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1  | INTRODUC TION

The cholinesterases, acetylcholinesterase (AChE, E.C. 3.1.1.7) and 
butyrylcholinesterase (BChE, E.C. 3.1.1.8), are carboxylesterases 
specialized for hydrolyzing choline esters. AChE is present pri-
marily in the nervous system, where it serves to terminate trans-
mission at cholinergic synapses (Taylor, 1985). BChE is primarily 
present in plasma, where it is thought to act as a detoxifier (Johnson 
& Moore, 2012) and possibly to modulate ghrelin signaling (Chen 
et al., 2015). Crystal structures of AChE (Sussman et al., 1991) and 
BChE (Nicolet et al., 2003) have been available for many years. 
However, these structures captured cholinesterases (ChEs) primar-
ily in dimeric forms, even though ChEs exist natively as tetramers or 
higher-order oligomers (Legay, 2000).

Cholinesterase tetramers form through the interactions of the 
C-terminal tryptophan amphiphilic tetramerization (WAT) helices of 
ChEs with a central proline-rich peptide that runs antiparallel to the 
WAT helices (Boyko et al., 2019; Dvir et al., 2004; Leung et al., 2018). 
Because the proline-rich peptide is contributed by a distinct gene 

product, the tetramer is, strictly speaking, a heteropentamer. 
However, for consistency with the literature, we refer to the hetero-
pentameric assembly of four ChEs and one proline-rich peptide as 
the “cholinesterase tetramer.”

Acetylcholinesterase tetramers are primarily anchored to the 
cell surface or the extracellular matrix. In the brain, AChE tetram-
ers assemble around a proline-rich peptide contributed by a trans-
membrane protein called the proline-rich membrane anchor (PRiMA) 
(Perrier et al., 2002). At neuromuscular junctions, up to three AChE 
tetramers assemble around collagen Q (ColQ) (Krejci et al., 1997), 
which anchors the enzymes to the basal lamina (Hall, 1973; McMahan 
et al., 1978). In contrast, BChE exists primarily as a soluble tetramer, 
with the polyproline peptide derived from a variety of proteins. Most 
of the polyproline peptides in serum BChE are from lamellipodin (Li 
et al., 2008), whereas BChE recombinantly expressed in Chinese 
hamster ovary (CHO) cells can collect proline-rich peptides from ~60 
different proteins (Schopfer & Lockridge, 2016).

Although large quantities of tetrameric human BChE (HuBChE) 
can be purified from plasma (Lockridge et al., 2005), there have been 
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Abstract
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no successful attempts to crystallize native tetrameric HuBChE 
despite many years of effort (Nachon et al., 2002). Recently, two 
groups independently used cryo-electron microscopy (cryo-EM) sin-
gle-particle analysis (SPA) to determine the structure of full-length, 
fully glycosylated human BChE (HuBChE) tetramers purified directly 
from plasma (Boyko et al., 2019; Leung et al., 2018). These struc-
tures revealed that the BChE tetramer consists of a non-planar di-
mer-of-dimers arranged around a central superhelical assembly that 
is largely shielded by the four catalytic domains (Figure 1). Because 
the superhelical assembly is the major interface among protomers, 
the fact that it is shielded by the catalytic domains may contribute 
to the exceptional stability of the BChE tetramer (Boyko et al., 2019; 
Leung et al., 2018). The non-planar arrangement resolved in cryo-EM 
structures differs appreciably from low-resolution crystal structures 
and computational models of ChE tetramers (Bourne et al., 1999; 
Pan et al., 2009; Raves et al., 1998).

In this brief review, we reflect on how the case of the BChE te-
tramer illustrates how cryo-EM SPA can help resolve structures of 
protein complexes that cannot be expressed recombinantly. Looking 
towards the future of ChE structural biology, we discuss how a re-
lated method, cryo-electron tomography, enables structural studies 
in an even more native environment—that of the intact cell. We high-
light questions of ChE organization that are ripe for exploration with 
new and emerging EM methods.

2  | CRYO -ELEC TRON MICROSCOPY 
E XPANDS THE R ANGE OF SAMPLES 
AMENABLE TO STRUC TUR AL ANALYSIS

Why was it necessary to use native butyrylcholinesterase for struc-
tural studies? The answer is simple—recombinant human BChE 
(rHuBChE) does not efficiently form tetramers. Only 10%–30% 
of rHuBChE produced in cultured CHO cells is tetrameric (Blong 
et al., 1997; Saxena et al., 1998). Similarly, rHuBChE expressed in 
the milk of transgenic goats is primarily dimeric (Huang et al., 2007). 
Recombinant HuBChE produced by either approach is also incom-
pletely glycosylated (Huang et al., 2007; Saxena et al., 1998), which 
affects the assembly and resulting stability of the tetramer. Although 
the population of tetramers can be increased by co-expressing 

HuBChE with PRAD-containing peptides in CHO cells, the result-
ing tetramers still have shorter circulatory half-lives than native 
HuBChE (Duysen et al., 2002).

The properties that make native HuBChE exceptionally stable in 
circulation also made it exceptionally difficult to crystallize (Nachon 
et al., 2002). In particular, glycans account for nearly 25% of the mo-
lecular weight of HuBChE (Lockridge et al., 1987), but glycans intro-
duce both compositional and conformational heterogeneity that can 
impede crystallization (Chang et al., 2007). Strategies to crystallize 
heavily glycosylated proteins include reducing glycan heterogeneity 
by expressing recombinant proteins in glycosyltransferase-deficient 
cell lines, trimming glycans after expression through enzymatic de-
glycosylation, or removing glycosylation sites altogether through 
construct engineering (Chang et al., 2007; Lee et al., 2015). However, 
these approaches are clearly unsuitable when glycosylation is nec-
essary for protein folding, stability, function, or complex formation.

Cryo-EM SPA offers an alternative method to determine 
high-resolution structures of macromolecules. The technique in-
volves imaging individual molecules embedded in thin ice without 
the need of first forming highly ordered arrays, thus circumvent-
ing one of the stumbling blocks of crystallography. For reviews 
on the method see (Nogales & Scheres, 2015; Vinothkumar & 
Henderson, 2016). Indeed, SPA was used to solve structures of 
the heavily glycosylated HIV-1 envelope glycoprotein, whose 
mass is almost ~50% glycan chains (Lee et al., 2015, 2016; Lyumkis 
et al., 2013). The field is advancing fast—resolution records are 
often short-lived and labs around the world are constantly push-
ing the limits of the method. For recent reviews on cutting-edge 
advancements see (Danev et al., 2019; Lyumkis, 2019; Murata & 
Wolf, 2018; Wu & Lander, 2020).

Of particular relevance to the cholinesterase field, SPA can 
deal with native or wild-type material with little to no need for 
the extensive mutations and truncations that are often necessary 
to coax proteins to form crystals. That being said, SPA has its own 
challenges; perhaps the most pronounced is the need to get intact 
protein molecules randomly distributed in thin ice. Unfortunately, 
this is rarely the case on the first try. There is often a lot of screen-
ing and optimization that goes into preparing samples that can 
yield high-resolution SPA structures (see Carragher et al., 2019 
and Drulyte et al., 2018).

F I G U R E  1   The native butyrylcholinesterase tetramer is a dimer of dimers assembled around a superhelical core. Molecular surface 
representations of the human butyrylcholinestrase tetramer made up of two canonical dimers (blue and pink) whose C-terminal tryptophan 
amphiphilic tetramerization (WAT) helices assemble around a proline-rich peptide (green). Residues of the catalytic triad (Ser198, Gly325, 
His438) are painted in yellow. The molecular surface was generated from PDB ID 6I2T, which was fit into the cryo-EM map EMD-4400
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Nonetheless, SPA has been used in many cases to image pro-
tein material purified directly from tissue. Notable examples include 
structures of the ribosome-bound Sec61 channel purified from pan-
creas (Voorhees et al., 2014), tau filaments purified directly from 
deceased brain tissue (Fitzpatrick et al., 2017), uromodulin fila-
ments purified from human urine (Stanisich et al., 2020; Stsiapanava 
et al., 2020), and connexin channels purified from lens tissue (Flores 
et al., 2020). Because SPA requires relatively little material, an even 
more exciting prospect is to use the method as part of a structural 
proteomics pipeline in which protein complexes are fractionated 
and enriched directly from cell lysates, then analyzed in parallel with 
SPA and mass spectrometry (Ho et al., 2020; Kastritis et al., 2017; 
Verbeke et al., 2018). Information from these two methods can 
then be integrated and used by specialized software to essentially 
sequence by structure in cases where resolutions are better than 
about 4 Å (Ho et al., 2020).

3  | WHAT' S NE X T FOR THE STRUC TUR AL 
BIOLOGY OF THE CHOLINESTER A SES?

One clear follow-up would be to attempt to resolve the structure 
of the native AChE tetramer. Fitting two BChE crystal structures 
into the cryo-EM map resulted in a dimer that differed noticea-
bly from the canonical AChE dimer (Figure 2) (Leung et al., 2018). 
Specifically, the structures differ in the relative orientations of 
the helices within the four-helix bundle at the canonical dimer in-
terface. If this difference is not caused by AChE truncation, then 
the AChE tetramer may very well be more planar than the BChE 
tetramer, as suggested by low-resolution crystal structures of 
Electrophorus electricus AChE tetramers (Bourne et al., 1999; Raves 
et al., 1998). However, determining the structure of tetrameric 
AChE may not be as straightforward as it was for BChE. Although 
soluble tetrameric AChE can be prepared through trypsin digestion 
(Toker et al., 2020), it remains unclear whether such preparations 
will be suitable for SPA.

We argue that the next frontier in cholinesterase structural biol-
ogy is to image AChE in the most native possible environment—the 
cell surface. While visualizing proteins in the cellular environment 
is infinitely harder than studying purified proteins, the methods 
needed to achieve this goal are maturing quite rapidly. Cryo-electron 
tomography (cryo-ET) leverages the uniquely multiscale capabilities 
of electron microscopy and combines this with the best possible 

structural preservation, allowing it to capture complete snapshots of 
the cellular environment at molecular resolution (Baker et al., 2017; 
Ng & Gan, 2020). In cryo-ET, the sample is tilted relative to the elec-
tron beam and a series of projection images (called a tilt series) is 
acquired at discrete tilt increments over a defined angular range. 
Images in the tilt series are then aligned and back-projected to yield 
a three-dimensional reconstruction of the specimen. Cryo-ET imag-
ing is particularly challenging because the electron dose the sample 
can tolerate, which is already limited for radiation-sensitive biologi-
cal material (Glaeser, 1971), must be further spread out over a large 
number of images.

When it comes to cellular samples, one of the biggest hurdles 
is sample thickness. Although cells smaller than ~10 µm can be vit-
rified by plunge-freezing in a manner similar to purified proteins, 
larger cells need to be frozen under high pressure in order to be 
uniformly vitrified throughout (Dubochet, 1995). Furthermore, most 
eukaryotic cells are too thick for high-resolution imaging with a 
transmission electron microscope and must first be thinned prior to 
collecting tilt series. In a method called cryo-electron microscopy of 
vitreous sections (CEMOVIS), blocks of frozen samples are physically 
sectioned with a cryo-ultramicrotome and the sections transferred 
to cryo-EM grids for imaging (Al-Amoudi et al., 2004). In an alterna-
tive method, called cryo-focused ion beam (cryo-FIB) milling, a beam 
of ions is used to ablate material directly from cells grown on grids, 
leaving a thin lamella that can be directly imaged by cryo-ET (Marko 
et al., 2007; Rigort et al., 2012). Localizing molecules of interest in 
the crowded environment of the cell is another major challenge for 
cellular cryo-ET. If target molecules can be labeled fluorescently, 
they can be at least roughly localized by correlating cryo-FIB milling 
and cryo-ET with cryo-fluorescence microscopy (called correlative 
light and electron microscopy, CLEM) (Gorelick et al., 2019; Moser 
et al., 2019; Wu et al., 2020).

When the target is present in multiple copies, these can be 
computationally extracted, aligned to a common reference, and  
averaged (Förster et al., 2005; Grünewald et al., 2003). This process, 
known as subtomogram averaging (reviewed in Leigh et al., 2019), 
serves to improve signal-to-noise ratio and increase resolution for 
the molecule/s of interest. The resulting averages can also be plotted 
back into their original particle positions and orientations, revealing 
spatial relationships between different molecular species (Albert 
et al., 2017; Levitan et al., 2019; Paul et al., 2020) or between differ-
ent conformational states of a single complex (Asano et al., 2015; Lin 
& Nicastro, 2018).

F I G U R E  2   Cryo-EM suggests fundamental differences between butyrylcholinesterase and acetylcholinesterase dimers. Catalytic 
domains of the human butyrylcholinesterase dimer (from PDB ID 6I2T, based on EMD-4400) are shown in blue, whereas those from human 
acetylcholinesterase (from PDB ID 3LII) are shown in green
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Beyond the goal of studying cholinesterase structure, there 
are a number of questions that can only be addressed by an in 
situ structural biology approach. For instance, AChE’s function in 
terminating neurotransmission hinges on its precise localization to 
and concentration at the basal lamina of the neuromuscular junc-
tion. However, AChE organization at the neuromuscular junction 
involves more than just a binary interaction between AChE and 
ColQ (Karmouch et al., 2013; Massoulié & Millard, 2009). Heparin-
binding domains in ColQ interact with the heparan sulfate proteo-
glycan perlecan, which in turn interacts with the transmembrane 
protein dystroglycan (Peng et al., 1999), and the C-terminus of 
ColQ also interacts with muscle-specific kinase (MuSK) (Cartaud 
et al., 2004). Perlecan is expressed along the myofiber, but MuSK 
localizes specifically to the neuromuscular junction and there-
fore dictates the localization of ColQ-tethered AChE (Cartaud 
et al., 2004). How is this membrane-spanning multi-protein com-
plex arranged? How is ColQ-tethered AChE spatially organized in 
the basal lamina and how does this relate to the distribution of 
MuSK in the cell membrane?

Acetylcholine receptors (AChRs), on the other hand, have been 
extensively studied with cryo-EM. SPA was recently applied to de-
termine the structure of the native receptor purified directly from 
the Torpedo electric organ and reconstituted in lipid nanodiscs 
(Mahfuzur Rahman et al., 2020). AChRs are known to form dense, 
ordered clusters on postsynaptic membranes (Cartaud et al., 2000) 
and cryo-ET and subtomogram averaging have been applied to study 
these clusters (Zuber & Unwin, 2013). This study showed that indi-
vidual receptors are bridged by up to three copies of the cytoplas-
mic scaffolding protein rapsyn. When rapsyn is absent, AChRs fail 
to cluster (Gautam et al., 1995). AChR clustering is also regulated by 
interactions with dystroglycan (Jacobson et al., 2001) and by MuSK-
mediated phosphorylation of receptor subunits (Lee et al., 2008; 
Mazhar & Herbst, 2012). Given the overlap between the molecular 
modules involved in AChR clustering and AChE anchoring, an inter-
esting question is if and how might the distribution of AChE relate 
to the molecular organization of AChRs? What are the spatial rela-
tionships between AChE and AChR, both laterally in the membrane 
plane and in terms of distance from the cell surface?

How AChE is arranged in the central nervous system, where it is 
anchored by PRiMA, is much more poorly understood. Furthermore, 
AChE tetramers associate with ColQ differently than how they asso-
ciate with PRiMA (Noureddine et al., 2008). In ColQ-anchored AChE, 
monomers of one canonical dimer are linked by a disulfide bridge, 
whereas the other two monomers are each disulfide-bonded to one 
of two cysteines flanking the ColQ PRAD. In contrast, all four AChE 
monomers can form disulfide links to the four cysteines upstream of 
the PRiMA PRAD (Noureddine et al., 2008). Comparing the architec-
ture of ColQ-tethered AChE with PRiMA-anchored AChE would re-
veal whether these differences have large structural consequences 
on the relative arrangements between AChE tetramers and their 
anchors.

How might we visualize natively anchored forms of acetylcholin-
esterase? A key step will be choosing an appropriate platform. We 

could start by imaging minimal membrane systems, such as mem-
brane vesicles purified from the electric organs of Electrophorus 
(Karlin, 1965) or Torpedo (Cartaud et al., 2000; Reed et al., 1975). As 
discussed earlier, such membrane preparations have been used to 
study the organization of AChR in native membranes (Unwin, 2017, 
2020; Zuber & Unwin, 2013). AChE-rich membrane fragments can 
be separated from AChR-rich membranes through sucrose gradient 
centrifugation (Reed et al., 1975). Likewise, basal lamina ghosts con-
taining large amounts of AChE can prepared by denervation and sub-
sequent detergent extraction of frog muscle (Nicolet et al., 1986). 
These ex situ systems will facilitate high-resolution imaging and sub-
tomogram averaging, but they cannot be used to probe larger-scale 
questions of how AChE interacts with other proteins of the mem-
brane or the basal lamina.

Co-expressing AChE with ColQ or with PRiMA in standard labo-
ratory cell lines used for protein production could also result in cell 
surface-anchored tetramers. A more physiologically relevant initial 
target, however, would be cultured neurons or myocytes, either 
primary cultures or immortalized cell lines (Thullbery et al., 2005). 
Imaging studies reveal that PRiMA-anchored AChE forms dis-
crete clusters along nerve fibers of cultured neurons (Rotundo & 
Carbonetto, 1987; Xie et al., 2010). These clusters could be suit-
able targets for in situ cryo-ET, although a CLEM-based targeting 
approach, for instance using fluorescently labeled fasciculin (Krejci 
et al., 2006), will likely be necessary.

Targeting the neuromuscular junction will be more difficult, but 
cell culture models do exist (Jevsek et al., 2004; Mis et al., 2005, 
2017; Vilmont et al., 2016). Because these culture systems are ex-
tremely complex, initial experiments to determine the feasibility of 
this approach are necessary, for instance to evaluate whether neuro-
muscular junctions even form and mature on EM grids. Another ap-
proach would be to use neuromuscular organoids (Faustino Martins 
et al., 2020) or tissue harvested from surgical procedures (Jones 
et al., 2017), but preparing such samples for cryo-ET will require an 
extremely challenging pipeline involving high-pressure freezing and 
cryo-FIB/lift-out, as described in (Schaffer et al., 2019). While visu-
alizing cell surface-anchored AChE in the native context of a neu-
romuscular junction may be a lofty goal, such studies would have 
far-reaching implications beyond the immediate cholinesterase field.

4  | CONCLUDING REMARKS

Decades of X-ray crystallography studies on ChEs unveiled the 
chemical wonders of their very high catalytic rates. Likewise, these 
studies were instrumental in defining the modes of action of AChE 
inhibitors, thus facilitating rational drug design. Cryo-EM SPA now 
extends our knowledge to the native quaternary structure of BChE, 
solving a long-standing question in the field. Looking to the horizon 
of ChE structural biology, we hope cryo-ET will enable us to image 
ChE oligomers and their interacting partners directly in their native 
environments, uniting the molecular and cellular scales and bringing 
the ChE back into its functional context.



1240  |     RICARDO LEUNG AND ZEEV-BEN-MORDEHAI

ACKNOWLEDG MENTS
We thank the organizers of the 16th International Symposium on 
Cholinergic Mechanisms for giving us the opportunity to write this 
article. MRL is supported by a Clarendon Fund—Nuffield Department 
of Medicine Prize Studentship.

CONFLIC T OF INTERE S T
We declare no competing interests.

AUTHOR CONTRIBUTIONS
MRL and TZ wrote the manuscript.

ORCID
Miguel Ricardo Leung  https://orcid.org/0000-0002-3348-1096 
Tzviya Zeev-Ben-Mordehai  https://orcid.
org/0000-0002-2571-550X 

R E FE R E N C E S
Al-Amoudi, A., Chang, J.-J., Leforestier, A., McDowall, A., Salamin, 

L. M., Norlén, L. P. O., Richter, K., Blanc, N. S., Studer, D., & 
Dubochet, J. (2004). Cryo-electron microscopy of vitreous sec-
tions. EMBO Journal, 23, 3583–3588. https://doi.org/10.1038/
sj.emboj.7600366

Albert, S., Schaffer, M., Beck, F., Mosalaganti, S., Asano, S., Thomas, H. 
F., Plitzko, J. M., Beck, M., Baumeister, W., & Engel, B. D. (2017). 
Proteasomes tether to two distinct sites at the nuclear pore complex. 
Proceedings of the National Academy of Sciences of the United States 
of America, 114, 13726–13731. https://doi.org/10.1073/pnas.17163 
05114

Asano, S., Fukuda, Y., Beck, F., Aufderheide, A., Förster, F., Danev, R., & 
Baumeister, W. (2015). A molecular census of 26S proteasomes in 
intact neurons. Science, 347, 439–442. https://doi.org/10.1126/scien 
ce.1261197

Baker, L. A., Grange, M., & Grünewald, K. (2017). Electron cryo-tomog-
raphy captures macromolecular complexes in native environments. 
Current Opinion in Structural Biology, 46, 149–156. https://doi.
org/10.1016/j.sbi.2017.08.005

Blong, R. M., Bedows, E., & Lockridge, O. (1997). Tetramerization domain 
of human butyrylcholinesterase is at the C-terminus. The Biochemical 
Journal, 327(Pt 3), 747–757. https://doi.org/10.1042/bj327 0747

Bourne, Y., Grassi, J., Bougis, P. E., & Marchot, P. (1999). Conformational 
flexibility of the acetylcholinesterase tetramer suggested by x-ray 
crystallography. Journal of Biological Chemistry, 274, 30370–30376. 
https://doi.org/10.1074/jbc.274.43.30370

Boyko, K. M., Baymukhametov, T. N., Chesnokov, Y. M., Hons, M., 
Lushchekina, S. V., Konarev, P. V., Lipkin, A. V., Vasiliev, A. L., Masson, 
P., Popov, V. O., & Kovalchuk, M. V. (2019). 3D structure of the nat-
ural tetrameric form of human butyrylcholinesterase as revealed 
by cryoEM, SAXS and MD. Biochimie, 156, 196–205. https://doi.
org/10.1016/j.biochi.2018.10.017

Carragher, B., Cheng, Y., Frost, A., Glaeser, R. M., Lander, G. C., Nogales, 
E., & Wang, H. W. (2019). Current outcomes when optimizing ‘stan-
dard’ sample preparation for single-particle cryo-EM. Journal of 
Microscopy, 276, 39–45. https://doi.org/10.1111/jmi.12834

Cartaud, A., Strochlic, L., Guerra, M., Blanchard, B., Lambergeon, M., 
Krejci, E., Cartaud, J., & Legay, C. (2004). MuSK is required for an-
choring acetylcholinesterase at the neuromuscular junction. Journal 
of Cell Biology, 165, 505–515. https://doi.org/10.1083/jcb.20030 
7164

Cartaud, J., Cartaud, A., Kordeli, E., Ludosky, M. A., Marchand, S., & 
Stetzkowski-Marden, F. (2000). The Torpedo electrocyte: A model 

system to study membrane-cytoskeleton interactions at the post-
synaptic membrane. Microscopy Research and Technique, 49, 73–83. 
https://doi.org/10.1002/(SICI)1097-0029(20000 401)49:1<73:AID-
JEMT8 >3.0.CO;2-L

Chang, V. T., Crispin, M., Aricescu, A. R., Harvey, D. J., Nettleship, J. E., 
Fennelly, J. A., Yu, C., Boles, K. S., Evans, E. J., Stuart, D. I., Dwek, 
R. A., Jones, E. Y., Owens, R. J., & Davis, S. J. (2007). Glycoprotein 
structural genomics: Solving the glycosylation problem. Structure, 15, 
267–273. https://doi.org/10.1016/j.str.2007.01.011

Chen, V. P., Gao, Y., Geng, L., Parks, R. J., Pang, Y.-P., & Brimijoin, S. 
(2015). Plasma butyrylcholinesterase regulates ghrelin to control 
aggression. Proceedings of the National Academy of Sciences of the 
United States of America, 112, 2251–2256. https://doi.org/10.1073/
pnas.14215 36112

Danev, R., Yanagisawa, H., & Kikkawa, M. (2019). Cryo-electron micros-
copy methodology: Current aspects and future directions. Trends 
in Biochemical Sciences, 44, 837–848. https://doi.org/10.1016/j.
tibs.2019.04.008

Drulyte, I., Johnson, R. M., Hesketh, E. L., Hurdiss, D. L., Scarff, C. A., 
Porav, S. A., Ranson, N. A., Muench, S. P., & Thompson, R. F. (2018). 
Approaches to altering particle distributions in cryo-electron micros-
copy sample preparation. Acta Crystallographica Section D: Structural 
Biology, 74, 560–571.

Dubochet, J. (1995). High-pressure freezing for cryoelectron microscopy. 
Trends in Cell Biology, 5, 366–368. https://doi.org/10.1016/S0962 
-8924(00)89071 -6

Duysen, E. G., Bartels, C. F., & Lockridge, O. (2002). Wild-type and 
A328W mutant human butyrylcholinesterase tetramers expressed in 
Chinese hamster ovary cells have a 16-hour half-life in the circulation 
and protect mice from cocaine toxicity. Journal of Pharmacology and 
Experimental Therapeutics, 302, 751–758. https://doi.org/10.1124/
jpet.102.033746

Dvir, H., Harel, M., Bon, S., Liu, W.-Q., Vidal, M., Garbay, C., Sussman, J. 
L., Massoulié, J., & Silman, I. (2004). The synaptic acetylcholinester-
ase tetramer assembles around a polyproline II helix. EMBO Journal, 
23, 4394–4405. https://doi.org/10.1038/sj.emboj.7600425

Faustino Martins, J.-M., Fischer, C., Urzi, A., Vidal, R., Kunz, S., Ruffault, 
P.-L., Kabuss, L., Hube, I., Gazzerro, E., Birchmeier, C., Spuler, S., 
Sauer, S., & Gouti, M. (2020). Self-organizing 3D human trunk neu-
romuscular organoids. Cell Stem Cell, 26, 172–186.e6. https://doi.
org/10.1016/j.stem.2019.12.007

Fitzpatrick, A. W. P., Falcon, B., He, S., Murzin, A. G., Murshudov, 
G., Garringer, H. J., Crowther, R. A., Ghetti, B., Goedert, M., & 
Scheres, S. H. W. (2017). Cryo-EM structures of tau filaments from 
Alzheimer’s disease. Nature, 547, 185–190. https://doi.org/10.1038/
natur e23002

Flores, J. A., Haddad, B. G., Dolan, K. A., Myers, J. B., Yoshioka, C. 
C., Copperman, J., Zuckerman, D. M., & Reichow, S. L. (2020). 
Connexin-46/50 in a dynamic lipid environment resolved by CryoEM 
at 1.9 Å. Nature Communications, 11, 1–11.

Förster, F., Medalia, O., Zauberman, N., Baumeister, W., & Fass, D. (2005). 
Retrovirus envelope protein complex structure in situ studied by 
cryo-electron tomography. Proceedings of the National Academy of 
Sciences of the United States of America, 102, 4729–4734. https://doi.
org/10.1073/pnas.04091 78102

Gautam, M., Noakes, P. G., Mudd, J., Nichol, M., Chu, G. C., Sanes, J. R., & 
Merlie, J. P. (1995). Failure of postsynaptic specialization to develop 
at neuromuscular junctions of rapsyn-deficient mice. Nature, 377, 
232–236. https://doi.org/10.1038/377232a0

Glaeser, R. M. (1971). Limitations to significant information in biologi-
cal electron microscopy as a result of radiation damage. Journal of 
Ultrastructure Research, 36, 466–482. https://doi.org/10.1016/
S0022 -5320(71)80118 -1

Gorelick, S., Buckley, G., Gervinskas, G., Johnson, T. K., Handley, A., 
Caggiano, M. P., Whisstock, J. C., Pocock, R., & de Marco, A. (2019). 

https://orcid.org/0000-0002-3348-1096
https://orcid.org/0000-0002-3348-1096
https://orcid.org/0000-0002-2571-550X
https://orcid.org/0000-0002-2571-550X
https://orcid.org/0000-0002-2571-550X
https://doi.org/10.1038/sj.emboj.7600366
https://doi.org/10.1038/sj.emboj.7600366
https://doi.org/10.1073/pnas.1716305114
https://doi.org/10.1073/pnas.1716305114
https://doi.org/10.1126/science.1261197
https://doi.org/10.1126/science.1261197
https://doi.org/10.1016/j.sbi.2017.08.005
https://doi.org/10.1016/j.sbi.2017.08.005
https://doi.org/10.1042/bj3270747
https://doi.org/10.1074/jbc.274.43.30370
https://doi.org/10.1016/j.biochi.2018.10.017
https://doi.org/10.1016/j.biochi.2018.10.017
https://doi.org/10.1111/jmi.12834
https://doi.org/10.1083/jcb.200307164
https://doi.org/10.1083/jcb.200307164
https://doi.org/10.1002/(SICI)1097-0029(20000401)49:1%3C73:AID-JEMT8%3E3.0.CO;2-L
https://doi.org/10.1002/(SICI)1097-0029(20000401)49:1%3C73:AID-JEMT8%3E3.0.CO;2-L
https://doi.org/10.1016/j.str.2007.01.011
https://doi.org/10.1073/pnas.1421536112
https://doi.org/10.1073/pnas.1421536112
https://doi.org/10.1016/j.tibs.2019.04.008
https://doi.org/10.1016/j.tibs.2019.04.008
https://doi.org/10.1016/S0962-8924(00)89071-6
https://doi.org/10.1016/S0962-8924(00)89071-6
https://doi.org/10.1124/jpet.102.033746
https://doi.org/10.1124/jpet.102.033746
https://doi.org/10.1038/sj.emboj.7600425
https://doi.org/10.1016/j.stem.2019.12.007
https://doi.org/10.1016/j.stem.2019.12.007
https://doi.org/10.1038/nature23002
https://doi.org/10.1038/nature23002
https://doi.org/10.1073/pnas.0409178102
https://doi.org/10.1073/pnas.0409178102
https://doi.org/10.1038/377232a0
https://doi.org/10.1016/S0022-5320(71)80118-1
https://doi.org/10.1016/S0022-5320(71)80118-1


     |  1241RICARDO LEUNG AND ZEEV-BEN-MORDEHAI

PIE-scope, integrated cryo-correlative light and FIB/SEM micros-
copy. Elife, 8, 1–15. https://doi.org/10.7554/eLife.45919

Grünewald, K., Desai, P., Winkler, D. C., Heymann, J. B., Belnap, D. 
M., Baumeister, W., & Steven, A. C. (2003). Three-dimensional 
structure of herpes simplex virus from cryo – electron tomog-
raphy. Science, 302, 1396–1398. https://doi.org/10.1126/scien 
ce.1090284

Hall, Z. W. (1973). Multiple forms of acetylcholinesterase and their distri-
bution in endplate and non-endplate regions of rat diaphragm mus-
cle. Journal of Neurobiology, 4, 343–361. https://doi.org/10.1002/
neu.48004 0404

Ho, C. M., Li, X., Lai, M., Terwilliger, T. C., Beck, J. R., Wohlschlegel, J., 
Goldberg, D. E., Fitzpatrick, A. W. P., & Zhou, Z. H. (2020). Bottom-up 
structural proteomics: cryoEM of protein complexes enriched 
from the cellular milieu. Nature Methods, 17, 79–85. https://doi.
org/10.1038/s4159 2-019-0637-y

Huang, Y.-J., Huang, Y., Baldassarre, H., Wang, B., Lazaris, A., Leduc, M., 
Bilodeau, A. S., Bellemare, A., Cote, M., Herskovits, P., Touati, M., 
Turcotte, C., Valeanu, L., Lemee, N., Wilgus, H., Begin, I., Bhatia, B., 
Rao, K., Neveu, N., … Langermann, S. (2007). Recombinant human 
butyrylcholinesterase from milk of transgenic animals to protect 
against organophosphate poisoning. Proceedings of the National 
Academy of Sciences of the United States of America, 104, 13603–
13608. https://doi.org/10.1073/pnas.07027 56104

Jacobson, C., Côté, P. D., Rossi, S. G., Rotundo, R. L., & Carbonetto, S. 
(2001). The dystroglycan complex is necessary for stabilization of 
acetylcholine receptor clusters at neuromuscular junctions and for-
mation of the synaptic basement membrane. Journal of Cell Biology, 
153, 435–450. https://doi.org/10.1083/jcb.152.3.435

Jevsek, M., Mars, T., Mis, K., & Grubic, Z. (2004). Origin of acetylcho-
linesterase in the neuromuscular junction formed in the in vitro in-
nervated human muscle. European Journal of Neuroscience, 20, 2865–
2871. https://doi.org/10.1111/j.1460-9568.2004.03752.x

Johnson, G., & Moore, S. W. (2012). Why has butyrylcholinesterase 
been retained? Structural and functional diversification in a dupli-
cated gene. Neurochemistry International, 61, 783–797. https://doi.
org/10.1016/j.neuint.2012.06.016

Jones, R. A., Harrison, C., Eaton, S. L., Llavero Hurtado, M., Graham, L. 
C., Alkhammash, L., Oladiran, O. A., Gale, A., Lamont, D. J., Simpson, 
H., Simmen, M. W., Soeller, C., Wishart, T. M., & Gillingwater, T. H. 
(2017). Cellular and molecular anatomy of the human neuromuscu-
lar junction. Cell Reports, 21, 2348–2356. https://doi.org/10.1016/j.
celrep.2017.11.008

Karlin, A. (1965). The association of acetylcholinesterase and membrane 
in subcellular fractions of the electric tissue of electrophorus. Journal 
of Cell Biology, 25, 159–169. https://doi.org/10.1083/jcb.25.2.159

Karmouch, J., Dobbertin, A., Sigoillot, S., & Legay, C. (2013). 
Developmental consequences of the ColQ/MuSK interac-
tions. Chemico-Biological Interactions, 203, 287–291. https://doi.
org/10.1016/j.cbi.2012.10.006

Kastritis, P. L., O'Reilly, F. J., Bock, T., Li, Y., Rogon, M. Z., Buczak, K., 
Romanov, N., Betts, M. J., Bui, K. H., Hagen, W. J., Hennrich, M. L., 
Mackmull, M.-T., Rappsilber, J., Russell, R. B., Bork, P., Beck, M., & 
Gavin, A.-C. (2017). Capturing protein communities by structural 
proteomics in a thermophilic eukaryote. Molecular Systems Biology, 
13, 936. https://doi.org/10.15252/ msb.20167412

Krejci, E., Thomine, S., Boschetti, N., Legay, C., Sketelj, J., & Massoulié, J. 
(1997). The mammalian gene of acetylcholinesterase-associated col-
lagen. Journal of Biological Chemistry, 272, 22840–22847. https://doi.
org/10.1074/jbc.272.36.22840

Krejci, E., Valenzuela, I.-P., Ameziane, R., & Akaaboune, M. (2006). 
Acetylcholinesterase dynamics at the neuromuscular junction of live 
animals. Journal of Biological Chemistry, 281, 10347–10354. https://
doi.org/10.1074/jbc.M5075 02200

Lee, J. H., De Val, N., Lyumkis, D., & Ward, A. B. (2015). Model build-
ing and refinement of a natively glycosylated HIV-1 Env protein by 
high-resolution cryoelectron microscopy. Structure, 23, 1943–1951. 
https://doi.org/10.1016/j.str.2015.07.020

Lee, J. H., Ozorowski, G., & Ward, A. B. (2016). Cryo-EM structure of 
a native, fully glycosylated, cleaved HIV-1 envelope trimer. Science, 
351, 1043–1048. https://doi.org/10.1126/scien ce.aad2450

Lee, Y., Rudell, J., Yechikhov, S., Taylor, R., Swope, S., & Ferns, M. (2008). 
Rapsyn carboxyl terminal domains mediate muscle specific ki-
nase-induced phosphorylation of the muscle acetylcholine receptor. 
Neuroscience, 153, 997–1007. https://doi.org/10.1016/j.neuro scien 
ce.2008.03.009

Legay, C. (2000). Why so many forms of acetylcholinesterase? Microscopy 
Research and Technique, 49, 56–72. https://doi.org/10.1002/
(SICI)1097-0029(20000 401)49:1<56:AID-JEMT7 >3.0.CO;2-R

Leigh, K. E., Navarro, P. P., Scaramuzza, S., Chen, W., Zhang, Y., Castaño-
Díez, D., & Kudryashev, M. (2019). Subtomogram averaging from 
cryo-electron tomograms. Methods in Cell Biology, 152.

Leung, M. R., van Bezouwen, L. S., Schopfer, L. M., Sussman, J. L., Silman, 
I., Lockridge, O., & Zeev-Ben-Mordehai, T. (2018). Cryo-EM struc-
ture of the native butyrylcholinesterase tetramer reveals a dimer 
of dimers stabilized by a superhelical assembly. Proceedings of the 
National Academy of Sciences of the United States of America, 115, 
13270–13275. https://doi.org/10.1073/pnas.18170 09115

Levitan, O., Chen, M., Kuang, X., Cheong, K. Y., Jiang, J., Banal, M., 
Nambiar, N., Gorbunov, M. Y., Ludtke, S. J., Falkowski, P. G., Dai 
W. (2019). Structural and functional analyses of photosystem II in 
the marine diatom Phaeodactylum tricornutum. Proceedings of the 
National Academy of Sciences of the United States of America, 116, 
17316–17322.

Li, H., Schopfer, L. M., Masson, P., & Lockridge, O. (2008). Lamellipodin 
proline rich peptides associated with native plasma butyrylcholines-
terase tetramers. The Biochemical Journal, 411, 425–432. https://doi.
org/10.1042/BJ200 71551

Lin, J., & Nicastro, D. (2018). Asymmetric distribution and spatial switch-
ing of dynein activity generates ciliary motility. Science, 360, 1–12. 
https://doi.org/10.1126/scien ce.aar1968

Lockridge, O., Bartels, C. F., Vaughan, T. A., Wong, C. K., Norton, S. E., 
& Johnson, L. L. (1987). Complete amino acid sequence of human 
serum cholinesterase. Journal of Biological Chemistry, 262, 549–557.

Lockridge, O., Schopfer, L. M., Winger, G., & Woods, J. H. (2005). Large 
scale purification of butyrylcholinesterase from human plasma suit-
able for injection into monkeys: A potential new therapeutic for 
protection against cocaine and nerve agent toxicity. The Journal of 
Medical, Chemical, Biological, and Radiological Defense, 3, nihms5095.

Lyumkis, D. (2019). Challenges and opportunities in cryo-EM single-par-
ticle analysis. Journal of Biological Chemistry, 294, 5181–5197. https://
doi.org/10.1074/jbc.REV118.005602

Lyumkis, D., Julien, J.-P., de Val, N., Cupo, A., Potter, C. S., Klasse, P.-J., 
Burton, D. R., Sanders, R. W., Moore, J. P., Carragher, B., Wilson, I. A., 
& Ward, A. B. (2013). Cryo-EM Structure of a fully glycosylated solu-
ble cleaved HIV-1 envelope trimer. Science, 342, 1484–1490. https://
doi.org/10.1126/scien ce.1245627

Mahfuzur Rahman, M., Teng, J., Worrell, B. T., Noviello, C. M., Lee, 
M., Karlin, A., Stowell, M. H. B., & Hibbs, R. E. (2020). Structure of 
the native muscle-type nicotinic receptor and inhibition by snake 
venom toxins. Neuron, 106, 952–962.e5. https://doi.org/10.1016/j.
neuron.2020.03.012

Marko, M., Hsieh, C., Schalek, R., Frank, J., & Mannella, C. (2007). 
Focused-ion-beam thinning of frozen-hydrated biological specimens 
for cryo-electron microscopy. Nature Methods, 4, 215–217. https://
doi.org/10.1038/nmeth 1014

Massoulié, J., & Millard, C. B. (2009). Cholinesterases and the 
basal lamina at vertebrate neuromuscular junctions. Current 

https://doi.org/10.7554/eLife.45919
https://doi.org/10.1126/science.1090284
https://doi.org/10.1126/science.1090284
https://doi.org/10.1002/neu.480040404
https://doi.org/10.1002/neu.480040404
https://doi.org/10.1038/s41592-019-0637-y
https://doi.org/10.1038/s41592-019-0637-y
https://doi.org/10.1073/pnas.0702756104
https://doi.org/10.1083/jcb.152.3.435
https://doi.org/10.1111/j.1460-9568.2004.03752.x
https://doi.org/10.1016/j.neuint.2012.06.016
https://doi.org/10.1016/j.neuint.2012.06.016
https://doi.org/10.1016/j.celrep.2017.11.008
https://doi.org/10.1016/j.celrep.2017.11.008
https://doi.org/10.1083/jcb.25.2.159
https://doi.org/10.1016/j.cbi.2012.10.006
https://doi.org/10.1016/j.cbi.2012.10.006
https://doi.org/10.15252/msb.20167412
https://doi.org/10.1074/jbc.272.36.22840
https://doi.org/10.1074/jbc.272.36.22840
https://doi.org/10.1074/jbc.M507502200
https://doi.org/10.1074/jbc.M507502200
https://doi.org/10.1016/j.str.2015.07.020
https://doi.org/10.1126/science.aad2450
https://doi.org/10.1016/j.neuroscience.2008.03.009
https://doi.org/10.1016/j.neuroscience.2008.03.009
https://doi.org/10.1002/(SICI)1097-0029(20000401)49:1%3C56:AID-JEMT7%3E3.0.CO;2-R
https://doi.org/10.1002/(SICI)1097-0029(20000401)49:1%3C56:AID-JEMT7%3E3.0.CO;2-R
https://doi.org/10.1073/pnas.1817009115
https://doi.org/10.1042/BJ20071551
https://doi.org/10.1042/BJ20071551
https://doi.org/10.1126/science.aar1968
https://doi.org/10.1074/jbc.REV118.005602
https://doi.org/10.1074/jbc.REV118.005602
https://doi.org/10.1126/science.1245627
https://doi.org/10.1126/science.1245627
https://doi.org/10.1016/j.neuron.2020.03.012
https://doi.org/10.1016/j.neuron.2020.03.012
https://doi.org/10.1038/nmeth1014
https://doi.org/10.1038/nmeth1014


1242  |     RICARDO LEUNG AND ZEEV-BEN-MORDEHAI

Opinion in Pharmacology, 9, 316–325. https://doi.org/10.1016/j.
coph.2009.04.004

Mazhar, S., & Herbst, R. (2012). The formation of complex acetylcho-
line receptor clusters requires MuSK kinase activity and structural 
information from the MuSK extracellular domain. Molecular and 
Cellular Neurosciences, 49, 475–486. https://doi.org/10.1016/j.
mcn.2011.12.007

McMahan, U. J., Sanes, J. R., & Marshall, L. M. (1978). Cholinesterase 
is associated with the basal lamina at the neuromuscular junction. 
Nature, 271, 172–174. https://doi.org/10.1038/271172a0

Mis, K., Grubic, Z., Lorenzon, P., Sciancalepore, M., Mars, T., & Pirkmajer, 
S. (2017). In vitro innervation as an experimental model to study the 
expression and functions of acetylcholinesterase and agrin in human 
skeletal muscle. Molecules, 22, 1418. https://doi.org/10.3390/molec 
ules2 2091418

Mis, K., Mars, T., Jevsek, M., Strasek, H., Golicnik, M., Brecelj, J., Komel, 
R., King, M. P., Miranda, A. F., & Grubic, Z. (2005). Expression and 
distribution of acetylcholinesterase among the cellular compo-
nents of the neuromuscular junction formed in human myotube in 
vitro. Chemico-Biological Interactions, 157–158, 29–35. https://doi.
org/10.1016/j.cbi.2005.10.003

Moser, F., Prazák, V., Mordhorst, V., Andrade, D. M., Baker, L. A., Hagen, 
C., Grünewald, K., & Kaufmann, R. (2019). Cryo-SOFI enabling low-
dose super-resolution correlative light and electron cryo-microscopy. 
Proceedings of the National Academy of Sciences of the United States 
of America, 116, 4804–4809. https://doi.org/10.1073/pnas.18106 
90116

Murata, K., & Wolf, M. (2018). Cryo-electron microscopy for struc-
tural analysis of dynamic biological macromolecules. Biochimica Et 
Biophysica Acta (BBA) - General Subjects, 1862, 324–334. https://doi.
org/10.1016/j.bbagen.2017.07.020

Nachon, F., Nicolet, Y., Viguié, N., Masson, P., Fontecilla-Camps, 
J. C., & Lockridge, O. (2002). Engineering of a monomeric 
and low-glycosylated form of human butyrylcholinesterase. 
European Journal of Biochemistry, 269, 630–637. https://doi.
org/10.1046/j.0014-2956.2001.02692.x

Ng, C. T., & Gan, L. (2020). Investigating eukaryotic cells with cryo-ET. 
Molecular Biology of the Cell, 31, 87–100. https://doi.org/10.1091/
mbc.E18-05-0329

Nicolet, M., Pincon-Raymond, M., & Rieger, F. (1986). Globular and asym-
metric acetylcholinesterase in frog muscle basal lamina sheaths. 
Journal of Cell Biology, 102, 762–768. https://doi.org/10.1083/
jcb.102.3.762

Nicolet, Y., Lockridge, O., Masson, P., Fontecilla-Camps, J. C., & Nachon, 
F. (2003). Crystal structure of human butyrylcholinesterase and 
of its complexes with substrate and products. Journal of Biological 
Chemistry, 278, 41141–41147. https://doi.org/10.1074/jbc.M2102 
41200

Nogales, E., & Scheres, S. H. W. (2015). Cryo-EM: A unique tool for the 
visualization of macromolecular complexity. Molecular Cell, 58, 677–
689. https://doi.org/10.1016/j.molcel.2015.02.019

Noureddine, H., Carvalho, S., Schmitt, C., Massoulié, J., & Bon, S. (2008). 
Acetylcholinesterase associates differently with its anchoring pro-
teins ColQ and PRiMA. Journal of Biological Chemistry, 283, 20722–
20732. https://doi.org/10.1074/jbc.M8013 64200

Pan, Y., Muzyka, J. L., & Zhan, C.-G. (2009). Model of human butyryl-
cholinesterase tetramer by homology modeling and dynamics simu-
lation. The Journal of Physical Chemistry B, 113, 6543–6552. https://
doi.org/10.1021/jp811 4995

Paul, D. M., Mantell, J., Borucu, U., Coombs, J., Surridge, K. J., Squire, 
J. M., Verkade, P., & Dodding, M. P. (2020). In situ cryo-electron to-
mography reveals filamentous actin within the microtubule lumen. 
Journal of Cell Biology, 219. https://doi.org/10.1083/jcb.20191 1154

Peng, H. B., Xie, H., Rossi, S. G., & Rotundo, R. L. (1999). 
Acetylcholinesterase clustering at the neuromuscular junction 

involves perlecan and dystroglycan. Journal of Cell Biology, 145, 911–
921. https://doi.org/10.1083/jcb.145.4.911

Perrier, A. L., Massoulié, J., & Krejci, E. (2002). PRiMA: The membrane 
anchor of acetylcholinesterase in the brain. Neuron, 33, 275–285. 
https://doi.org/10.1016/S0896 -6273(01)00584 -0

Raves, M. L., Giles, K., Schrag, J. D., Schmid, M. F., Phillips, G. N., Chiu, 
W., Howard, A. J., Silman, I., & Sussman, J. L. (1998). Quaternary 
structure of tetrameric acetylcholinesterase. Structure and Function 
of Cholinesterases and Related Proteins, 351–356.

Reed, K., Vandlen, R., Bode, J., Duguid, J., & Raftery, M. A. (1975). 
Characterization of acetylcholine receptor-rich and acetylcholines-
terase-rich membrane particles from Torpedo californica electro-
plax. Archives of Biochemistry and Biophysics, 167, 138–144. https://
doi.org/10.1016/0003-9861(75)90449 -X

Rigort, A., Bäuerlein, F. J., Villa, E., Eibauer, M., Laugks, T., Baumeister, 
W., & Plitzko, J. M. M. (2012). Focused ion beam micromachining 
of eukaryotic cells for cryoelectron tomography. Proceedings of the 
National Academy of Sciences of the United States of America, 109, 
4449–4454. https://doi.org/10.1073/pnas.12013 33109

Rotundo, R. L., & Carbonetto, S. T. (1987). Neurons segregate clusters 
of membrane-bound acetylcholinesterase along their neurites. 
Proceedings of the National Academy of Sciences of the United States 
of America, 84, 2063–2067. https://doi.org/10.1073/pnas.84.7.2063

Saxena, A., Ashani, Y., Raveh, L., Stevenson, D., Patel, T., & Doctor, B. 
P. (1998). Role of oligosaccharides in the pharmacokinetics of tis-
sue-derived and genetically engineered cholinesterases. Molecular 
Pharmacology, 53, 112–122. https://doi.org/10.1124/mol.53.1.112

Schaffer, M., Pfeffer, S., Mahamid, J., Kleindiek, S., Laugks, T., Albert, 
S., Engel, B. D., Rummel, A., Smith, A. J., Baumeister, W., & Plitzko, 
J. M. (2019). A cryo-FIB lift-out technique enables molecular-reso-
lution cryo-ET within native Caenorhabditis elegans tissue. Nature 
Methods, 16, 757–762. https://doi.org/10.1038/s4159 2-019-0497-5

Schopfer, L. M., & Lockridge, O. (2016). Tetramer-organizing polypro-
line-rich peptides differ in CHO cell-expressed and plasma-derived 
human butyrylcholinesterase tetramers. Biochimica Et Biophysica 
Acta (BBA) - Proteins and Proteomics, 1864, 706–714. https://doi.
org/10.1016/j.bbapap.2016.03.003

Stanisich, J. J., Zyla, D. S., Afanasyev, P., Xu, J., Kipp, A., Olinger, E., 
Devuyst, O., Pilhofer, M., Boehringer, D., & Glockshuber, R. (2020). 
The cryo-EM structure of the human uromodulin filament core 
reveals a unique assembly mechanism. Elife, 9, 1–14. https://doi.
org/10.7554/eLife.60265

Stsiapanava, A., Xu, C., Brunati, M., Zamora-Caballero, S., Schaeffer, 
C., Han, L., Yasumasu, S., Rampoldi, L., Wu, B., & Jovine, L. (2020). 
Cryo-EM structure of native human uromodulin, a zona pellucida 
module polymer. EMBO Journal, e106807. https://doi.org/10.15252/ 
embj.20201 06807

Sussman, J. L., Harel, M., Frolow, F., Oefner, C., Goldmant, A., Toker, L., 
& Silman, I. (1991). Acetyicholinesterase from Torpedo calfornica : 
A prototypic acetyicholine-binding protein. Science, 253, 872–879.

Taylor, P. (1985). Acetylcholinesterase agents. In A. G. Gilman, S. L. 
Goodman, & F. Murad (Eds.), The pharmacological basis of therapeutics 
(pp. 110–129). MacMillan.

Thullbery, M. D., Cox, H. D., Schule, T., Thompson, C. M., & George, K. M. 
(2005). Differential localization of acetylcholinesterase in neuronal 
and non-neuronal cells. Journal of Cellular Biochemistry, 96, 599–610. 
https://doi.org/10.1002/jcb.20530

Toker, L., Silman, I., Zeev-Ben-Mordehai, T., Sussman, J. L., Schopfer, 
L. M., & Lockridge, O. (2020). Polyproline-rich peptides associated 
with Torpedo californica acetylcholinesterase tetramers. Chemico-
Biological Interactions, 319, 109007. https://doi.org/10.1016/j.
cbi.2020.109007

Unwin, N. (2017). Segregation of lipids near acetylcholine-receptor chan-
nels imaged by cryo-EM. IUCrJ, 4, 393–399. https://doi.org/10.1107/
S2052 25251 7005243

https://doi.org/10.1016/j.coph.2009.04.004
https://doi.org/10.1016/j.coph.2009.04.004
https://doi.org/10.1016/j.mcn.2011.12.007
https://doi.org/10.1016/j.mcn.2011.12.007
https://doi.org/10.1038/271172a0
https://doi.org/10.3390/molecules22091418
https://doi.org/10.3390/molecules22091418
https://doi.org/10.1016/j.cbi.2005.10.003
https://doi.org/10.1016/j.cbi.2005.10.003
https://doi.org/10.1073/pnas.1810690116
https://doi.org/10.1073/pnas.1810690116
https://doi.org/10.1016/j.bbagen.2017.07.020
https://doi.org/10.1016/j.bbagen.2017.07.020
https://doi.org/10.1046/j.0014-2956.2001.02692.x
https://doi.org/10.1046/j.0014-2956.2001.02692.x
https://doi.org/10.1091/mbc.E18-05-0329
https://doi.org/10.1091/mbc.E18-05-0329
https://doi.org/10.1083/jcb.102.3.762
https://doi.org/10.1083/jcb.102.3.762
https://doi.org/10.1074/jbc.M210241200
https://doi.org/10.1074/jbc.M210241200
https://doi.org/10.1016/j.molcel.2015.02.019
https://doi.org/10.1074/jbc.M801364200
https://doi.org/10.1021/jp8114995
https://doi.org/10.1021/jp8114995
https://doi.org/10.1083/jcb.201911154
https://doi.org/10.1083/jcb.145.4.911
https://doi.org/10.1016/S0896-6273(01)00584-0
https://doi.org/10.1016/0003-9861(75)90449-X
https://doi.org/10.1016/0003-9861(75)90449-X
https://doi.org/10.1073/pnas.1201333109
https://doi.org/10.1073/pnas.84.7.2063
https://doi.org/10.1124/mol.53.1.112
https://doi.org/10.1038/s41592-019-0497-5
https://doi.org/10.1016/j.bbapap.2016.03.003
https://doi.org/10.1016/j.bbapap.2016.03.003
https://doi.org/10.7554/eLife.60265
https://doi.org/10.7554/eLife.60265
https://doi.org/10.15252/embj.2020106807
https://doi.org/10.15252/embj.2020106807
https://doi.org/10.1002/jcb.20530
https://doi.org/10.1016/j.cbi.2020.109007
https://doi.org/10.1016/j.cbi.2020.109007
https://doi.org/10.1107/S2052252517005243
https://doi.org/10.1107/S2052252517005243


     |  1243RICARDO LEUNG AND ZEEV-BEN-MORDEHAI

Unwin, N. (2020). Protein–lipid architecture of a cholinergic postsynaptic 
membrane. IUCrJ, 7, 852–859. https://doi.org/10.1107/S2052 25252 
0009446

Verbeke, E. J., Mallam, A. L., Drew, K., Marcotte, E. M., & Taylor, D. W. 
(2018). Classification of single particles from human cell extract re-
veals distinct structures. Cell Reports, 24, 259–268.e3. https://doi.
org/10.1016/j.celrep.2018.06.022

Vilmont, V., Cadot, B., Ouanounou, G., & Gomes, E. R. (2016). A sys-
tem for studying mechanisms of neuromuscular junction develop-
ment and maintenance. Development, 143, 2464–2477. https://doi.
org/10.1242/dev.130278

Vinothkumar, K. R., & Henderson, R. (2016). Single particle electron 
cryomicroscopy: trends, issues and future perspective. Quarterly 
Reviews of Biophysics, 49, e13, 1–25. https://doi.org/10.1017/S0033 
58351 6000068.

Voorhees, R. M., Fernández, I. S., Scheres, S. H. W., & Hegde, R. S. (2014). 
Structure of the mammalian ribosome-Sec61 complex to 3.4 Å reso-
lution. Cell, 157, 1632–1643.

Wu, G.-H., Mitchell, P. G., Galaz-Montoya, J. G., Hecksel, C. W., Sontag, E. 
M., Gangadharan, V., Marshman, J., Mankus, D., Bisher, M. E., Lytton-
Jean, A. K. R., Frydman, J., Czymmek, K., & Chiu, W. (2020). Multi-
scale 3D cryo-correlative microscopy for vitrified cells. Structure, 
28(11), 1231–1237.e3. https://doi.org/10.1016/j.str.2020.07.017

Wu, M., & Lander, G. C. (2020). Present and emerging methodologies 
in cryo-EM single particle analysis. Biophysical Journal, 119(7), 1281–
1289. https://doi.org/10.1016/j.bpj.2020.08.027

Xie, H. Q., Leung, K. W., Chen, V. P., Chan, G. K. L., Xu, S. L., Guo, A. J. Y., 
Zhu, K. Y., Zheng, K. Y. Z., Bi, C. W., Zhan, J. Y. X., Chan, W. K. P., Choi, 
R. C. Y., & Tsim, K. W. K. (2010). PRiMA directs a restricted localiza-
tion of tetrameric AChE at synapses. Chemico-Biological Interactions, 
187, 78–83. https://doi.org/10.1016/j.cbi.2010.02.018

Zuber, B., & Unwin, N. (2013). Structure and superorganization of ace-
tylcholine receptor-rapsyn complexes. Proceedings of the National 
Academy of Sciences of the United States of America, 110, 10622–
10627. https://doi.org/10.1073/pnas.13012 77110

How to cite this article: Leung MR, Zeev-Ben-Mordehai T. 
Cryo-electron microscopy of cholinesterases, present and 
future. J Neurochem. 2021;158:1236–1243. https://doi.
org/10.1111/jnc.15245

https://doi.org/10.1107/S2052252520009446
https://doi.org/10.1107/S2052252520009446
https://doi.org/10.1016/j.celrep.2018.06.022
https://doi.org/10.1016/j.celrep.2018.06.022
https://doi.org/10.1242/dev.130278
https://doi.org/10.1242/dev.130278
https://doi.org/10.1017/S0033583516000068
https://doi.org/10.1017/S0033583516000068
https://doi.org/10.1016/j.str.2020.07.017
https://doi.org/10.1016/j.bpj.2020.08.027
https://doi.org/10.1016/j.cbi.2010.02.018
https://doi.org/10.1073/pnas.1301277110
https://doi.org/10.1111/jnc.15245
https://doi.org/10.1111/jnc.15245

