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Abstract
The collagen-tailed form of acetylcholinesterase (ColQ-AChE) is the major if not unique form of the
enzyme associated with the neuromuscular junction (NMJ). This enzyme form consists of catalytic
and non-catalytic subunits encoded by separate genes, assembled as three enzymatic tetramers
attached to the three-stranded collagen-like tail (ColQ). This synaptic form of the enzyme is tightly
attached to the basal lamina associated with the glycosaminoglycan perlecan. Fasciculin-2 is a snake
toxin that binds tightly to AChE. Localization of junctional AChE on frozen sections of muscle with
fluorescent Fasciculin-2 shows that the labeled toxin dissociates with a half-life of about 36 h. The
fluorescent toxin can subsequently be taken up by the muscle fibers by endocytosis giving the
appearance of enzyme recycling. Newly synthesized AChE molecules undergo a lengthy series of
processing events before final transport to the cell surface and association with the synaptic basal
lamina. Following co-translational glycosylation the catalytic subunit polypeptide chain interacts
with several molecular chaperones, glycosidases and glycosyltransferases to produce a catalytically
active enzyme that can subsequently bind to one of two non-catalytic subunits. These molecular
chaperones can be rate limiting steps in the assembly process. Treatment of muscle cells with a
synthetic peptide containing the PRAD attachment sequence and a KDEL retention signal results in
a large increase in assembled and exportable AChE, providing an additional level of post-translational
control. Finally, we have found that Pumilio2, a member of the PUF family of RNA-binding proteins,
is highly concentrated at the vertebrate neuromuscular junction where it plays an important role in
regulating AChE translation through binding to a highly conserved NANOS response element in the
3′-UTR. Together, these studies define several new levels of AChE regulation in electrically excitable
cells.
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1. Introduction
The complex mechanisms underlying the regulation of acetylcholinesterase (AChE)
expression at sites of nerve–muscle contact are still being elucidated. The synaptic form of the
enzyme, consisting of three catalytic tetramers associated with the collagen-like tail (ColQ),
is highly concentrated at the neuromuscular junction (NMJ), both intracellularly and on the
cell surface associated with the synaptic basal lamina at regions of nerve–muscle contact [1–
3]. While much research has focused on the transcriptional regulation of this important enzyme,
much less is know about the post-transcriptional events that lead to its expression and
localization at synapses. This paper will focus on recent studies from our laboratory on the
early events of AChE biogenesis and the several levels of translational and post-translational
controls that affect the expression of active enzyme at the neuromuscular junction.

2. Early events in the assembly of AChE
We have previously shown that the enzyme is synthesized on the rough endoplasmic reticulum
where it is rapidly assembled into dimers and tetramers, and only later assembled into collagen-
tailed molecules [4]. Most of the newly synthesized enzyme, however, is catalytically inactive
and rapidly degraded by the ERAD pathway [5,6]. These molecules are sensitive to the
endoglycosidase Endo-H, indicating residence in the endoplasmic reticulum and/or the early
Golgi apparatus [6]. The subset of AChE molecules that subsequently mature to catalytically
active enzyme become resistant to Endo-H, indicating transport to and transit through the Golgi
apparatus. In contrast to the exported enzyme that reaches the cell surface, we now show that
the newly synthesized catalytically active molecules are very unstable and are rapidly
inactivated by high temperatures, proteases and reducing agents suggesting that they transit an
intermediate stage where the molecules are incompletely folded. When cells expressing AChE
are treated with DTT, and the enzyme allowed to refold, only those molecules originally
destined for activation regain catalytic activity, suggesting a rate limiting step in the folding
process. One possible candidate for this rate limiting step is the non-catalytic subunit itself,
either ColQ or the transmembrane anchor PRiMA. Co-expression of the catalytic and non-
catalytic ColQ subunits in primary cells or transfected cell lines shows that the non-catalytic
subunits rescue AChE from ERAD degradation in addition to promoting assembly. In fact,
treatment of the cells with peptides containing both the PRAD sequence [7,8] and the ER
retention signal sequence KDEL alone are capable of rescuing AChE from degradation. These
results have led to the development of specific peptides designed to rescue AChE following
synthesis as a possible therapy for exposure the nerve agents and organophosphate type
pesticides.

3. Localizing AChE to the neuromuscular junction
The synaptic form of acetylcholinesterase is tightly associated with the synaptic basal lamina,
however the molecular mechanism(s) underlying its attachment at sites of nerve–muscle
contact are still poorly understood. COLQ-AChE is assembled intracellularly and transported
to the cell surface where it transiently associates with the extracellular matrix [9]. At this early
stage the enzyme can readily be detached with high salt solutions or heparin. However, during
the subsequent 2–3 h, the attachment becomes stronger and the enzyme can no longer be
removed even with ionic detergents or 8 M urea suggesting that the enzyme becomes covalently
attached [10]. Most of the enzyme in vivo is also strongly associated with the extracellular
matrix. AChE appears to be localized at the NMJ through its interactions with perlecan that in
turn is attached to dystroglycan [11–13]. Several studies have shown direct binding of AChE
to perlecan, both in vitro and in vivo, and mice lacking perlecan are also null for the synaptic
AChE. Perlecan is a multifunctional heparin sulfate proteoglycan that is also concentrated on
the synaptic basal lamina, and the carboxyl terminal domain of ColQ is necessary and sufficient
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for its attachment. Several mutations in the C-terminal domain of COLQ indicate that this
region of the collagenic tail is essential for AChE localization at the synapse [14–16]. To
determine whether the entire collagenic tail was necessary for attachment, or only the C-
terminal domain, we generated several fusion proteins consisting of GFP fused to varying
lengths of COLQ. The proteins were then expressed in HEK293, COS7 or primary avian
skeletal muscle cells and tested for their ability to bind to the cell surface. The results indicate
that a single C-terminal domain alone with the collagenic domain is sufficient to target COLQ-
AChE to the cell surface (Lewis Kimbell, unpublished observations).

Another possible ColQ-protein interaction has been described by Cartaud and colleagues
[17] who suggested that the putative agrin receptor MuSK is also a receptor for ColQ-AChE
and was required for AChE binding to the neuromuscular junction. Using a ColQ-GFP fusion
protein expression to emulate expression of ColQ-AChE, and co-transfection with MuSK, the
authors demonstrate that the surface clusters of ColQ-GFP co-distribute with endogenous
perlecan and exogenous MuSK in COS-7 cells. In contrast, COS-7 cells transfected with ColQ-
GFP alone did not exhibit cell surface clusters. These interesting studies remain to be repeated
and a direct interaction between MuSK and ColQ-AChE remains to be demonstrated.

4. Association and dissociation of Fasciculin-2 with junctional AChE
To further study the association of AChE with the extracellular matrix we began studies by
labeling the enzyme with fluorescent Fasciculin-2 (Alexa 488-Fas2), however the fluorescent
probe dissociates from the enzyme in solution and can be taken up by the cells via endocytosis.
Direct labeling of AChE on frozen tissue sections, followed by incubation in serum-containing
medium, showed that the Alexa 488-Fas2 dissociated from the enzyme with a half-life of about
36 h measured by recording the loss of fluorescence at the NMJ (Figs. 1 and 2). Most of the
fluorescence intensity could be restored by relabeling the NMJ, indicating that the enzyme
remained attached during this time course. Free Alexa 488-Fas2, at concentrations used to label
the NMJs, is rapidly taken up by skeletal muscle cells where it co-localizes with rhodamine
dextran, a marker of endocytic vesicles. It thus appears that Alexa 488-Fas2 dissociates more
rapidly from AChE than AChE does from the NMJ. The observation that much of the enzyme
can be relabeled after the fluorescent Fas2 comes off indicates that the enzyme is strongly
attached to the synapse, consistent with previously published studies from several laboratories.

5. Role of molecular chaperones in the regulation of AChE assembly
Acetylcholinesterase in skeletal muscle is regulated in part by muscle activity. Synaptic AChE
is assembled from two separate gene products encoding the catalytic subunit and the non-
catalytic collagenic tail, ColQ, and therefore is predicted to require the assistance of several
molecular chaperones to aid in correct folding and assembly. Using quail muscle cultures
(QMC) we showed that ColQ-AChE expression is regulated by muscle activity at the post-
translational level. In a search for post-transcriptional mechanisms that regulate AChE
assembly and expression, we studied the role of molecular chaperones. Calnexin over-
expression has previously been shown to enhance the expression of the nicotinic acetylcholine
receptor [18]. To test this possibility for AChE we cloned and over-expressed the chicken
endoplasmic reticulum chaperones Erp72 and protein disulfide isomerase (PDI), as well as
tested canine calnexin effects in QMCs. Over-expression of each chaperone enhanced
expression of junctional AChE, cell surface AChE activity and the number of cell surface AChE
clusters on transfected cells. Over-expression of PDI had the most dramatic effect on ColQ-
AChE expression with more than a 100% increase in the intracellular AChE pool and cell
surface enzyme activity. In contrast, expression of all intracellular AChE forms in 5-day old
QMCs was decreased after PDI inhibition with 1 mM bacitracin in culture. Moreover, primary
QMCs transfected with PDI-shRNAs showed a significant decrease of ColQ-AChE together
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with a decrease in cell surface activity and number of surface AChE clusters. In addition, we
found that the levels of PDI in QMCs are regulated by muscle activity and correlate directly
with the levels of synaptic AChE expression. Thus ColQ-AChE expression can be regulated
post-translationally by molecular chaperones at the level of individual subunit folding and/or
at the level of assembly of catalytic and non-catalytic subunits. These results also suggest that
newly synthesized proteins compete for chaperone assistance during the folding process.

6. Translational control of AChE by the mRNA-binding protein Pumilio2
We recently found that the RNA-binding protein Pumilio2 is specifically localized at the
neuromuscular synapse, whereas Pumilio1 has a more widespread distribution throughout the
muscle fibers and is absent at the NMJ. PUM2 belongs to a highly conserved family of RNA-
binding proteins known as the PUF family that are present from yeast to human and are
characterized by a highly conserved C-terminal RNA-binding domain, composed of eight
tandem repeats. This domain binds to a specific sequence motif at the 3′ untranslated region
(3′-UTR) of certain mRNAs, known as NANOS response elements (NREs). Analysis of the
AChE transcripts shows that all higher vertebrate species have the canonical Pumilio
recognition sequence, the NANOS response element and a very highly conserved motif, located
approximately 50 nucleotides downstream of the AChE stop codon. Alignment of the 3′-UTR
sequences of human, mouse and rat AChE mRNA identified the presence of the canonic
octamer NRE sequence. Co-immunoprecipitation studies indicate that PUM2 binds directly to
the AChE mRNA isolated from tissue cultured muscle while PUM1 does not. Over-expression
of PUM2 in tissue cultured muscle represses AChE translation, whereas knockdown of the
PUM2 transcript with specific siRNAs increases AChE expression. Together, these studies
suggest an important role for PUM2 in the translational regulation of AChE at the vertebrate
neuromuscular synapse. In this context we envision two roles for the binding of PUM2 to the
AChE transcript. First, PUM2 would be part of the molecular mechanism for physically
localizing the AChE mRNA at or near the sites of translation. Second, PUM2 would be part
of the actual translational control mechanism through activity-dependent de-repression, i.e.,
the release of translational inhibition, following the appropriate trans-synaptic signals.

Acetylcholinesterase transcripts are also more highly expressed at sites of nerve–muscle
contact [19,20] where they are presumably regulated as well. The mechanisms underlying their
localization and translational regulation are not known but presumably involve RNA-binding
proteins such as PUM2 and the formation of ribonucleoprotein complexes. PUM2 binds
directly to NREs within the 3′-UTR of target mRNA and recruits other co-factors like NANOS
through its HD domain to form a translation repression complex capable of blocking the
expression of that gene. We can thus conclude that PUM2 is binding to AChE mRNA forming
a translational complex that can regulate AChE expression post-translationally at the
neuromuscular synapse.

7. Summary
The results from several areas of research in our laboratory were presented. First, studies on
the mechanism of ColQ-AChE attachment at the NMJ showed that the C-terminal cysteine-
rich domain alone was sufficient to localize the enzyme on the cell surface. As part of our
studies to determine the mechanism of attachment, we labeled the NMJs on frozen sections of
skeletal muscle only to find the fluorescent toxin dissociating with a half-life of about 36 h.
Thus this approach cannot be used for long term labeling studies of AChE, nor to study its
turnover. Studies on the biogenesis and regulation of AChE showed that there is a strong post-
transcriptional regulatory components including regulation at the level of protein folding and
assembly as well as translation initiation. Finally, the mechanism underlying AChE mRNA
localization at the NMJ was studied together with the role of PUM2, an RNA-binding protein
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that can repress AChE translation by binding to the NANOS response element located in the
3′-UTR of the AChE transcript. Ongoing studies in the laboratory are focused on determining
the mechanism of translational activation of AChE by muscle activity.
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Fig. 1.
Labeling of neuromuscular junctions on frozen sections of skeletal muscle. Mouse
gastronemius muscles were dissected and frozen in isopentane cooled with liquid nitrogen,
then stored at −20°C. The muscles were sectioned using a cryostat at 20 μm and mounted on
glass slides. The sections were stained with Alexa 555-conjugated α-bungarotoxin to label the
acetylcholine receptors and Alexa 488-Fasciculin-2 to label AChE. The sections were then
viewed using a Leica IM-6000 fluorescence microscope and sequential images captured using
a Hamamatsu CCD camera and analyzed with Slidebook 4.0 image analysis software. (A)
Neuromuscular junction stained with Alexa 488 Fas2; (B) NMJ stained with Alexa 555 to label
nAChR; (C) Overlay of the two images showing congruence.
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Fig. 2.
Half-life of dissociation of Fasciculin-2 from the NMJ sections. Images of neuromuscular
junctions identical to those described in Fig. 1 were captured at 24 h intervals and stored. At
the end of the experiment the fluorescence intensity of the NMJs was determined using the
Slidebook 4.0 software. This is a representative graph showing the rate of dissociation of Fas2
and α-Btx from a single NMJ. The half-life of Fas2 dissociation is approximately 36 h whereas
the dissociation half-life of α-Btx is closer to 8–10 days, as previously reported. Thus the rate
of Fas2 dissociation from previously frozen skeletal muscle sections is essentially the same as
reported for the recycling if AChE at the living NMJ of adult mice [22,23].
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