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The Sec1/Munc18 protein Vps45 holds
the Qa-SNARE Tlg2 in an open
conformation
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Abstract Fusion of intracellular trafficking vesicles is mediated by the assembly of SNARE
proteins into membrane-bridging complexes. SNARE-mediated membrane fusion requires Sec1/
Munc18-family (SM) proteins, SNARE chaperones that can function as templates to catalyze SNARE
complex assembly. Paradoxically, the SM protein Munc18-1 traps the Qa-SNARE protein syntaxin-1
in an autoinhibited closed conformation. Here we present the structure of a second SM-Qa-SNARE
complex, Vps45-Tlg2. Strikingly, Vps45 holds Tlg2 in an open conformation, with its SNARE motif
disengaged from its Habc domain and its linker region unfolded. The domain 3a helical hairpin of
Vps45 is unfurled, exposing the presumptive R-SNARE binding site to allow template complex
formation. Although Tlg2 has a pronounced tendency to form homo-tetramers, Vps45 can rescue
Tlg2 tetramers into stoichiometric Vps45-Tlg2 complexes. Our findings demonstrate that SM
proteins can engage Qa-SNAREs using at least two different modes, one in which the SNARE is
closed and one in which it is open.

Introduction

Membrane trafficking in eukaryotic cells is mediated by vesicles that transport cargo from one intra-
cellular compartment to another or to the plasma membrane for exocytosis. Cargo delivery requires
that the vesicle and target membranes fuse in a process mediated by SNARE proteins (Stidhof and
Rothman, 2009). Most SNAREs are tail-anchored membrane proteins, and they drive fusion by form-
ing membrane-bridging complexes that draw the vesicle and target membranes into close apposi-
tion. Essential for this process are conserved regions about 65 residues in length called SNARE
motifs, which in most SNAREs are immediately adjacent to a C-terminal transmembrane anchor.
Four complementary SNARE motifs—one each from the R-, Qa-, Qb-, and Qc-SNARE groups—zip-
per together to form a parallel a-helical bundle (Fasshauer et al., 1998; Kloepper et al., 2007,
Sutton et al., 1998). SNARE motifs are grouped according to the zero-layer residue in the middle of
the motif, either arginine (R) or glutamine (Q). The four zero-layer residues interact within the other-
wise hydrophobic core of the assembled SNARE bundle to help prevent out-of-register assembly of
the four a-helices. The remaining core residues within the SNARE bundle are denoted by layer num-
bers ranging from approximately -8 at the N-terminal end of the SNARE motif to +8 at the C-termi-
nal end.

In addition to complementary SNAREs embedded in the vesicle and target membranes, fusion
requires Sec1/Munc18-family (SM) proteins (Baker and Hughson, 2016). SM proteins function as
SNARE chaperones, capable of both inhibiting and catalyzing the assembly of fusogenic SNARE
complexes. The first crystal structure of an SM-SNARE complex, the neuronal SM protein Munc18-1
(hereafter called Munc18) bound to the cytoplasmic portion of the Qa-SNARE syntaxin-1 (Stx), was
particularly influential (Misura et al., 2000). It showed that an SM protein could function as a clamp
to keep the bound SNARE in an autoinhibited closed conformation. In this closed conformation, the

Eisemann et al. eLife 2020;9:e60724. DOI: https://doi.org/10.7554/eLife.60724 10f18


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.60724
https://creativecommons.org/
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

e Llfe Research article

Cell Biology | Structural Biology and Molecular Biophysics

three-helix bundle Habc domain of Stx folds back onto the SNARE motif, preventing the SNARE
motif from entering into a SNARE complex. The closed conformation of the Qa-SNARE is wedged
into a large cleft in the SM protein and requires the intervention of a third protein—Munc13-1—for
opening (Ma et al., 2011). Finally, the extreme N-terminal region of Stx, termed the N-peptide,
binds to a distinct site on the outside of the SM protein (Burkhardt et al., 2008). Munc18 thus
makes direct contact with three different regions—the N-peptide, the Habc domain, and the SNARE
motif—distributed along the entire length of the Stx cytoplasmic domain.

Two recent crystal structures imply that SM proteins, instead of or in addition to functioning as
Qa-SNARE clamps, can act as templates to initiate SNARE complex assembly (Baker et al., 2015).
These structures showed that the SM protein Vps33 binds the SNARE motifs of the Qa-SNARE
Vam3 and the R-SNARE Nyv1 at adjacent sites. Combining these crystal structures yielded a model
of the Vps33-Vam3-Nyv1 template complex. In it, the two SNARE motifs adopt a half-zippered con-
figuration, in which their N-terminal halves up to the zero layer are aligned for assembly. Single-mol-
ecule force microscopy studies confirmed that the SM proteins Vps33, Munc18, and Munc18-3 all
form template complexes with their cognate R- and Qa-SNAREs, and that these template complexes
likely represent rate-limiting intermediates in SM-catalyzed SNARE complex assembly (Jiao et al.,
2018).

Here, we present X-ray crystal structures of the SM protein Vps45, both alone and in complex
with the Qa-SNARE Tlg2 (Cowles et al., 1994; Nichols et al., 1998). Vps45, Tlg2 and its cognate
SNAREs, and the CATCHR-family tethering complex GARP all function in trafficking from the endo-
some to the trans-Golgi network (Abeliovich et al., 1998, Conibear and Stevens, 2000;
Holthuis et al., 1998; Pérez-Victoria and Bonifacino, 2009; Siniossoglou and Pelham, 2001,
Siniossoglou and Pelham, 2002). In the crystal structure of the Vps45-Tlg2 complex, Vps45 makes
direct contact with the N-peptide, Habc domain, and SNARE motif of Tlg2. In contrast with the
Munc18-Stx complex, however, the bound Qa-SNARE adopts an open conformation. Specifically,
the Habc does not pack against the N-terminal region of the SNARE motif and instead appears to
leave it free to initiate SNARE complex assembly. Thus, Qa-SNARE clamping may be a specialized
property of Munc18, rather than a general property shared broadly among SM proteins. Tlg2, but
not Vps45-Tlg2, is prone to homo-oligomerization. Taken together, our results underscore the abil-
ity of SM proteins to prevent SNARE misassembly and template proper assembly.

Results

Crystal structure of Vps45-Tig2

There are four families of SM protein—Sec1/Munc18, Sly1, Vps33, and Vps45—and every eukaryote
has at least one member of each family (Kloepper et al., 2007, Koumandou et al., 2007). Crystal
structures have been reported for representatives of the Munc18, Sly1, and Vps33 families
(Baker et al., 2013; Baker et al., 2015; Bracher et al., 2000; Bracher and Weissenhorn, 2002;
Burkhardt et al., 2008; Burkhardt et al., 2011; Colbert et al., 2013, Graham et al., 2013;
Hackmann et al., 2013; Hu et al., 2011; Hu et al., 2007; Misura et al., 2000). We began, therefore,
by determining the crystal structure of a member of the fourth family, Vps45 from the thermotoler-
ant fungus Chaetomium thermophilum, and refining it to 2.0 A resolution (Table 1). Like the other
structurally characterized SM proteins, Vps45 exhibits a three-domain architecture with a large cleft
between domains 1 and 3a (Figure 1A). Three surface regions are particularly well conserved among
members of the Vps45 family, presumably because they are functionally important (Figure 1—figure
supplement 1A). The first conserved region corresponds to the walls of the cleft. The second and
third conserved surface regions correspond to the N-peptide and R-SNARE binding sites observed
in previous structures (Baker et al., 2015; Bracher and Weissenhorn, 2002; Burkhardt et al., 2008,
Hu et al., 2011; Hu et al., 2007). Thus, each of the surface regions known to engage SNARE pro-
teins in one or more of the other SM families is highly conserved in the Vps45 family.

We next sought to determine the structure of Vps45 in complex with its cognate Qa-SNARE, Tlg2
(Bryant and James, 2001; Burkhardt et al., 2008; Carpp et al., 2006; Dulubova et al., 2002). Bac-
terial co-expression of C. thermophilum Vps45 and C. thermophilum Tlg2 residues 1-310, including
all but the C-terminal 17 residues of the Tlg2 cytoplasmic domain, yielded a stable 1:1 complex.
Small crystals were obtained that diffracted to about 3.5 A resolution. Better crystals, diffracting to
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Vps45 Vps45-Tig24.310 Vps45-Tig2 Vps45y306p,r33sr—T192
Data collection
Beamline CHESS (F1) NSLSII (FMX) NSLSII (FMX) NSLSII (FMX)
Wavelength (A) 0.9782 0.9794 0.9794 0.9793
Space group P24242; P24224 P2,2124 P2,

Cell dimensions

a b, cA) 62.49, 93.96, 102.62 58.38, 89.43, 209.14 58.73, 180.06, 202.09 89.14, 58.79, 191.18
o By 90.0, 0.0, 0.0 90.0, 90.0, 20.0 90.0, 90.0, 0.0 90.0, 97.75, 90.0
Resolution (A) 35-2.00 (2.03-2.00) 29-3.88 (4.30-3.88) 30-2.80 (2.88-2.80) 30-5.12 (5.73-5.12)
Completeness (%) 99.6 (98.9) 99.3 (98.1) 99.8 (98.9) 98.0 (56.4)
Redundancy 4.6 (4.2) 13.0 (13.4) 13.4 (12.3) 6.2 (5.9

Rimerge 0.053 (0.564) 0.246 (2.149) 0.134 (1.880) 0.305 (1.222)

Rmeas 0.092 (0.807) 0.256 (2.234) 0.144 (1.961) 0.334 (1.344)

<l/o)> 11.7 (2.0) 6.9 (1.3 13.6 (1.4) 3.3(1.1)

CCip2 0.940 (0.743) 0.993 (0.649) 0.999 (0.731) 0.980 (0.564)
Refinement

o

Resolution (A)

35-2.00 (2.04-2.00)

30-3.90 (4.29-3.90)

30-2.80 (2.85-2.80)

No. reflections

Work 43025 9900 51270

Free 2268 505 2676

Ruwork 0.178 (0.262) 0.191 (0.291) 0.194 (0.291)
Reree 0.218 (0.300) 0.242 (0.382) 0.248 (0.326)
No. atoms 4551 5707 11550
Average B-factor (AZ) 425 212.8 93.4

RMSD

Bond lengths (A) 0.007 0.005 0.008

Bond angles () 0.795 0.8 0.814
Ramachandran

Favored (%) 98.5 94.4 95.5
Outliers (%) 0.6 14 1.0

PDB Code 6XJL 6XMD 6XM1

2.8 A resolution, were obtained after deleting Tlg2 residues 201-228, which are missing from the
otherwise nearly identical Chaetomium globosum Tlg2 (Figure 1—figure supplement 1B). The
deleted segment is located near the beginning of the 58-residue linker that connects the Habc
domain and the SNARE motif. The structures of the Vps45-Tlg24.310 and Vps45-TIg2 310, a201.228
complexes were determined by molecular replacement with Vps45 as a search model (Table 1).
Because there were no significant differences between the two structures, we focus hereafter on the
higher resolution Vps45-Tlg21.310, a201.228 (henceforth simply Vps45-Tlg2) structure (Figure 1B). All
of the well-characterized regions of Tlg2 are visible and interact directly with Vps45: the N-peptide,
the Habc domain, and the SNARE motif. The sequences connecting these regions, as well as the
C-terminus of the SNARE motif, appear to be disordered based on the lack of interpretable electron
density. The corresponding regions were likewise disordered in the Munc18-Stx complex, with the
important exception of the linker between the Habc domain and the SNARE motif, which will be dis-
cussed below. Comparing the Vps45 and Vps45-TIg2 structures reveals that Vps45 does not
undergo a major conformational change when it binds to Tlg2. The cleft does, however, open up
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Figure 1. Crystal structures of C. thermophilum Vps45 and Vps45-Tlg2. (A) Crystal structures of Vps45 (left) and Vps45-Tlg2 (right, showing only Vps45).
The comparison shown in the center was generated by aligning domains 2 and 3b. (B) Crystal structure of Vps45-Tlg2. H3a and H3c are helical regions
within the SNARE motif that were defined by Misura et al. based on the Munc18-Stx structure (Misura et al., 2000).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Sequence conservation in Vps45 and Tlg2.

slightly, via small rotations of domains 1 and 3a relative to the rest of Vps45, in order to accommo-
date Tlg2 (Figure 1A).

Bound Tlg2 adopts a novel open conformation

The N-peptide of Tlg2 (residues 1-14) binds to the outside (as opposed to the cleft side) of Vps45
domain 1 (Figure 2A). The N-peptide binding mode of Vps45, in which residues 6-12 form a short
o-helix, resembles that observed previously for the Munc18 and Sly1 families of SM protein. The
interaction between the Tlg2 N-peptide and Vps45 buries 870 A2 of surface accessible area. Arg res-
idues at Tlg2 positions 3, 5, and 13 appear to play especially important roles, each of them forming
both H-bonds and salt bridges with Vps45, while Tyr 9 is completely buried in a deep pocket in
which its hydroxyl group forms a charge-stabilized H-bond. Previous site-directed mutagenesis sup-
ports the importance of Arg 3, Tyr 9 (often Phe), and Arg 13 for high-affinity Vps45-Tlg2 binding
(Burkhardt et al., 2008; Carpp et al., 2006; Dulubova et al., 2002). Near the other end of the Tlg2
polypeptide chain, layers 0 to +4 of the SNARE motif interact with the opposite, cleft-facing side of
Vps45 domain 1 (Figure 2B). This interaction buries about 930 A? surface accessible area. As previ-
ously observed in the Munc18-Stx complex (and also in the complex between Vps33 and the Vam3
SNARE motif), the +2 and +3 layers of the Qa-SNARE form a short a-helix (H3c), with the +2 layer
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A Hydrogen Bonds/Salt Bridges Hydrophobic Interactions

N-Peptide

Habc Domain O

Figure 2. Vps45-Tlg2 interactions. (A-C) Interactions between Vps45 and the (A) N-peptide, (B) SNARE motif, and
(C) Habc domain of Tlg2. The left panels depict residues contributing to hydrogen bonds and/or salt bridges, with
Vpsd5 residues colored purple. The right panels depict hydrophobic interactions, with residues colored from least
(white) to most (green) hydrophobic.

lle (residue 295 in Tlg2) fitting snugly into a deep hydrophobic pocket on domain 1 (Baker et al.,
2015; Misura et al., 2000). In sum, two short regions at opposite ends of Tlg2, the N-peptide and
the H3c helix, bind to opposite sides of Vps45 domain 1 in a manner that closely resembles the
Munc18-Stx complex.
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By contrast, the intervening regions of Vps45—comprising the Habc domain, the linker that con-
nects Habc and the SNARE motif, and the N-terminal half of the SNARE motif—adopt a novel open
conformation. Figure 3A compares Sso1 (a yeast exocytic Qa-SNARE that, by itself, is tightly closed
[Munson et al., 2000; Nicholson et al., 1998]), Stx (from the Munc18-Stx complex), and Tlg2 (from
the Vps45-Tlg2 complex). Instead of folding with the SNARE motif to form a four-helix bundle-like
structure, the Habc domain of Tlg2 makes a limited contact with the SNARE motif, centered around
the —2 layer of the latter and at an approximately 45° angle. As noted above, there is no
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Figure 3. Vps45-bound Tlg2 adopts an open conformation. (A) Comparison of uncomplexed Sso1 (PDB code 1FIO), Munc18-bound Stx (3C98), and
Vps45-bound Tlg2. The locations of the zero-layer GIn residues are indicated with spheres. (B and C) Comparison of the Habc domains and SNARE
motifs in the Munc18-Stx and Vps45-Tlg2 complexes. The core residues of the SNARE motifs (layers —7 to 0) are depicted as orange spheres. At the
right, helical wheel representations depict the relative rotation of the SNARE moitifs (layers —7 to —2, corresponding to helix H3a in Figure 1B) with

respect to the rest of the structure.
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interpretable electron density for the linker connecting the Habc domain and the SNARE motif,
which in the Munc18-Stx complex forms a short helix that packs at right angles against the closed
Habc-SNARE motif four-helix bundle (Figure 3A). This is particularly notable inasmuch as this region
has long been recognized as critical for Stx opening and the initiation of SNARE assembly
(Dulubova et al., 1999; Lai et al., 2017; Ma et al., 2011; Misura et al., 2000, Munson et al., 2000;
Wang et al., 2017, Yang et al., 2015).

The Habc domain interacts with the cleft side of Vps45 domain 1, burying 680 A2 surface accessi-
ble area in an interaction that is largely hydrophobic in nature (Figure 2C). Compared to the
Munc18-Stx complex, the C-terminal end of the Habc domain has swung away from the SM protein,
rotating approximately 15° around an axis near the N-terminal end of the domain (Figure 3B,C). As
a consequence, the Habc domain does not make contact with domain 3a. Finally, the N-terminal half
of the SNARE motif, in lieu of bundling with the Habc domain, forms a helix (H3a) that engages in a
limited interaction with the fully extended domain 3a helical hairpin of Vps45 (Figure 3C). This inter-
action buries a surface accessible area of about 300 A2, with the —4 and —5 layer residues of H3a
packing against the long helix of the hairpin. As a result, H3a is rotated approximately 120" around
its long axis relative to the Munc18-Stx complex (right-hand panels of Figure 3B,C). Overall, the
Vps45-Tlg2 structure establishes that SM proteins can engage the N-peptide, the Habc domain, and
the SNARE motif of a cognate Qa-SNARE without simultaneously clamping that SNARE in a closed
conformation.

The Vps45 helical hairpin is unfurled

The domain 3a helical hairpin (Figure 1A) plays a key role in SM protein function (Baker et al.,
2015; Boyd et al., 2008; Hu et al., 2011; Jiao et al., 2018; Parisotto et al., 2014, Sitarska et al.,
2017; Wang et al., 2020). In Vps45 alone, the distal tip of the helical hairpin is disordered
(Figure 1A). In the Munc18-Stx complex, it adopts a furled conformation in which the distal tip folds
back on the more proximal portion, concealing the R-SNARE binding site (Misura et al.,
2000; Figure 4A,B). The bound Stx, moreover, sterically blocks unfurling (Baker and Hughson,
2016; Hu et al., 2011). In the structures of Vps33 bound to the SNARE motifs of Vam3 and Nyv1,
by contrast, the helical hairpin adopts an unfurled, extended conformation (Figure 4B) that interacts
extensively with the Qa- and R-SNARE respectively (Baker et al., 2015; Figure 4C). An unfurled con-
formation is also seen in the Vps45-Tlg2 complex (Figures 1A and 4), made possible by the open
conformation of the bound Qa-SNARE (Figure 3C). The strong similarity between the unfurled
Vps33 and Vps45 hairpins (Figure 4B) suggests that the unfurled conformation may be a well-
defined active conformation. Unfortunately, we were unable to identify in vitro conditions under
which C. thermophilum Tlg2, with or without Vps45, assembles into SNARE complexes. Nonetheless,
based on the crystal structure, the Vps45-Tlg2 complex appears to be primed to bind an R-SNARE
and, as demonstrated for SM proteins of the Sec1/Munc18 and Vps33 families (Jiao et al., 2018), to
catalyze SNARE assembly (Figure 4C).

A caveat to the above conclusions is that, as observed previously in other SM protein structures
(Baker et al., 2015; Hu et al., 2011, Wang et al., 2020), the domain 3a helical hairpin in the Vps45-
Tlg2 structure participates in crystal contacts that could potentially influence its conformation. Spe-
cifically, the hairpin interacts with the Tlg2 SNARE motif (layers -8 to -4) of a crystallographically
adjacent Vps45-Tlg2 complex (Figure 4—figure supplement 1A-D). To examine the potential influ-
ence of this crystal contact on the Vps45-Tlg2 structure, we sought to disrupt it via site-directed
mutagenesis. The hairpin mutant Vps45y304p,r33sr formed stable complexes with Tlg2 that crystal-
lized in a new space group (Table 1). Although these crystals diffracted only to about 5 A resolution,
electron density maps phased by molecular replacement with a model of Vps45-Tig2 lacking the
SNARE motif allowed us to reach two unambiguous conclusions. First, layers -8 to -4 of the Tlg2
SNARE motif no longer interact with the helical hairpin, instead curving away to make a minor crys-
tallographic contact with the SNARE motif of a neighboring Tlg2 molecule (Figure 4—figure supple-
ment 1E). Second, while electron density at this resolution cannot reveal subtle differences, the
remainder of the structure—including the position of the Habc domain and the unfurled helical hair-
pin—appears to be unchanged.
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Figure 4. The domain 3a helical hairpin of Tlg2-bound Vps45 is unfurled. (A) Structures of SM-Qa-SNARE complexes Munc18-Stx and Vps45-Tlg2, as
well as a model of the SM-Qa-SNARE-R-SNARE template complex Vps33-Vam3-Nyv1 (Baker et al., 2015). The Qa-SNARE motifs are dark gray, the
remainder of the Qa-SNAREs are light gray, and the R-SNARE Nyv1 is white. The model of the template complex was obtained by combining Vps33
and Vam3 from the Vps33-Vps16-Vam3 structure (5BUZ) with Nyv1 from the Vps33-Vps16-Nyv1 structure (5BV0); both of these structures lack SNARE
N-terminal regions and contain only the SNARE motifs. (B) Close-up views of the domain 3a helical hairpins (dashed rectangles in panel A). (C) SM-
Figure 4 continued on next page
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SNARE interactions, emphasizing the domain 3a helical hairpins and the SNARE motifs. For Vps45, a model of the template complex is suggested by
superimposing the outline of Vps33-bound Nyv1. As in Figure 3, the core residues of the SNARE motifs (layers —7 to 0) are shown as orange spheres.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Crystal contacts between the domain 3a helical hairpin and the SNARE motif.

Vps45 prevents Tlg2 oligomerization

Although C. thermophilum Vps45-Tlg2 forms a 1:1 complex, the maltose binding protein tagged
full-length cytoplasmic region of Tlg2 (MBP-TIg2;_3,7) formed oligomers as judged by size exclusion
chromatography (Figure 5A,B). The Tlg2 SNARE motif (MBP-TIg2,sg 357) likewise formed oligomers,
whereas the MBP-tagged SNARE motifs from the cognate R-, Qb-, and Qc-SNAREs (Snc2, Viti1, and
Tlg1) did not (Figure 5C). These observations suggested that Tlg2 oligomerization, like Stx oligo-
merization (Lerman et al., 2000; Misura et al., 2001), is driven by the formation of SNARE com-
plex-like bundles of SNARE motifs. Consistent with this hypothesis, sedimentation velocity analytical
ultracentrifugation analysis of both MBP-tagged and untagged Tlg2;s5.3,; showed that the TIg2
SNARE motif behaves as a single species with an apparent molecular mass indicative of a tetramer
(Figure 5D,F and Figure 5—figure supplement 1).

To test whether oligomerization is reversible, we mixed MBP-TIg2,_3,; with an equimolar amount
of Vps45. After a 2 hr incubation, the majority of the Vps45 shifted into two higher molecular weight
peaks, one of them likely representing Vps45 bound to MBP-TIg2,.3,7 oligomers, the other repre-
senting the 1:1 Vps45-MBP-Tlg2, 3,7 complex (Figure 6A). At longer incubation times, the 1:1 com-
plex peak became more prominent at the expense of the peak representing Vps45 bound to MBP-
Tlg24.327 oligomers, and the Vps45-only peak disappeared altogether. These data imply that Vps45
is able to rescue MBP-TIg2;_357 from the oligomeric state, presumably by trapping MBP-TIg2; 357
monomers that transiently dissociate (Figure 6B). As expected, the N-peptide (MBP-TIg24_50) bound
to Vpsd5 (Figure 6—figure supplement 1A). The N-peptide:Vpsd5 interaction appears to underlie
the ability of Vps45 to rescue Tlg2 from oligomers, since N-terminally truncated Tlg2 constructs
(MBP-TIg2,1.327 and MBP-Tlg2,55.327) formed oligomers that neither bound to nor were rescued by
Vpsd5 (Figure 6—figure supplement 1B,C).

Discussion

For two decades, the only reported structures of a full-length SNARE cytoplasmic domain bound to
an SM protein have been those of the mammalian Munc18-Stx complex (Burkhardt et al., 2008;
Misura et al., 2000) and the highly similar Munc18-Stx complex from the choanoflagellate Mono-
siga brevicollis (Burkhardt et al., 2011). These structures have played a pivotal role in the develop-
ment of models for SM protein function and mechanism. The structure reported here, of the almost
full-length cytoplasmic domain of Tlg2 bound to Vps45, is strikingly different. Rather than a four-
helix-bundle-like closed conformation, the bound SNARE adopts a much more open conformation,
with only a glancing interaction between the Habc domain and the SNARE motif (Figure 3A). The
linker between the Habc domain and the SNARE motif, which in the Munc18-Stx complex is a target
for Munc13's Stx-opening activity (Dulubova et al., 1999; Lai et al., 2017, Ma et al., 2011,
Misura et al., 2000; Wang et al., 2017, Wang et al., 2020; Yang et al., 2015), appears to be disor-
dered. Finally, the domain 3a helical hairpin, which plays a crucial role in SNARE templating
(Baker et al., 2015; Boyd et al., 2008; Hu et al., 2011; Jiao et al., 2018; Parisotto et al., 2014,
Sitarska et al., 2017), is furled in the Munc18-Stx complex but unfurled—and therefore primed for
R-SNARE binding—in the Vps45-TIg2 complex (Figure 4).

There have been conflicting reports regarding the tendency of yeast Tlg2 to oligomerize and/or
form a closed conformation (Dulubova et al., 2002; Furgason et al., 2009; Struthers et al., 2009).
The SNARE motif of C. thermophilum Tlg2, however, unambiguously forms tetramers (Figure 5D, F).
In this respect it resembles the SNARE motif of Stx which, by forming four-helix bundles, can drive
the formation of off-pathway products requiring rescue by NSF/a-SNAP and Munc18 (Ma et al.,
2013). In both instances, binding to the cognate SM protein prevents SNARE oligomerization. For
Munc18-Stx, this protective effect has been attributed to the closed conformation of Stx. In the
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Figure 5. Homo-oligomerization of the Tlg2 SNARE motif. (A) Schematic of the Tlg2 constructs used. (B) Size exclusion chromatography of MBP-Tlg2;.

327. The predicted position for a monomer, based on size standards, is indicated. (C) Size-exclusion chromatography of the MBP-tagged C.

thermophilum SNARE motifs of Tlg2 (Qa-SNARE), Snc2 (R-SNARE), Viti1 (Qb-SNARE), and TIg1 (Qc-SNARE). (D-F) Sedimentation velocity analytical
ultracentrifugation (AUC) and derived parameters (insets). For MBP-TIg2,s5 327 (panel D), the experimental molecular weight (181 kDa) falls between
those expected for a trimer (161 kDa) and a tetramer (214 kDa); for untagged Tlg2;s5.327 (panel F), the experimental molecular weight (33.8 kDa) is in
excellent agreement with that expected for a tetramer (33.6 kDa). The Habc domain (T1g279.200) sediments as a monomer (panel E). For data and fits,
see Figure 5—figure supplement 1.
The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Sedimentation velocity analytical ultracentrifugation data and fits.

Vps45-Tlg2 structure, Tlg2 is open but nevertheless protected from oligomerization. We propose
that this protection arises from binding of the SM protein to layers 0 to +4 of the SNARE motif
(Figure 2B). The other principal interaction between Vps45 and Tlg2, involving the Tlg2 N-peptide,
increases the stability of the Vps45-Tlg2 complex but would not seem capable of preventing SNARE
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Figure 6. Vps45 rescues Tlg2 from homo-oligomers. (A) Size-exclusion chromatography (top) of MBP-TIg2;_357, Vps45, and a 1:1 mixture incubated at
20°C for 2, 18, or 42 hr. The indicated fractions were analyzed by SDS-PAGE (bottom). (B) Schematic representation of Vps45-mediated rescue of Tlg2

from homo-oligomers.

The online version of this article includes the following figure supplement(s) for figure 6é:

Figure supplement 1. The Tlg2 N-Peptide is required for Vps45 rescue.

motif self-association. The TIg2 N-peptide nevertheless plays a key role, by equipping the TIg2 tet-
ramers with exposed, high-affinity (27 nM for the mammalian orthologues [Burkhardt et al., 2008))
handles for Vps45 to grab onto (Figure 6B). Taken together, our results suggest that Vps45 can res-
cue Tlg2 from off-pathway oligomers and hold it in an open, non-oligomerization-prone state in
preparation for SNARE complex assembly (Figure 7).

Template complexes containing half-zippered Qa- and R-SNAREs bound to the cognate SM pro-
tein are essential intermediates in SM-catalyzed SNARE assembly (Baker et al., 2015; Jiao et al.,
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Figure 7. Model for Vps45-mediated SNARE assembly. Proposed pathway depicting TIg2 rescue, vesicle docking accompanied by template complex
formation, Qb/Qc-SNARE binding, and membrane fusion.

2018). Yeast Vps45 was reported to bind the R-SNARE Snc2, but the relevance of this observation
to the potential formation of a template complex is uncertain since Tlg2 appeared to displace the
Vps45-bound Snc2 (Carpp et al., 2006). Nonetheless, the close structural resemblance between the
unfurled helical hairpins of Tlg2-bound Vps45, Vam3-bound Vps33, and Nyvi-bound Vps33,
together with the ability of Vps33, Nyv1, and Vam3 to form a ternary complex (Baker et al., 2015),
strongly suggests that Tlg2-bound Vps45 is primed for R-SNARE binding (Figure 4C). This binding
need not be high affinity in order to promote SNARE assembly; indeed, Munc18 binding to the
R-SNARE VAMP2/synaptobrevin is weak (Sitarska et al., 2017) but nonetheless critical for forming
the template complex (Jiao et al., 2018). It will be important in future work to develop biochemical
and single-molecule methods for elucidating the pathway and energetics of SNARE assembly in the
presence of Vps45.

The stringent regulation of neurotransmitter release requires the control of synaptic SNARE com-
plex formation by Munc18, which clamps Stx in an inactive closed conformation, and Munc13-1,
which mediates Stx opening (Brunger et al., 2018; Rizo, 2018). Our Vps45-Tlg2 structure reveals a
new mode of interaction in which the Qa-SNARE is held open rather than clamped shut. It is possible
that this new mode is the rule, with the Munc18-Stx mode being the exception. It is furthermore
attractive to speculate that the task of Munc13-1 is to convert the Munc18-Stx complex into a
Vps45-Tlg2-like conformation. Notably, a principal difference between closed Stx and open Tlg2 is
the linker between the Habc domain and the SNARE motif, which is folded in the first case and
unfolded in the second (Figure 3A). Munc13-1, by binding to the Munc18-Stx complex and destabi-
lizing the Stx linker (Lai et al., 2017, Wang et al., 2017; Wang et al., 2020), may thereby promote
the conformational switch that allows Stx to open, the domain 3a helical hairpin to unfurl, and the
template complex to form.

Materials and methods

Recombinant protein production

C. thermophilum gene sequences were identified by homology with multiple fungal species (BLAST)
yielding Vps45 (XP_006692860.1), Tlg2 (XP_006697074.1), Snc2 (XP_006691992.1), Vti1
(XP_006696366.1), and Tlg1 (XP_006693250.1). Coding sequences were amplified from synthetic
codon-optimized genes (Genewiz) and cloned into pQLink bacterial expression plasmids
(Baker et al., 2015; Scheich et al., 2007). All SNARE protein constructs possessed N-terminal hep-
tahistidine (His7) and MBP tags followed by a tobacco etch virus (TEV) protease cleavage site for tag
removal, with the exception of Tlg279.500 which carried N-terminal His; and SUMO tags and an Ulp1
cleavage site for tag removal. Vps45 constructs possessed an N-terminal His; tag for individual
expression, or a C-terminal His; tag for coexpression with Tlg2. The Vps45-Tlg2 coexpression plas-
mid was generated by first deleting the His;-MBP tag from Tlg2 and then combining the two pQLink
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plasmids as described (Scheich et al., 2007). Mutations were introduced using QuikChange muta-
genesis (Agilent). Tlg2 sub-fragment constructs were generated by introducing stop codons or by
using PCR to amplify the desired fragment for sub-cloning.

Native and selenomethionine (SeMet) Vps45 was overproduced using BL21 Rosetta (Novagen)
grown in, respectively, LB or M9 minimal media supplemented with 60 mg/L SeMet (Sigma). When
the cells reached an ODggo of approximately 0.6, isopropyl B-D-thiogalactopyranoside (IPTG) was
added to a final concentration of 1 mM, after which the cells were grown for 18 hr at 25°C. MBP-
Tlg21.50, MBP-TIg21.327, MBP-TIg2558.327, SUMO-TIg279.200, MBP-Snc255.89, MBP-Tlg1470.225, and
MBP-Vti1126.190 Were overproduced in a similar manner, but in BL21-Codon Plus (Agilent) cells and
with growth following induction at 18°C. Cell pellets were resuspended in lysis buffer (20 mM Tris-
HCI pH 8.0, 150 mM NaCl, 5 mM B-mercaptoethanol) supplemented with 1T mM phenylmethylsul-
fonyl fluoride and 10 pg/mL DNase (Roche). The resuspension was processed with an Emulsiflex-C5
homogenizer (Avestin). All subsequent steps were performed on ice or at 4°C. The cell lysate was
clarified by centrifugation at 30,000 g and fractionated using His60 Ni Superflow Resin (ClonTech).
The resin was washed using wash buffer (20 mM Tris-HCI pH 8.0, 100 mM NaCl, 20 mM imidazole, 5
mM B-mercaptoethanol), eluted in wash buffer containing 300 mM imidazole, and further purified
using a Superdex 200 HR 16/60 size exclusion column (GE Healthcare) in gel filtration buffer (20 mM
Tris-HCI pH 8.0, 150 mM NaCl, 5 mM dithiothreitol (DTT)). MBP-Tlg24.357; and the co-expressed
Vps45-Tlg2 complexes were generated in a similar manner with the following modifications: protein
was overexpressed in BL21-Codon Plus (Agilent); after IPTG addition the cells were grown at 16°C;
and all buffers contained 5% glycerol and, in place of Tris-HCI, 25 mM HEPES pH 8.0. Cells were
lysed, loaded onto His60 Ni Superflow Resin, and washed as previously described. However, the
resin was then washed with low salt (50 mM NaCl) wash buffer and eluted in low salt wash buffer
containing 400 mM imidazole, followed by anion exchange chromatography (MonoQ 10/100; GE
Healthcare) using a gradient from 50 mM to 500 mM NaCl. Untagged Tlg279.200 and TIg2:s5.327
were produced by cleaving the SUMO- and MBP-tagged fusion proteins with Ulp1 or TEV protease,
respectively, following Ni affinity chromatography. Cleavage reactions were allowed to proceed
overnight at 4°C while dialyzing into elution buffer containing 20 mM imidazole and 50 mM NaCl.
The cleaved tags were removed using His60 Ni Superflow resin and the proteins were further puri-
fied using anion exchange and size exclusion chromatography as described above. For the produc-
tion of SeMet-substituted Vps45-Tlg2| >5gm,1272m, Protein expression was improved by growing the
cells in M63 instead of M9 minimal media. Following size exclusion chromatography, all proteins
were concentrated, snap frozen in liquid nitrogen, and stored at —80°C. Protein concentration was
measured by absorbance at 280 nm.

Crystallization, data collection, and refinement

Vps45 crystals were grown at 20°C using the sitting drop vapor diffusion method, with a 1:1 (v/v)
mixture of protein at 10 mg/ml and precipitant solution (0.2 M potassium bromide, 0.2 M potassium
thiocyanate, 0.1 M sodium acetate pH 6.0, 3% (w/v) poly-y-glutamic acid (PGA), 5% (w/v) polyethyl-
ene glycol (PEG) 3350). The final drop volume was 1 pl, brought to equilibrium with 500 ul precipi-
tant solution. SeMet crystals grew to full size within two weeks and native crystals within three
weeks. Native and SeMet single wavelength anomalous diffraction data were collected at the Cornell
High Energy Synchrotron Source at beamline F1.

The Vps45 structure was determined by experimental phasing at 2.6 A resolution using the single
wavelength anomalous dispersion method based on diffraction at the Se K edge (A = 0.9782 A). The
selenium substructure was determined using the program SHELXD (Sheldrick, 2008) and phases
were calculated with SHARP (Vonrhein et al., 2011) based on these sites. The electron density map
was solvent-flattened using SOLOMON (Abrahams and Leslie, 1996), and the structure built using
BUCCANEER (Cowtan, 1998) and Coot (Emsley et al., 2010) and refined against higher-resolution
native data using PHENIX REFINE (Liebschner et al., 2019).

All Vps45-Tlg2 complexes were crystallized using hanging drop vapor diffusion at 20°C, mixing 1
ul protein with 1 ul well buffer solution. Vps45-Tlg24.3109 crystals were grown using 4 mg/ml
protein and well buffer consisting of 0.125 M potassium citrate, 15% (w/v) PEG 3350, 15% (v/v) glyc-
erol, and 1 mM DTT. Crystals were improved by streak seeding with previously grown Vps45-TIg2;.
310 crystals. Vps45-TIg2 (i.e., Vps45-Tlg21.310, a201-228) Crystals were grown using 2.5 mg/ml protein
and well buffer consisting of 0.1 M HEPES pH 8.0, 0.1 M NaCl, 11% (v/v) 2-propanol, and 5 mM
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TCEP. Vps45-TIg2y306p,F33sr Crystals were grown using 4 mg/ml protein solution and well buffer
consisting of 0.2 M potassium citrate, 14% (w/v) PEG 3350, and 5 mM TCEP. SeMet-labeled Vps45-
TIg2 258m,1272m Crystals were grown using 5 mg/ml protein solution and well buffer consisting of 0.1
M HEPES pH 7.5, 0.2 M NaCl, 10% (v/v) 2-propanol, and 5 mM TCEP. Crystals were improved using
streak seeding with Vps45-Tlg2 crystals. Diamond-shaped crystals grew to full size within ~3 days.
Crystals were cryoprotected using a 1:1 mixture of well buffer supplemented with 30% (v/v) glycerol
(for Vps45-Tlg24_310 and Vps45-TIg2y304p,F335r) or 30% (v/v) glycerol plus 10% (v/v) 2-propanol (for
Vps45-Tlg2 and SeMet-labeled Vps45-Tlg2, >58m,1272m) and then frozen in liquid nitrogen. Data were
collected at the National Synchrotron Light Source Il (NSLSII) FMX and AMX beamlines.

The structures of the Vps45-Tlg2 complexes were determined by molecular replacement from
the Vps45 monomer structure using the program PHASER (McCoy et al., 2007). Complexes grew in
two different crystal forms: a form with a single complex in the asymmetric unit in space group
P2,22; with typical cell dimensions of a = 58.4 A, b = 89.4 A, ¢ = 209.1 A, and a form with two com-
plexes in the asymmetric unit in space group P2;2;2; with typical cell dimensions of a = 58.7 A,
b = 180.1 A, ¢ = 202.1 A. Vps45-Tig2 grew in both crystal forms but Vps45-Tlg2,_3;0 only grew in
the P2,22, crystal form. Difference density for the N-terminal peptide, Habc domain, and SNARE
helices were visible in the difference map in both cases. Crystal packing is similar in these two crystal
forms, with the SNARE helix and domain 3a of Vps45 packing against symmetry-related instances of
themselves to stabilize the lattice. Models of the Vps45-Tig2 complexes were built with Coot and
refined with PHENIX.REFINE. At intermediate steps in structure determination we utilized data proc-
essed by STARANISO (RRID:SCR_018362) with an anisotropic resolution cutoff to improve map
interpretability, but results quoted in Table 1 are refined against data with an isotropic resolution
cutoff. Non-crystallographic symmetry restraints were used where available. The useful resolution
limits of the data were estimated using the paired refinement technique (Diederichs and Karplus,
1997). Sequence interpretation for Tlg2 was made based on 2Fo-Fc and Fo-Fc electron density and
validated by the position of selenium atoms in SAD data collected on SeMet-labeled Vps45-
TIg2 258m,1272m crystals. The selenium sites corresponding to L258M and 1272M mutations confirmed
the sequence register in the SNARE helix, and selenium sites corresponding to Met 1, Met 153 and
Met 170 confirmed the assignment in the N-peptide and Habc domains, with Met 302 confirming
the conserved H3c helix assignment. Electron density for Tlg2 is in general less well-resolved than
that for Vps45, and especially so at the ends of the Habc helices at the C-terminal end of the bundle
(distal to the Vps45:Habc binding site), likely reflecting some static disorder within the crystal. Never-
theless, the similarity with the Habc helices of Stx is striking (rmsd = 1.3 A for 91 Co. atoms).

Binding/rescue assays

Vps45 and MBP-Tlg24.3,7; were mixed at a final concentration of 30 uM each in gel filtration buffer
and incubated at 20°C. At the specified times, aliquots were removed and snap frozen in liquid nitro-
gen followed by storage at —80°C. Prior to loading, samples were thawed rapidly in a room temper-
ature water bath and any large aggregates were removed via centrifugation at 14,000 g for 10 min
at 4°C. Samples were then loaded on an S200 Increase 3.2/300 gel filtration column (GE Healthcare)
pre-equilibrated with gel filtration buffer. Fractions were resolved using 12.5% SDS-PAGE gels. All
other binding experiments were performed using 50 UM protein concentration(s) in 20 mM Tris-HClI,
pH 8.0, 150 mM NaCl, and 1 mM DTT, with a 1 hr incubation at 20°C followed by centrifugation to
remove aggregates and loading onto the size exclusion column.

Analytical ultracentrifugation

MBP-TIg2258.327, TIg279.200, and Tlg2;sg.327 were diluted to final concentrations of 9, 72, and 168
UM, respectively, in gel filtration buffer. Samples were centrifuged at 14,000 g for 10 min at 10°C,
loaded into two-sector cells with quartz windows, and placed in an Optima analytical centrifuge
(Beckman) with an An-50Ti rotor pre-equilibrated at 20°C. Absorbance scans at 280 nm were col-
lected at ~1 min intervals while spinning at 42,000 rpm. Continuous sedimentation coefficient c(S)
plots and frictional ratios (f/f,) were generated using SEDFIT by fitting the Lamm equation to the
absorbance boundaries (Schuck, 2000). Buffer density (r, 1.0064 g/cm3) and viscosity (h, 0.01 poise)
were calculated using SEDNTERP (Laue et al., 1992).

Eisemann et al. eLife 2020;9:e60724. DOI: https://doi.org/10.7554/eLife.60724 14 of 18


https://scicrunch.org/resolver/SCR_018362
https://doi.org/10.7554/eLife.60724

e Llfe Research article

Cell Biology | Structural Biology and Molecular Biophysics

Acknowledgements

We thank Mary Munson, Jose Rizo, Venu Vandavasi, Yongli Zhang, and members of the Hughson
laboratory past and present for helpful advice and discussion. The Princeton Biophysics and Macro-
molecular Crystallography core facilities provided essential assistance with analytical ultracentrifuga-
tion and X-ray crystallography, respectively. This work was supported by National Institutes of
Health (NIH) grants T32GM007388 (GRS) and RO1GMO071574 (FMH). This research used the AMX
and FMX beamlines of the National Synchrotron Light Source Il, a United States Department of
Energy (DOE) Office of Science User Facility operated for the DOE Office of Science by Brookhaven
National Laboratory under Contract No. DE-SC0012704. The Center for BioMolecular Structure
(CBMS) is primarily supported by the NIH, National Institute of General Medical Sciences (NIGMS)
through a Center Core P30 Grant (P30GM133893), and by the DOE Office of Biological and Environ-
mental Research (KP1605010).This work is based upon research conducted at the Cornell High
Energy Synchrotron Source (CHESS), which is supported by the National Science Foundation (NSF)
and the NIH/NIGMS under NSF award DMR-1829070, using the Macromolecular Diffraction at
CHESS (MacCHESS) facility, which is supported by NIH/NIGMS award GM-124166.

Additional information

Funding

Funder Grant reference number  Author

National Institutes of Health RO1GMO071574 Frederick M Hughson
National Institutes of Health T32GM007388 Gregory R Shimamura

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Travis J Eisemann, Conceptualization, Formal analysis, Investigation, Writing - original draft, Writing
- review and editing; Frederick Allen, Kelly Lau, Gregory R Shimamura, Conceptualization, Investiga-
tion, Writing - review and editing; Philip D Jeffrey, Conceptualization, Data curation, Formal analysis,
Validation, Investigation, Writing - review and editing; Frederick M Hughson, Conceptualization, For-
mal analysis, Supervision, Funding acquisition, Writing - original draft, Project administration, Writing
- review and editing

Author ORCIDs

Travis J Eisemann (&2 https://orcid.org/0000-0003-3602-2677
Frederick Allen {2 https://orcid.org/0000-0002-2969-8137
Gregory R Shimamura @ http://orcid.org/0000-0003-2104-5518
Frederick M Hughson () https://orcid.org/0000-0002-4057-0281

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.60724 52
Author response https://doi.org/10.7554/elife.60724.5a2

Additional files

Supplementary files
« Transparent reporting form

Data availability
Diffraction data have been deposited in the PDB under the accession codes 6XJL, 6XMD, and
6XM1.

Eisemann et al. eLife 2020;9:e60724. DOI: https://doi.org/10.7554/eLife.60724 15 0f 18


https://orcid.org/0000-0003-3602-2677
https://orcid.org/0000-0002-2969-8137
http://orcid.org/0000-0003-2104-5518
https://orcid.org/0000-0002-4057-0281
https://doi.org/10.7554/eLife.60724.sa1
https://doi.org/10.7554/eLife.60724.sa2
https://doi.org/10.7554/eLife.60724

e Llfe Research article

Cell Biology | Structural Biology and Molecular Biophysics
The following datasets were generated:

Database and

Author(s) Year Dataset title Dataset URL Identifier

Jeffrey PD, Shima- 2020 Structure of the SM protein Vps45  https://www.rcsb.org/ RCSB Protein Data
mura GS, Allen F, structure/6XJL Bank, 6XJL
Hughson FM

Jeffrey PD, Eise- 2020 SM Protein Vps45 in Complex with  https://www.rcsb.org/ RCSB Protein Data
mann TJ, Hughson Qa SNARE Tlg2 (1-310) structure/6XMD Bank, 6XMD

FM

Jeffrey PD, Eise- 2020 SM Protein Vps45 in Complex with  https://www.rcsb.org/ RCSB Protein Data
mann TJ, Hughson Qa SNARE Tlg2 structure/6XM1 Bank, 6XM1

FM

References

Abeliovich H, Grote E, Novick P, Ferro-Novick S. 1998. Tlg2p, a yeast syntaxin homolog that resides on the
Golgi and endocytic structures. Journal of Biological Chemistry 273:11719-11727. DOI: https://doi.org/10.
1074/jbc.273.19.11719, PMID: 9565594

Abrahams JP, Leslie AG. 1996. Methods used in the structure determination of bovine mitochondrial F1 ATPase.
Acta Crystallographica Section D Biological Crystallography 52:30-42. DOI: https://doi.org/10.1107/
S0907444995008754, PMID: 15299723

Ashkenazy H, Erez E, Martz E, Pupko T, Ben-Tal N. 2010. ConSurf 2010: calculating evolutionary conservation in
sequence and structure of proteins and nucleic acids. Nucleic Acids Research 38:W529-W533. DOI: https://doi.
org/10.1093/nar/gkq399

Baker RW, Jeffrey PD, Hughson FM. 2013. Crystal structures of the Sec1/Munc18 (SM) protein Vps33, alone and
bound to the homotypic fusion and vacuolar protein sorting (HOPS) subunit Vps16. PLOS ONE 8:e67409.

DOI: https://doi.org/10.1371/journal.pone.0067409, PMID: 23840694

Baker RW, Jeffrey PD, Zick M, Phillips BP, Wickner WT, Hughson FM. 2015. A direct role for the Sec1/Munc18-
family protein Vps33 as a template for SNARE assembly. Science 349:1111-1114. DOI: https://doi.org/10.
1126/science.aac7906, PMID: 26339030

Baker RW, Hughson FM. 2016. Chaperoning SNARE assembly and disassembly. Nature Reviews Molecular Cell
Biology 17:465-479. DOI: https://doi.org/10.1038/nrm.2016.65, PMID: 27301672

Boyd A, Ciufo LF, Barclay JW, Graham ME, Haynes LP, Doherty MK, Riesen M, Burgoyne RD, Morgan A. 2008. A
random mutagenesis approach to isolate dominant-negative yeast sec1 mutants reveals a functional role for
domain 3a in yeast and mammalian Sec1/Munc18 proteins. Genetics 180:165-178. DOI: https://doi.org/10.
1534/genetics.108.090423, PMID: 18757920

Bracher A, Perrakis A, Dresbach T, Betz H, Weissenhorn W. 2000. The X-ray crystal structure of neuronal Sec1
from squid sheds new light on the role of this protein in exocytosis. Structure 8:685-694. DOI: https://doi.org/
10.1016/S0969-2126(00)00156-8, PMID: 10903948

Bracher A, Weissenhorn W. 2002. Structural basis for the Golgi membrane recruitment of Sly1p by Sed5p. The
EMBO Journal 21:6114-6124. DOI: https://doi.org/10.1093/emboj/cdf608, PMID: 12426383

Brunger AT, Choi UB, Lai Y, Leitz J, Zhou Q. 2018. Molecular mechanisms of fast neurotransmitter release.
Annual Review of Biophysics 47:469-497. DOI: https://doi.org/10.1146/annurev-biophys-070816-034117,
PMID: 29792815

Bryant NJ, James DE. 2001. Vps45p stabilizes the syntaxin homologue Tlg2p and positively regulates SNARE
complex formation. The EMBO Journal 20:3380-3388. DOI: https://doi.org/10.1093/emboj/20.13.3380,

PMID: 11432826

Burkhardt P, Hattendorf DA, Weis WI, Fasshauer D. 2008. Munc18a controls SNARE assembly through its
interaction with the syntaxin N-peptide. The EMBO Journal 27:923-933. DOI: https://doi.org/10.1038/emboj.
2008.37, PMID: 18337752

Burkhardt P, Stegmann CM, Cooper B, Kloepper TH, Imig C, Varoqueaux F, Wahl MC, Fasshauer D. 2011.
Primordial neurosecretory apparatus identified in the choanoflagellate Monosiga brevicollis. PNAS 108:15264—
15269. DOI: https://doi.org/10.1073/pnas.1106189108, PMID: 21876177

Carpp LN, Ciufo LF, Shanks SG, Boyd A, Bryant NJ. 2006. The Sec1p/Munc18 protein Vps45p binds its cognate
SNARE proteins via two distinct modes. Journal of Cell Biology 173:927-936. DOI: https://doi.org/10.1083/jcb.
200512024, PMID: 16769821

Colbert KN, Hattendorf DA, Weiss TM, Burkhardt P, Fasshauer D, Weis WI. 2013. Syntaxin1a variants lacking an
N-peptide or bearing the LE mutation bind to Munc18a in a closed conformation. PNAS 110:12637-12642.
DOI: https://doi.org/10.1073/pnas.1303753110, PMID: 23858467

Conibear E, Stevens TH. 2000. Vps52p, Vps53p, and Vps54p form a novel multisubunit complex required for
protein sorting at the yeast late Golgi. Molecular Biology of the Cell 11:305-323. DOI: https://doi.org/10.1091/
mbc.11.1.305, PMID: 10637310

Cowles CR, Emr SD, Horazdovsky BF. 1994. Mutations in the VPS45 gene, a SEC1 homologue, result in vacuolar
protein sorting defects and accumulation of membrane vesicles. Journal of Cell Science 107:3449-3459.

PMID: 7706396

Eisemann et al. eLife 2020;9:e60724. DOI: https://doi.org/10.7554/eLife.60724 16 of 18


https://www.rcsb.org/structure/6XJL
https://www.rcsb.org/structure/6XJL
https://www.rcsb.org/structure/6XMD
https://www.rcsb.org/structure/6XMD
https://www.rcsb.org/structure/6XM1
https://www.rcsb.org/structure/6XM1
https://doi.org/10.1074/jbc.273.19.11719
https://doi.org/10.1074/jbc.273.19.11719
http://www.ncbi.nlm.nih.gov/pubmed/9565594
https://doi.org/10.1107/S0907444995008754
https://doi.org/10.1107/S0907444995008754
http://www.ncbi.nlm.nih.gov/pubmed/15299723
https://doi.org/10.1093/nar/gkq399
https://doi.org/10.1093/nar/gkq399
https://doi.org/10.1371/journal.pone.0067409
http://www.ncbi.nlm.nih.gov/pubmed/23840694
https://doi.org/10.1126/science.aac7906
https://doi.org/10.1126/science.aac7906
http://www.ncbi.nlm.nih.gov/pubmed/26339030
https://doi.org/10.1038/nrm.2016.65
http://www.ncbi.nlm.nih.gov/pubmed/27301672
https://doi.org/10.1534/genetics.108.090423
https://doi.org/10.1534/genetics.108.090423
http://www.ncbi.nlm.nih.gov/pubmed/18757920
https://doi.org/10.1016/S0969-2126(00)00156-8
https://doi.org/10.1016/S0969-2126(00)00156-8
http://www.ncbi.nlm.nih.gov/pubmed/10903948
https://doi.org/10.1093/emboj/cdf608
http://www.ncbi.nlm.nih.gov/pubmed/12426383
https://doi.org/10.1146/annurev-biophys-070816-034117
http://www.ncbi.nlm.nih.gov/pubmed/29792815
https://doi.org/10.1093/emboj/20.13.3380
http://www.ncbi.nlm.nih.gov/pubmed/11432826
https://doi.org/10.1038/emboj.2008.37
https://doi.org/10.1038/emboj.2008.37
http://www.ncbi.nlm.nih.gov/pubmed/18337752
https://doi.org/10.1073/pnas.1106189108
http://www.ncbi.nlm.nih.gov/pubmed/21876177
https://doi.org/10.1083/jcb.200512024
https://doi.org/10.1083/jcb.200512024
http://www.ncbi.nlm.nih.gov/pubmed/16769821
https://doi.org/10.1073/pnas.1303753110
http://www.ncbi.nlm.nih.gov/pubmed/23858467
https://doi.org/10.1091/mbc.11.1.305
https://doi.org/10.1091/mbc.11.1.305
http://www.ncbi.nlm.nih.gov/pubmed/10637310
http://www.ncbi.nlm.nih.gov/pubmed/7706396
https://doi.org/10.7554/eLife.60724

e Llfe Research article

Cell Biology | Structural Biology and Molecular Biophysics

Cowtan K. 1998. Modified phased translation functions and their application to molecular-fragment location.
Acta Crystallographica Section D Biological Crystallography 54:750-756. DOI: https://doi.org/10.1107/
S0907444997016247, PMID: 9757089

Diederichs K, Karplus PA. 1997. Improved R-factors for diffraction data analysis in macromolecular
crystallography. Nature Structural Biology 4:269-275. DOI: https://doi.org/10.1038/nsb0497-269, PMID: 90951
94

Dulubova I, Sugita S, Hill S, Hosaka M, Fernandez I, Stidhof TC, Rizo J. 1999. A conformational switch in syntaxin
during exocytosis: role of munc18. The EMBO Journal 18:4372-4382. DOI: https://doi.org/10.1093/emboj/18.
16.4372, PMID: 10449403

Dulubova I, Yamaguchi T, Gao Y, Min SW, Huryeva |, Stidhof TC, Rizo J. 2002. How Tlg2p/syntaxin 16 ‘snares’
Vps45. The EMBO Journal 21:3620-3631. DOI: https://doi.org/10.1093/emboj/cdf381, PMID: 12110575

Emsley P, Lohkamp B, Scott WG, Cowtan K. 2010. Features and development of Coot. Acta Crystallographica.
Section D, Biological Crystallography 66:486-501. DOI: https://doi.org/10.1107/S0907444910007493,

PMID: 20383002

Fasshauer D, Sutton RB, Brunger AT, Jahn R. 1998. Conserved structural features of the synaptic fusion complex:
SNARE proteins reclassified as Q- and R-SNAREs. PNAS 95:15781-15786. DOI: https://doi.org/10.1073/pnas.
95.26.15781, PMID: 9861047

Furgason ML, MacDonald C, Shanks SG, Ryder SP, Bryant NJ, Munson M. 2009. The N-terminal peptide of the
syntaxin Tlg2p modulates binding of its closed conformation to Vps45p. PNAS 106:14303-14308. DOI: https://
doi.org/10.1073/pnas.0902976106, PMID: 19667197

Graham SC, Wartosch L, Gray SR, Scourfield EJ, Deane JE, Luzio JP, Owen DJ. 2013. Structural basis of Vps33A
recruitment to the human HOPS complex by Vps16. PNAS 110:13345-13350. DOI: https://doi.org/10.1073/
pnas.1307074110, PMID: 23901104

Hackmann Y, Graham SC, Ehl S, Héning S, Lehmberg K, Aricd M, Owen DJ, Griffiths GM. 2013. Syntaxin binding
mechanism and disease-causing mutations in Munc18-2. PNAS 110:E4482-E4491. DOI: https://doi.org/10.
1073/pnas.1313474110, PMID: 24194549

Holthuis JC, Nichols BJ, Dhruvakumar S, Pelham HR. 1998. Two syntaxin homologues in the TGN/endosomal
system of yeast. The EMBO Journal 17:113-126. DOI: https://doi.org/10.1093/emboj/17.1.113, PMID: 9427746

Hu SH, Latham CF, Gee CL, James DE, Martin JL. 2007. Structure of the Munc18c/Syntaxin4 N-peptide complex
defines universal features of the N-peptide binding mode of Sec1/Munc18 proteins. PNAS 104:8773-8778.
DOI: https://doi.org/10.1073/pnas.0701124104, PMID: 17517664

Hu SH, Christie MP, Saez NJ, Latham CF, Jarrott R, Lua LH, Collins BM, Martin JL. 2011. Possible roles for
Munc18-1 domain 3a and Syntaxin1 N-peptide and C-terminal anchor in SNARE complex formation. PNAS
108:1040-1045. DOI: https://doi.org/10.1073/pnas.0914906108, PMID: 21193638

Jiao J, He M, Port SA, Baker RW, Xu Y, Qu H, Xiong Y, Wang Y, Jin H, Eisemann TJ, Hughson FM, Zhang Y.
2018. Munc18-1 catalyzes neuronal SNARE assembly by templating SNARE association. eLife 7:e41771.

DOI: https://doi.org/10.7554/eLife.41771, PMID: 30540253

Kloepper TH, Kienle CN, Fasshauer D. 2007. An elaborate classification of SNARE proteins sheds light on the
conservation of the eukaryotic endomembrane system. Molecular Biology of the Cell 18:3463-3471.

DOI: https://doi.org/10.1091/mbc.e07-03-0193, PMID: 17596510

Koumandou VL, Dacks JB, Coulson RM, Field MC. 2007. Control systems for membrane fusion in the ancestral
eukaryote; evolution of tethering complexes and SM proteins. BMC Evolutionary Biology 7:29. DOI: https://doi.
org/10.1186/1471-2148-7-29, PMID: 17319956

Lai Y, Choi UB, Leitz J, Rhee HJ, Lee C, Altas B, Zhao M, Pfuetzner RA, Wang AL, Brose N, Rhee J, Brunger AT.
2017. Molecular mechanisms of synaptic vesicle priming by Munc13 and Munc18. Neuron 95::591-607.

DOI: https://doi.org/10.1016/j.neuron.2017.07.004

Laue TM, Shah BD, Ridgeway TM, Pelletier SL. 1992. Analytical Ultracentrifugation in Biochemistry and Polymer
Science. Royal Society of Chemistry.

Lerman JC, Robblee J, Fairman R, Hughson FM. 2000. Structural analysis of the neuronal SNARE protein
syntaxin-1A. Biochemistry 39:8470-8479. DOI: https://doi.org/10.1021/bi0003994, PMID: 10913252

Liebschner D, Afonine PV, Baker ML, Bunkéczi G, Chen VB, Croll Tl, Hintze B, Hung LW, Jain S, McCoy AJ,
Moriarty NW, Oeffner RD, Poon BK, Prisant MG, Read RJ, Richardson JS, Richardson DC, Sammito MD,
Sobolev OV, Stockwell DH, et al. 2019. Macromolecular structure determination using X-rays, neutrons and
electrons: recent developments in Phenix. Acta Crystallographica Section D Structural Biology 75:861-877.
DOI: https://doi.org/10.1107/52059798319011471, PMID: 31588918

Ma C, LiW, Xu Y, Rizo J. 2011. Munc13 mediates the transition from the closed syntaxin-Munc18 complex to the
SNARE complex. Nature Structural & Molecular Biology 18:542-549. DOI: https://doi.org/10.1038/nsmb.2047,
PMID: 21499244

Ma C, Su L, Seven AB, Xu Y, Rizo J. 2013. Reconstitution of the vital functions of Munc18 and Munc13 in
neurotransmitter release. Science 339:421-425. DOI: https://doi.org/10.1126/science.1230473, PMID: 2325
8414

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read RJ. 2007. Phaser crystallographic
software. Journal of Applied Crystallography 40:658-674. DOI: https://doi.org/10.1107/S0021889807021206,
PMID: 19461840

Misura KM, Scheller RH, Weis WI. 2000. Three-dimensional structure of the neuronal-Sec1-syntaxin 1a complex.
Nature 404:355-362. DOI: https://doi.org/10.1038/35006120, PMID: 10746715

Eisemann et al. eLife 2020;9:e60724. DOI: https://doi.org/10.7554/eLife.60724 17 of 18


https://doi.org/10.1107/S0907444997016247
https://doi.org/10.1107/S0907444997016247
http://www.ncbi.nlm.nih.gov/pubmed/9757089
https://doi.org/10.1038/nsb0497-269
http://www.ncbi.nlm.nih.gov/pubmed/9095194
http://www.ncbi.nlm.nih.gov/pubmed/9095194
https://doi.org/10.1093/emboj/18.16.4372
https://doi.org/10.1093/emboj/18.16.4372
http://www.ncbi.nlm.nih.gov/pubmed/10449403
https://doi.org/10.1093/emboj/cdf381
http://www.ncbi.nlm.nih.gov/pubmed/12110575
https://doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.1073/pnas.95.26.15781
https://doi.org/10.1073/pnas.95.26.15781
http://www.ncbi.nlm.nih.gov/pubmed/9861047
https://doi.org/10.1073/pnas.0902976106
https://doi.org/10.1073/pnas.0902976106
http://www.ncbi.nlm.nih.gov/pubmed/19667197
https://doi.org/10.1073/pnas.1307074110
https://doi.org/10.1073/pnas.1307074110
http://www.ncbi.nlm.nih.gov/pubmed/23901104
https://doi.org/10.1073/pnas.1313474110
https://doi.org/10.1073/pnas.1313474110
http://www.ncbi.nlm.nih.gov/pubmed/24194549
https://doi.org/10.1093/emboj/17.1.113
http://www.ncbi.nlm.nih.gov/pubmed/9427746
https://doi.org/10.1073/pnas.0701124104
http://www.ncbi.nlm.nih.gov/pubmed/17517664
https://doi.org/10.1073/pnas.0914906108
http://www.ncbi.nlm.nih.gov/pubmed/21193638
https://doi.org/10.7554/eLife.41771
http://www.ncbi.nlm.nih.gov/pubmed/30540253
https://doi.org/10.1091/mbc.e07-03-0193
http://www.ncbi.nlm.nih.gov/pubmed/17596510
https://doi.org/10.1186/1471-2148-7-29
https://doi.org/10.1186/1471-2148-7-29
http://www.ncbi.nlm.nih.gov/pubmed/17319956
https://doi.org/10.1016/j.neuron.2017.07.004
https://doi.org/10.1021/bi0003994
http://www.ncbi.nlm.nih.gov/pubmed/10913252
https://doi.org/10.1107/S2059798319011471
http://www.ncbi.nlm.nih.gov/pubmed/31588918
https://doi.org/10.1038/nsmb.2047
http://www.ncbi.nlm.nih.gov/pubmed/21499244
https://doi.org/10.1126/science.1230473
http://www.ncbi.nlm.nih.gov/pubmed/23258414
http://www.ncbi.nlm.nih.gov/pubmed/23258414
https://doi.org/10.1107/S0021889807021206
http://www.ncbi.nlm.nih.gov/pubmed/19461840
https://doi.org/10.1038/35006120
http://www.ncbi.nlm.nih.gov/pubmed/10746715
https://doi.org/10.7554/eLife.60724

e Llfe Research article

Cell Biology | Structural Biology and Molecular Biophysics

Misura KM, Scheller RH, Weis WI. 2001. Self-association of the H3 region of syntaxin 1A. Implications for
intermediates in SNARE complex assembly. The Journal of Biological Chemistry 276:13273-13282.
DOI: https://doi.org/10.1074/jbc.M009636200, PMID: 11118447

Munson M, Chen X, Cocina AE, Schultz SM, Hughson FM. 2000. Interactions within the yeast t-SNARE Sso1p
that control SNARE complex assembly. Nature Structural Biology 7:894-902. DOI: https://doi.org/10.1038/
79659, PMID: 11017200

Nichols BJ, Holthuis JC, Pelham HR. 1998. The Sec1p homologue Vps45p binds to the syntaxin Tlg2p. European
Journal of Cell Biology 77:263-268. DOI: https://doi.org/10.1016/S0171-9335(98)80084-8, PMID: 9930650

Nicholson KL, Munson M, Miller RB, Filip TJ, Fairman R, Hughson FM. 1998. Regulation of SNARE complex
assembly by an N-terminal domain of the t-SNARE Sso1p. Nature Structural Biology 5:793-802. DOI: https://
doi.org/10.1038/1834, PMID: 9731774

Parisotto D, Pfau M, Scheutzow A, Wild K, Mayer MP, Malsam J, Sinning |, Séllner TH. 2014. An extended helical
conformation in domain 3a of Munc18-1 provides a template for SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) complex assembly. Journal of Biological Chemistry 289:9639-9650.
DOI: https://doi.org/10.1074/jbc.M113.514273, PMID: 24532794

Pérez-Victoria FJ, Bonifacino JS. 2009. Dual roles of the mammalian GARP complex in tethering and SNARE
complex assembly at the trans-golgi network. Molecular and Cellular Biology 29:5251-5263. DOI: https://doi.
org/10.1128/MCB.00495-09, PMID: 19620288

Rizo J. 2018. Mechanism of neurotransmitter release coming into focus. Protein Science 27:1364-1391.
DOI: https://doi.org/10.1002/pro.3445, PMID: 29893445

Scheich C, Kimmel D, Soumailakakis D, Heinemann U, Biissow K. 2007. Vectors for co-expression of an
unrestricted number of proteins. Nucleic Acids Research 35:e43. DOI: https://doi.org/10.1093/nar/gkm067,
PMID: 17311810

Schuck P. 2000. Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation and
Lamm equation modeling. Biophysical Journal 78:1606-1619. DOI: https://doi.org/10.1016/S0006-3495(00)
76713-0, PMID: 10692345

Sheldrick GM. 2008. A short history of SHELX. Acta Crystallographica. Section A, Foundations of Crystallography
64:112-122. DOI: https://doi.org/10.1107/S0108767307043930, PMID: 18156677

Sievers F, Higgins DG. 2018. Clustal Omega for making accurate alignments of many protein sequences. Protein
Science 27:135-145. DOI: https://doi.org/10.1002/pro.3290, PMID: 28884485

Siniossoglou S, Pelham HR. 2001. An effector of Yptép binds the SNARE Tlg1p and mediates selective fusion of
vesicles with late Golgi membranes. The EMBO Journal 20:5991-5998. DOI: https://doi.org/10.1093/emboj/20.
21.5991, PMID: 11689439

Siniossoglou S, Pelham HR. 2002. Vps51p links the VFT complex to the SNARE Tlg1p. Journal of Biological
Chemistry 277:48318-48324. DOI: https://doi.org/10.1074/jbc.M209428200, PMID: 12377769

Sitarska E, Xu J, Park S, Liu X, Quade B, Stepien K, Sugita K, Brautigam CA, Sugita S, Rizo J. 2017.
Autoinhibition of Munc18-1 modulates synaptobrevin binding and helps to enable Munc13-dependent
regulation of membrane fusion. eLife 6:24278. DOI: https://doi.org/10.7554/elife.24278, PMID: 28477408

Struthers MS, Shanks SG, MacDonald C, Carpp LN, Drozdowska AM, Kioumourtzoglou D, Furgason ML, Munson
M, Bryant NJ. 2009. Functional homology of mammalian syntaxin 16 and yeast Tlg2p reveals a conserved
regulatory mechanism. Journal of Cell Science 122:2292-2299. DOI: https://doi.org/10.1242/jcs.046441,
PMID: 19509055

Stidhof TC, Rothman JE. 2009. Membrane fusion: grappling with SNARE and SM proteins. Science 323:474-477.
DOI: https://doi.org/10.1126/science.1161748, PMID: 19164740

Sutton RB, Fasshauer D, Jahn R, Brunger AT. 1998. Crystal structure of a SNARE complex involved in synaptic
exocytosis at 2.4 A resolution. Nature 395:347-353. DOI: https://doi.org/10.1038/26412, PMID: 9759724

Vonrhein C, Flensburg C, Keller P, Sharff A, Smart O, Paciorek W, Womack T, Bricogne G. 2011. Data processing
and analysis with the autoPROC toolbox. Acta Crystallographica. Section D, Biological Crystallography 67:293—
302. DOI: https://doi.org/10.1107/S0907444911007773, PMID: 21460447

Wang S, Choi UB, Gong J, Yang X, Li Y, Wang AL, Yang X, Brunger AT, Ma C. 2017. Conformational change of
syntaxin linker region induced by Munc13s initiates SNARE complex formation in synaptic exocytosis. The
EMBO Journal 36:816-829. DOI: https://doi.org/10.15252/embj.201695775, PMID: 28137749

Wang X, Gong J, Zhu L, Wang S, Yang X, Xu Y, Yang X, Ma C. 2020. Munc13 activates the Munc18-1/syntaxin-1
complex and enables Munc18-1 to prime SNARE assembly. The EMBO Journal 39:e103631. DOI: https://doi.
org/10.15252/embj.2019103631

Yang X, Wang S, Sheng Y, Zhang M, Zou W, Wu L, Kang L, Rizo J, Zhang R, Xu T, Ma C. 2015. Syntaxin opening
by the MUN domain underlies the function of Munc13 in synaptic-vesicle priming. Nature Structural &
Molecular Biology 22:547-554. DOI: https://doi.org/10.1038/nsmb.3038, PMID: 26030875

Eisemann et al. eLife 2020;9:e60724. DOI: https://doi.org/10.7554/eLife.60724 18 of 18


https://doi.org/10.1074/jbc.M009636200
http://www.ncbi.nlm.nih.gov/pubmed/11118447
https://doi.org/10.1038/79659
https://doi.org/10.1038/79659
http://www.ncbi.nlm.nih.gov/pubmed/11017200
https://doi.org/10.1016/S0171-9335(98)80084-8
http://www.ncbi.nlm.nih.gov/pubmed/9930650
https://doi.org/10.1038/1834
https://doi.org/10.1038/1834
http://www.ncbi.nlm.nih.gov/pubmed/9731774
https://doi.org/10.1074/jbc.M113.514273
http://www.ncbi.nlm.nih.gov/pubmed/24532794
https://doi.org/10.1128/MCB.00495-09
https://doi.org/10.1128/MCB.00495-09
http://www.ncbi.nlm.nih.gov/pubmed/19620288
https://doi.org/10.1002/pro.3445
http://www.ncbi.nlm.nih.gov/pubmed/29893445
https://doi.org/10.1093/nar/gkm067
http://www.ncbi.nlm.nih.gov/pubmed/17311810
https://doi.org/10.1016/S0006-3495(00)76713-0
https://doi.org/10.1016/S0006-3495(00)76713-0
http://www.ncbi.nlm.nih.gov/pubmed/10692345
https://doi.org/10.1107/S0108767307043930
http://www.ncbi.nlm.nih.gov/pubmed/18156677
https://doi.org/10.1002/pro.3290
http://www.ncbi.nlm.nih.gov/pubmed/28884485
https://doi.org/10.1093/emboj/20.21.5991
https://doi.org/10.1093/emboj/20.21.5991
http://www.ncbi.nlm.nih.gov/pubmed/11689439
https://doi.org/10.1074/jbc.M209428200
http://www.ncbi.nlm.nih.gov/pubmed/12377769
https://doi.org/10.7554/eLife.24278
http://www.ncbi.nlm.nih.gov/pubmed/28477408
https://doi.org/10.1242/jcs.046441
http://www.ncbi.nlm.nih.gov/pubmed/19509055
https://doi.org/10.1126/science.1161748
http://www.ncbi.nlm.nih.gov/pubmed/19164740
https://doi.org/10.1038/26412
http://www.ncbi.nlm.nih.gov/pubmed/9759724
https://doi.org/10.1107/S0907444911007773
http://www.ncbi.nlm.nih.gov/pubmed/21460447
https://doi.org/10.15252/embj.201695775
http://www.ncbi.nlm.nih.gov/pubmed/28137749
https://doi.org/10.15252/embj.2019103631
https://doi.org/10.15252/embj.2019103631
https://doi.org/10.1038/nsmb.3038
http://www.ncbi.nlm.nih.gov/pubmed/26030875
https://doi.org/10.7554/eLife.60724

