adds to our current knowledge of the different roles played by dynamin family
GTPases in neuronal physiology.
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Neurolastin is a functional GTPase, related to the dynamin family of proteins

To understand the function of neurolastin, we first searched for conserved domains within
the protein using the NCBI database, and found an apparent GTPase domain, a RING
domain, and two potential transmembrane domains. Further bioinformatic analyses
suggested that the GTPase domain of neurolastin shows homology with dynamin family
members (Figure 1A). Sequence alignment revealed that neurolastin contains the key
residues essential for nucleotide binding and hydrolysis in the canonical motifs (G1, G2, G3
and G4) of the GTPase domain. Additionally, it also suggests that the G4 motif of
neurolastin is most closely related to guanylate-binding proteins (GBPs) and atlastin (Figure
1B).

To test the predicted activity experimentally, we purified neurolastin with an N-terminal
GST-tag and used it in an in vitro GTP hydrolysis assay. We found that neurolastin does
indeed hydrolyze GTP. Interestingly, it has the ability to hydrolyze GTP to its
monophosphate form, GMP (Figure 1C). To delineate the function of the GTPase domain,
we generated a GTPase activity-defective mutant. Different GTPase mutants in the G4 motif
of GBPs and atlastin have been characterized previously (Byrnes and Sondermann, 2011,
Praefcke et al., 2004). Based on these reports, we substituted Arg (R) with Glu (Q) in the G4
motif to generate the GTPase mutant (R340Q) of neurolastin. Neurolastin R340Q displays a
nearly 50% reduction both in GDP and GMP production, when compared to WT (Figure 1D
and 1E).

The ability to hydrolyze GTP and oligomerize are characteristic of dynamin family
GTPases; these being mediated by the GTPase domain in conjunction with the GED and
middle domains. Although the middle domains of dynamin family members lack sequence
conservation or detectable similarity to known structural motifs, they contain a predicted
coiled-coil region (Heymann and Hinshaw, 2009). In accordance with this, we searched for
coiled-coil regions in neurolastin and found that the analogous region (residues 472-565)
shows a high probability of coiled-coils (Figure S1A), which potentially form the middle
domain. Using immunoprecipitation, we checked if neurolastin could self-associate. We co-
expressed HA- and Flag-neurolastin in HEK cells, specifically isolated HA-neurolastin
using an HA antibody and detected Flag-neurolastin, demonstrating that neurolastin could
self-associate (Figure 1F).

Neurolastin is a functional E3 ligase

In addition to the GTPase domain, neurolastin also has an E3 ubiquitin ligase domain.
Sequence analysis shows that neurolastin has a C3HC4 type RING domain and key residues
important for zinc coordination are conserved (Figure 2A). We next tested the E3 ligase
activity of neurolastin in an in vitro ubiquitination assay. We incubated GST-neurolastin and
Myc-ubiquitin in an ATP regenerating system with HeLa cell lysate that serves as a source
of potential substrates. We observed the formation of poly-ubiquitin conjugates when
neurolastin was added exogenously to the reaction (Figure 2B), confirming that neurolastin
is a functional E3 ligase. All E3 ligases have cognate E2s. To identify the specific E2 for
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neurolastin, we performed a substrate independent assay using purified E1, GST-neurolastin,
and Myc-ubiquitin and tested for the ability of neurolastin to auto-ubiquitinate in the
presence of different E2s. Of the multiple E2s tested, ubiquitination by GST-neurolastin was
observed in the presence of three E2s, namely UBE2D1, UBE2D2, and UBE2D3 (Figure
2C). We also used a dominant negative mutant (C85A) of the identified E2s and observe no
ubiquitination, demonstrating the specificity of the E2s identified.

Neurolastin is peripherally associated with membranes via its C-terminus and localizes to
endocytic vesicles

Neurolastin, like atlastin, has hydrophobic regions predicted to be transmembrane domains
(570-625) based on different algorithms (Figure S1B). To determine whether neurolastin is
an integral membrane protein, we expressed HA-tagged neurolastin in HEK cells, separated
the membrane and cytosolic fraction by high-speed centrifugation, and examined the
presence of neurolastin by immunoblotting. Surprisingly, we found that unlike atlastin,
neurolastin is present both in the membrane and cytosolic fractions (Figures 2D) suggesting
that the analogous hydrophabic regions of neurolastin are not membrane spanning domains.
Although neurolastin is present in the cytosolic fraction, it is also associated with
membranes. To characterize the interaction of neurolastin with membranes, we lysed
membranes in Tx-114 and separated the integral and peripheral membrane proteins.
Neurolastin separates in the aqueous phase, whereas atlastin is found in the detergent phase
(Figure 2E), consistent with neurolastin being peripherally associated with the membrane. In
contrast, atlastin is a bonafide integral membrane protein. We determined the region
important for membrane association by examining the presence of neurolastin full-length
(1-654), N-terminal deletion (158-654) and C-terminal deletion (1-563) in the membrane
and cytosolic fractions. We find a negligible amount of neurolastin containing the C-
terminal deletion in the membrane fraction compared to the N-terminal deletion, which is
present in quantities similar to full-length neurolastin (Figure 2F). Interestingly, the region
deleted from the C-terminus has a stretch of hydrophobic residues (Figure S1C). These
results indicate that neurolastin is peripherally associated with membranes via its C-terminal
region.

To determine the localization of neurolastin, HA-tagged neurolastin was expressed in HeLa
cells and examined. Neurolastin showed a diffuse and punctate localization, representing the
cytosolic and membrane fractions of neurolastin. Neurolastin does not colocalize with
distinct organelles (Figure 2G). However, immunofluorescence microscopy revealed that
neurolastin is localized to endosomes, as it shows partial colocalization with different
endosomal markers (Figure 2H).

Generation and characterization of neurolastin KO mice

To study the functional significance of neurolastin in vivo, we generated a KO reporter
mouse strain (Figure S2A). The KO was confirmed by genotyping PCR (Figure S2B) and
immunoblotting using a neurolastin antibody. The specificity of the antibody was tested by
Western blot analysis of HEK cells expressing neurolastin (Figure S2C). Though the
antibody picks up multiple bands, it specifically recognizes endogenous neurolastin from
brain lysate of WT mice, whereas no corresponding signal was seen in the KO mice (Figure
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S2D). The KO mice are viable and show no obvious defects, although we observe some
breeding inconsistency (data not shown). Adult animals (one year old) were subjected to a
detailed phenotypic examination. Interestingly, the only difference observed was a reduction
in the size of brains (~10%) of the KO animals, whereas other organs were similar to WT
(Figure S2E).

Neurolastin affects endosomal membrane dynamics via its RING domain

Because neurolastin shows endosomal localization, we examined if it plays any role in
modulating endosomal membrane dynamics. In neurons, we co-expressed neurolastin (WT
or mutants) with YFP-EEAL (to label endosomes) and examined endosomal volume.
Interestingly, we observe that neurolastin H97W (RING mutant), leads to a significant
reduction in large endosomes (volume greater than 0.1 um?3) and an increase in small
endosomes, whereas no change in endosome size is observed upon expression of neurolastin
WT or neurolastin R340Q (Figure 3A and 3B). Based on this observation, we compared the
size of endosomes in WT and KO neurons by light microscopy and found a significant
reduction in larger endosomes in KO mice (Figure 3C and 3D). Next, we tried to rescue the
endosomal defect by expressing neurolastin (WT or mutants) in KO neurons. We find that
the endosomal phenotype can be rescued by expressing neurolastin WT or neurolastin
R340Q (GTPase mutant) and not by neurolastin H97W, the RING mutant (Figure 3E and
3F). We examined if there was any change in the localization of neurolastin mutants with
endosomal markers in HelLa cells. Interestingly, we observe a clear mislocalization of
neurolastin H97W (RING mutant) onto mitochondria (Figure S3). These results show that a
functional RING domain is essential for endosomal localization of neurolastin, which in turn
is important for maintaining endosomal size.

Neurolastin is important for excitatory neurotransmission

Because neurolastin is localized to vesicles and impacts endosome size, we hypothesized it
might affect dendritic spines. Hence, we analyzed the effect of neurolastin expression on
dendritic spine density. Neurolastin (WT or mutants) and GFP were co-expressed in neurons
and the number of dendritic spines counted. Interestingly, we observed that expression of
neurolastin WT led to a significant increase in spine density, whereas expression of either
neurolastin R340Q (GTPase mutant) or neurolastin H97W (RING mutant) had no effect on
spine density (Figures 4A and 4B). These results indicate a requirement of functional
GTPase and RING domains of neurolastin for increasing spine density. Importantly, we find
fewer dendritic spines in KO mice in vivo (Figures 4C and 4D). Finally, we tested if
exogenous neurolastin could rescue the spine density defect in KO mice. Neurons cultured
from KO mice were transfected with neurolastin (WT or mutants) and the number of spines
counted. We find that only WT neurolastin could rescue the spine density deficit whereas
the RING and GTPase mutants could not (Figures 4E and 4F).

Finally, we investigated if neurolastin regulates excitatory neurotransmission. We recorded
MEPSCs (miniature excitatory postsynaptic currents) in CA1 pyramidal neurons of acute
hippocampal slices from mice (P14-18). A significant decrease in the frequency of mMEPSCs
in KO mice was observed, although the amplitude and mini decay remained unchanged
(Figures 5A-5D), suggesting a reduced number of functional synapses, whereas the synaptic
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strength remains unaltered. Moreover, we observed a change in the levels of glutamate
receptors in KO mice compared to WT (Figures 5E and 5F), most notably finding that the
AMPAR subunits, GIuA1 and GluAz2, are significantly reduced in the synaptic fraction.
Furthermore, the levels of NMDAR subunits are differentially regulated, with a reduction in
GIuN2A compared to an increase in GIUN2B in KO mice. These changes are most
consistent with a delay in synaptic maturation. We also measured EPSCs from hippocampal
slices and compared the paired pulse facilitation between WT and KO mice. We observed
reduced paired pulse facilitation in KO mice (Figure 5G and 5H) confirming a presynaptic
contribution of neurolastin. We also observed that neurolastin is present in multiple
subcellular fractions including enriched SVs and post-synaptic density (PSD) (Figure S4),
showing biochemical evidence for a pre- and post-synaptic role. Together, these results
show that the absence of neurolastin leads to a compromise in synaptic transmission.

DISCUSSION

Dynamin and its isoforms have been studied for decades and are central players in
regulating SV endocytosis (Ferguson and De Camilli, 2012). Other members of the dynamin
family play diverse roles in fission and fusion of organelles (Heymann and Hinshaw, 2009).
The last mammalian member added to this family was atlastin over a decade ago (Zhao et
al., 2001). Since that time it has been shown that atlastin plays an important role in driving
the homotypic fusion of ER membranes (Hu et al., 2009).

We have now identified a brain-specific GTPase of this family, neurolastin. Based on its
sequence, neurolastin is most closely related to atlastin; but, surprisingly, it is not a
transmembrane protein like atlastin. We show it is a peripheral membrane protein, making
neurolastin similar, in this regard, to the founding member, dynamin. However, neurolastin
can hydrolyze GTP to GMP, clearly distinguishing it from dynamin. This feature aligns it
more closely to GBPs and atlastins, the only two classes of proteins that catalyze GTP
hydrolysis to GMP (Byrnes and Sondermann, 2011; Schwemmle and Staeheli, 1994). The
presence of a RING domain and it being a functional E3 ligase makes neurolastin a unique
GTPase. Though proteins with multi-functional domains have been previously reported,
none of the dynamin family GTPase possesses functional multi-enzymatic domains.

We also find that neurolastin localizes to endocytic vesicles. Importantly, it does not localize
to the ER, mitochondria or plasma membrane, membranes already targeted by known
dynamin family members (Ferguson and De Camilli, 2012). Vesicle budding and subsequent
membrane fission occurs throughout the secretory and endocytic pathway. Although
dynamin drives the scission of endocytic vesicles at the plasma membrane, it does not affect
most events in the endocytic pathway (Ferguson and De Camilli, 2012). Thus, localization
of neurolastin to different endocytic vesicles implicates a substantial role in endocytic
membrane dynamics. Furthermore, changes in the expression of different endocytic proteins
upon shRNA-mediated knockdown of neurolastin have been reported (Pao et al., 2011).
Additionally, we find that neurolastin KO mice have smaller endosomes. Our results suggest
that localization of neurolastin to endosomes involving its RING domain is important for
maintaining endosome size. Along similar lines, it has been reported that the Drosophila
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Goliath and Godzilla E3 ligases, and one of their human homologs, RNF167, located on
endosomes regulate the endosome size via ubiquitination (Yamazaki et al., 2013).

Many proteins, including GTPases and E3 ligases, regulate dendritic spines by different
mechanisms including spine morphogenesis, and changes in dendritic spines have been
associated with various neurological disorders. For example, TRIM3, a RING finger protein
degrades its substrate, GKAP, decreasing it at the postsynaptic sites resulting in smaller
dendritic spines (Hung et al., 2010). Although, proteins from the Rho family of GTPases
play a major role in altering spine morphology via cytoskeletal rearrangements (Lin and
Koleske, 2010), it has also been reported that a dynamin-3 splice variant is important for
maintaining dendritic spine morphology (Gray et al., 2005). More recently, atlastin’s
GTPase activity has been implicated in dendritic morphogenesis (Gao et al., 2013).
Interestingly, we observe significantly lesser dendritic spines in neurolastin KO mice.
Furthermore, spine density is dependent on the presence of functional GTPase and RING
domains of neurolastin.

Numerous studies in the literature show that endosomes play a major role in regulating long-
term potentiation (LTP) and long-term depression (LTD), two of the most well studied
forms of synaptic plasticity, by controlling the number of AMPARSs at the synapse.
AMPARSs are sorted in endosomal compartments and either recycled to the PM (LTP) or
targeted to lysosomes for degradation (LTD) (Huganir and Nicoll, 2013). In neurolastin KO
mice, we observe smaller endosomes and a decrease in synaptic AMPARS, implicating the
limited ability of neurons to efficiently traffic AMPARS to the synapse. Furthermore, we
observe a dramatic decrease in dendritic spines in the neurolastin KO mice, a phenotype that
is tightly linked to AMPAR trafficking and exocytosis. Indeed, previous reports show that
recycling endosomes modulate spine growth by exocytosis during synaptic plasticity (Park
et al., 2006). Thus, these observations in the neurolastin KO suggest a trafficking defect due
to altered endosomal membrane dynamics. While the smaller PPF ratio in the KO suggests
higher neurotransmitter release probability of the presynaptic neurons, the reduced spine
density may underlie the observed deficits in mEPSC frequency in the neurolastin KO.

Our observations in neurolastin KO mice of a strong deficit in mEPSC frequency,
compromised paired pulse facilitation and reduced dendritic spine density suggest its
significant role at both the pre- and post-synapse. This behavior is similar to dynamin, which
although mostly characterized as presynaptic has been shown to localize at the post synapse
and affect AMPAR trafficking (Carroll et al., 1999; Jaskolski et al., 2009; Lu et al., 2007).
Interestingly, the GTPase activity of dynamin, which is important for SV endocytosis, is not
responsible for these effects. Instead, they are mediated by interaction of dynamin with the
post-synaptic protein Homer, through its proline-rich domain. Thus, studies highlight the
pleiotropic effects of dynamin being driven by its different domains. In a similar fashion,
results presented in this study also suggest pleiotropic effects of neurolastin on endosome
size, spine density and a presynaptic function, involving different domains present on
neurolastin. These results are supported by our findings that neurolastin is present in the
microsomal, PSD and SV fractions. The observed phenotypes in KO mice open a wide
range of questions as to which domain and what mechanism is underlying these effects.
Additionally, different reports of other GTPases reveal interplay between the GTPase
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activity and ubiquitin-dependent degradation affecting the mitochondrial membrane fusion
(Cohen et al., 2011; Karbowski et al., 2007). However, in all cases, there is involvement of
two separate proteins harboring the RING and GTPase domains. Interestingly, in neurolastin
both the domains reside together, suggesting a potential interplay.

In conclusion, we identify a member of the dynamin family GTPases that contains a RING
domain and plays a crucial role in synaptic transmission. Even though the neurolastin KO
mice are viable, the notable change in spine density and endosome size suggests its potential
role in pathogenesis of different neurological disorders. Investigating the molecular
mechanisms underlying the observed phenotypes will enhance our understanding of
membrane trafficking, dendritic spines dynamics, and different mechanisms that govern
synaptic plasticity.

EXPERIMENTAL PROCEDURES

Neuronal cultures, antibodies and reagents

DNA constructs, reagents and antibodies are detailed in Supplemental Experimental
Procedures. Primary neurons were cultured from embryonic day 18 Sprague-Dawley rats as
described previously (Roche and Huganir, 1995).

Biochemical characterization

GTPase activity assay—Different concentrations of GST-tagged neurolastin (71-563)
were incubated with 100 nM a-32P-GTP in the presence of 2 mM MgCl, for 60 min at
37°C. The reaction was stopped by adding 2 mM EDTA and the products were resolved by
thin layer chromatography using 0.6 M NaH,PO,4 pH 3.5 as the solvent. For comparison of
GDP and GMP production between neurolastin WT and neurolastin R340Q, protein was
used at a concentration of 0.5 uM. Percent hydrolysis was estimated by calculating the
intensity of the corresponding spots obtained using ImageJ.

E3 ligase activity assay: 1 uM GST-neurolastin (71-563) was incubated with HeLa
S-100 fraction (60 pg), DTT (100 nM), ubiquitin aldehyde (1 pug) and Myc-ubiquitin (10 pg)
in an ATP-regenerating buffer system for 60 min at 30°C. The products were resolved on a
gradient gel and immunoblotted with a-FK1 antibody. For the in vitro substrate-independent
E3 ligase activity assay, purified GST-neurolastin, E1 (100 ng), E2 (200 ng) and Myc-
ubiquitin (10 pg) were incubated in an ATP regenerating buffer system for 60 min at 30°C.
The products were resolved on a gradient gel and immunoblotted with a-Myc antibody.
Membrane association and subcellular fractionation were performed using standard
procedures and are described in Supplemental Experimental Procedures.

Electrophysiology and Immunofluorescence

Electrophysiology was performed on hippocampal slices prepared from P14-18 animals and
is detailed in Supplemental Experimental Procedures. Immunofluorescence microscopy was
performed using standard methods.
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Determining the volume of endosomes: DIV10 rat hippocampal neurons were co-
transfected with YFP-EEA1 and neurolastin-HA (WT, R340Q or H97W) cloned into the
pCAG vector using Lipofectamine 2000. The cells were fixed at DIV13 and stained with a-
HA antibody to detect neurolastin. For rescue experiments, PO-P1 hippocampal neurons
from neurolastin KO mice were used and the experiment was performed as described above.
For comparing the endosomal volume between WT and KO, mouse hippocampal neurons
were cultured at PO-P1 and stained at DIV13 for endogenous EEAL. Subsequently, Z-stacks
were captured using a 63X oil immersion objective of a LSM 510 Meta Zeiss confocal
microscope. The volume of endosomes was calculated from Z-stacks using Volocity
analysis software. The threshold was kept constant for all images in each experiment.
Objects smaller than 0.01 pm?3 were disregarded. Subsequently the volume of all objects in
selected regions (three dendritic regions per neuron) was measured. 10-15 neurons were
analyzed in each experiment per given condition. Endosomes with different volumes were
binned into two groups (with a volume either less or more than 0.1 um3). The percentage of
endosomes per neuron in both the groups was calculated and data is presented as mean +
SEM.

Dendritic spine density: DIV14 rat hippocampal neurons were co-transfected with GFP
(to fill spines) and neurolastin-HA (WT, R340Q or H97W) using Lipofectamine 2000. The
cells were fixed at DIV18 and stained with a-HA antibody to detect neurolastin.
Subsequently, Z-stacks were captured using a 63X oil immersion objective of LSM 510
Meta Zeiss confocal microscope. Spines per 10 um were counted from three secondary/
tertiary dendrites per neuron using Metomorph analysis software. 10-15 neurons were
analyzed in each condition per experiment. For rescue experiments, hippocampal neurons
were cultured from PO-P1 neurolastin KO mice and the experiment was performed as
described above. A projection image was created using different optical sections (0.35 um)
and is presented. The average number of spines per neuron was calculated and data is
presented as mean + SEM.

Statistical analysis

An unpaired two-tailed t-test was used to determine the significance of the data from
independent experiments, as indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Neurolastin is a functional GTPase, related to the dynamin family of proteins
(A) Schematic of dynamin superfamily proteins showing different domains. Dendrogram

based on ClustalW sequence alignment of indicated mouse proteins. Complete sequence of
neurolastin is included in Figure S1E.

(B) Sequence alignment of the GTPase domain G1 to G4 motifs (red). Key residues are
marked with an asterisk. Underlined residues are signature of GBPs and atlastins and
coordinate guanosine binding.
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(C) Invitro GTPase assay in which purified GST-neurolastin (indicated concentrations) was
incubated with a-32P-GTP and the hydrolysis products were separated using Thin-layer
chromatography. Autoradiogram shows GDP and GMP as the hydrolysis products of GTP.
GST was used as a control.

(D) Characterization of a GTPase mutant. Autoradiogram comparing GTP hydrolysis
between WT and R340Q. Graph in (E) represents mean + SEM of relative amount of GDP
and GMP produced using 0.5 uM protein (N=3; * p < 0.01; ** p < 0.005).

(F) Flag-neurolastin and neurolastin-HA were co-expressed, followed by
immunoprecipitation with a-HA and immunoblotting with a-Flag antibody (left panel) to
determine self-association of neurolastin. Right panel shows the expression of proteins in the
cell lysate (input) used for immunoprecipitation.
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Figure 2. Neurolastin is a functional E3 ligase peripherally associated with membranes
(A) Sequence alignment of the RING (C3HC4) domain of neurolastin with closely related

E3 ligases. Conserved residues are highlighted in red.

(B) Invitro E3 ligase activity assay in which GST-neurolastin was incubated with HeLa
S-100 fraction and Myc-ubiquitin in an ATP-regenerating system. The presence of ubiquitin
chains was determined by immunoblotting with a-FK1 antibody, which recognizes poly-
ubiquitin conjugates. The control reaction included all components except neurolastin.
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(C) Substrate-independent in vitro E3 ligase activity assay in which GST-neurolastin was
incubated with purified E1 (Ubal), different E2s and Myc-ubiquitin in an ATP-regenerating
system. Reaction without E2 and dominant negative form of indicated E2s (C85A) were
used as controls. The presence of ubiquitin conjugates was determined by immunoblotting
with a-Myc antibody. Signal obtained at sizes lower than 75 kDa is ubiquitin conjugated to
the degradation products of neurolastin (See Figure S1D).

(D) Detection of neurolastin in the membrane and cytosolic fractions of cells expressing
neurolastin-HA. Samples were resolved by SDS-PAGE and immunoblotted with a-HA
antibody. HA-atlastin was used as a control. PNS: Post Nuclear supernatant.

(E) Membrane fraction (as generated in D) was subsequently lysed in buffer containing
Tx-114 to separate the peripheral (aqueous phase) and integral (detergent phase) membrane
proteins. Samples were resolved by SDS-PAGE and immunoblotted with a- HA antibody.
(F) Detection of different truncations of neurolastin in the membrane and cytosolic fractions.
(G) Neurolastin-HA was expressed in HeLa cells and visualized by immunostaining with a-
HA antibody (red). Different organelles were stained with specific markers/antibodies:
nucleus (DAPI), ER (a-KDEL), mitochondria (a-ATP5A), or Golgi (a-GM130). Scale bar,
10 pm.

(H) GFP-tagged Rabs (green), which localize to specific endocytic compartments (Rab 5-
early endosomes; Rab 7 and Rab 9-late endosomes; Rab 11-recycling endosomes), were co-
transfected with neurolastin-HA (red) and co-localization was analyzed by immunostaining.
Merged images are presented. Scale bar, 10 pm. Inset shows enlarged region.
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Figure 3. Neurolastin RING domain affects endosome size
(A) Endosomes (labeled with YFP-EEA1) in rat hippocampal neurons transfected with

neurolastin-HA (WT or mutants). Scale bar, 10 um. Enlarged image of the boxed region is
shown below each panel. Scale bar, 5 um.

(B) Percentage of endosomes (volume > 0.1 um3) in dendrites per neuron expressing
neurolastin (WT, R340Q or H97W). Vector only used as control. Data represent mean +
SEM (N=3; ** p < 0.005).

(C) Hippocampal neurons from WT or KO mice stained for endogenous EEAL at DIV13.
Scale bar, 10 um. Enlarged image of the boxed region is shown below each panel. Scale bar,
5 pm.

(D) Percentage of endosomes (volume > 0.1 pm?3) in dendrites per neuron from WT or KO
neurons. Data represent mean £ SEM (N=2; **** p < 0.0001).
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(E) Rescue experiment in KO mouse neurons. Endosomes (labeled with YFP-EEA1)
transfected with neurolastin-HA (WT or mutants). Scale bar, 10 um. Enlarged image of the
boxed region is shown below each panel. Scale bar, 5 pm.

(F) Percentage of endosomes (volume > 0.1 um?3) in dendrites per neuron expressing
neurolastin (WT, R340Q or H97W). Vector only used as a control. Data represent mean +
SEM (N=3; * p < 0.05; **** p < 0.0001).

Cell Rep. Author manuscript; available in PMC 2015 September 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Madan Lomash et al. Page 18

A Vector Neurolastln WT Neurolastm R340Q Neurolastin-H97W B Iﬁ 1
P i KX @ ﬁ

7)) IS ==

c 26

s S L

28 24

= R 3

= 52

RN
Q:b

C &
Neurolastin

Spines per 10 um

10+

54

0«
N 2

m

Vector Neurolastin- R340Q Neurolastln HO7W Fs
(7] £ *kk I I
c 3
9 o
5 T
c ~ g s
g 7 B .é 2
o
ﬂ K
vo é
& &

Neurolastin

Figure 4.
(A) DIV14 neurons were co-transfected with GFP and neurolastin-HA (WT or mutants).

Vector only was used as a control. Cells were fixed at DIV18 and spines were counted (3
dendrites per neuron) using Metamorph analysis software. Scale bar, 10 pm. Graph in (B)
indicates mean + SEM of the number of spines per 10 um length of secondary/tertiary
dendrite (N=3 blinded experiments; ** p < 0.005; **** p < 0.0001).

(C) Golgi stained pyramidal neurons from hippocampus in WT or KO mice (P25-30).
Graph in (D) represents mean = SEM of the number of spines per 10 um length of
secondary/tertiary dendrite (N=3; **** p < 0.0001).

(E) Rescue experiment in KO mouse neurons. Neurons were transfected at DIV14 and
spines visualized at DIV18. Scale bar, 10 pm. Graph in (F) shows mean + SEM of the
number of spines per 10 um length of secondary/tertiary dendrite (N=2 blinded experiments;
**p < 0.005; *** p <0.001).
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Figure 5. Neurolastin KO mice have impaired synaptic transmission
(A) Representative mEPSC traces recorded in CA1 pyramidal neurons from hippocampal

slices of P14-18 mice. Graph indicates mean £ SEM of the amplitude (B), frequency (C),
and mini decay (D) (N=3 blinded experiments; * p < 0.05).

(E) Representative Western blot showing levels of different proteins in the synaptic fraction
of WT and neurolastin KO mice. Littermates at P16 were analyzed. Graph in (F) shows
mean + SEM of relative levels in KO, plotted as percent of WT levels (N=3 independent
experiments; * p < 0.05; ** p < 0.01; *** p < 0.0005).

(G) Representative EPSC traces recorded in CA1 pyramidal neurons from hippocampal
slices of P14-18 mice. Graph in (H) indicates mean + SEM of the paired pulse ratio with an
inter-stimulus interval of 50 ms (N=3 blinded experiments; *** p < 0.0001).
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