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Mutations in either syntaxin 11 (Stx11) or Munc18-2 abolish
cytotoxic T lymphocytes (CTL) and natural killer cell (NK) cytotox-
icity, and give rise to familial hemophagocytic lymphohistiocytosis
(FHL4 or FHLS5, respectively). Although Munc18-2 is known to
interact with Stx11, little is known about the molecular mecha-
nisms governing the specificity of this interaction or how in vitro
IL-2 activation leads to compensation of CTL and NK cytotoxicity.
To understand how mutations in Munc18-2 give rise to disease, we
have solved the structure of human Munc18-2 at 2.6 A resolution
and mapped 18 point mutations. The four surface mutations iden-
tified (R39P, L130S, E132A, P334L) map exclusively to the predicted
syntaxin and soluble N-ethylmaleimide-sensitive factor accessory
protein receptor binding sites of Munc18-2. We find that Munc18-2
binds the N-terminal peptide of Stx11 with a ~20-fold higher af-
finity than Stx3, suggesting a potential role in selective binding.
Upon IL-2 activation, levels of Stx3 are increased, favoring
Munc18-2 binding when Stx11 is absent. Similarly, Munc18-1,
expressed in IL-2-activated CTL, is capable of binding Stx11. These
findings provide potential explanations for restoration of Munc18-
Stx function and cytotoxicity in IL-2-activated cells.
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ytotoxic T lymphocytes (CTL) and natural killer (NK) cells

perform a crucial role in host defense, destroying virally
infected and tumourigenic cells. CTL or NK recognition of a
target cell triggers polarization of secretory lysosomes, contain-
ing the cytotoxic proteins perforin and granzymes, toward the
immunological synapse formed between the two cells. Fusion of
secretory lysosomes with the CTL plasma membrane releases the
cytotoxic proteins and destroys the targeted cell.

Granule secretion is critical for CTL and NK cytotoxicity.
Mutations that disrupt this step give rise to profound immuno-
deficiencies, including familial hemophagocytic lymphohistiocy-
tosis (FHL), which is characterized by fever, cytopenia, and
hepatosplenomegaly, symptoms caused by hyperactive CTL and
NK (1, 2). To date, four genetic loci have been associated with
FHL. Disease-causing mutations have been mapped onto the
genes encoding the pore-forming protein perforin (FHL type 2),
the secretory regulator Munc13-4 (FHL type 3), the soluble
N-ethylmaleimide—sensitive factor accessory protein receptor
(SNARE)) protein syntaxin 11 (Stx11, FHL type 4), and Munc18-2
(FHL type 5) (3-7).

The molecular mechanisms underlying the killing defect seen
in CTL and NK from FHL2 and FHL3 patients have been rel-
atively straightforward to understand, as loss of perforin (FHL2)
or inhibition of granule secretion (FHL3) prevents target cell
lysis (3, 4). However, understanding the molecular basis of FHL4
or FHLS mutations has been complicated by the finding that
cytotoxicity is often restored by in vitro activation of NK or CTL
with IL-2, required for culture of these cells (5-8), limiting
investigations and raising the question as to how a genetic de-
ficiency can be overcome by in vitro culture.
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Muncl8-2 belongs to the Secl/Muncl8-like (SM) protein
family, whose members are all ~600 residues long and are in-
volved in regulation of SNARE-mediated membrane fusion
events (9, 10). The two closest homologs of Muncl8-2 are
Muncl8-1, which is crucial for neurotransmitter secretion in
neurons (11, 12), and Munc18-3, which is more widely expressed
and is involved in Glut4 translocation (13). Stx11 is a member
of the syntaxin-family of SNARE proteins, comprised of an
N-terminal peptide (N peptide) followed by an autonomously
folded, three-helical bundle (Hapc domain) and a single he-
lical SNARE motif. However, although most syntaxins asso-
ciate with membranes through a C-terminal transmembrane
domain, Stx11 is unusual in that it contains a cysteine-rich
region at its C terminus, allowing for putative palmitoylation
and membrane association (14).

Muncl8 family proteins regulate SNARE-mediated mem-
brane fusion by binding syntaxins and SNARE complexes, and
this is reflected in their structures. All SM proteins analyzed to
date adopt an arch-shaped structure formed by three distinct
domains (15-19). The cavity within the arch forms the major
interface for syntaxin and most likely SNARE complex binding
(15, 17, 20). However, the N-terminal peptide of syntaxins
extends from this cavity and binds at a spatially distinct site on
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Munc18 proteins, formed by an acidic groove, a basic region and
a hydrophobic pocket (16, 21, 22).

Munc18 family proteins have been found to regulate SNARE-
mediated membrane fusion both positively and negatively.
The cocrystal structure of Stx1 A with rat Munc18-1 revealed
a “closed” Stx1A conformation, with the SNARE helix bound
back on the Hapc domain, clasped inside the central cavity of
Munc18-1 (17, 20). This structural model explains how over-
expression of Munc18 proteins might impair secretion by locking
syntaxins in an inactive state. Conversely, the ability of the same
region in Muncl8-1 to bind to fully assembled SNARE com-
plexes explains how Muncl18 proteins might also facilitate vesicle
docking and catalyze membrane fusion (23-26). Indeed, the
yeast homolog Seclp only binds SNARE complexes and not
monomeric syntaxins (27, 28).

The functional importance of the N peptide binding site on the
surface of Muncl8 proteins is not entirely clear. For syntaxin
binding, the N peptide is crucial for the interaction between
Munc18-3 and Stx4 (29), and between Munc18-2 and Stx3 (30)
but not for the interaction between Stx1A and Munc18-1 (22). It
has been proposed that the N peptide initiates contact between
syntaxins and Muncl8 proteins and in this way may lead to high-
affinity binding of the full-length syntaxin molecule (31). In po-
larized epithelial cells the N peptide has also been found to de-
termine which Munc18 isoform is bound and where the syntaxin
localizes (32). However, nothing is known about the role of the N
peptide in the selection of syntaxin binding when two different
syntaxins are both able to bind the same Muncl8 protein.

An essential role for the N peptide in supporting fusion in
vitro has been shown in several studies (24, 33, 34). One recent
study has proposed that the role of the N peptide is to facilitate
the transition of Munc18-bound syntaxins from a “closed” fusion-
incompetent to an “open” conformation that allows SNARE
complex formation (31, 35), although a subsequent study provides
an alternative hypothesis (36). Although gene complementation
in Caenorhabditis elegans in vitro studies (37, 38) and studies in
cultured neurons (36) support a critical functional role for the N
peptide interaction with Muncl8 proteins, conflicting reports
exist (39, 40).

Although the exact roles of Munc18-2 and Stx11 in CTL and
NK are not known, it seems likely that these proteins function
together because Munc18-2-deficient patients (FHLS5) show
decreased levels of Stx11 and the two proteins can be copre-
cipitated from cell lysates (5, 7, 41).

Studies on FHL4 and FHLS have been hampered by the fact
that CTL and NK, which need to be cultured in IL-2, often show
restored cytotoxicity (5, 8, 42), suggesting that IL-2 activation can
restore Muncl8-Stx function. The molecular basis for this is
completely unexplored.

In this study we ask how Munc18-2 and Stx11 function is
linked in CTL and NK, and whether the Stx11 N peptide plays
a functional role in Muncl8-2 binding. We have solved the
crystal structure of human Muncl8-2 to 2.6 A resolution and
mapped point mutations that lead to FHLS. Our study identifies
four disease-causing surface mutations in Munc18-2, all of which
map to either the syntaxin or SNARE binding domains. Using
biophysical techniques we reveal that the syntaxin N peptide
interaction is likely to be important for the selection of Stx11
over Stx3 by Muncl18-2. Furthermore, we analyzed changes in
syntaxin protein levels that occur upon activation of resting NK
with IL-2, and propose a molecular mechanism for the restora-
tion of cytotoxicity in FHL4 and FHLS upon IL-2 activation.

Results

NHpgc Domain of Stx11 Facilitates the Interaction with Munc18-2.
Previous studies showed an interaction between Munc18-2 and
Stx11 (5, 7, 41). However, it remained unclear whether that in-
teraction was direct or mediated by a SNARE complex. Therefore,
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we asked whether Stx11 and Munc18-2 were able to bind each
other directly and if so, which domains of Stx11 mediated the
interaction. We purified three different Stx11 fusion proteins via
a C-terminal or N-terminal GST tag from Escherichia coli (Fig.
14) and tested for binding of recombinant human Munc18-2
[See Fig. S1 for size-exclusion chromatography (SEC) profiles].
Fig 1B shows that the 66-kDa protein Munc18-2 (lane 6) binds
directly to full-length Stx11 (Stx11A¢) and a construct spanning
the N-peptide and Hapc domain (Stx11-NHapc, lanes 3 and 4),
whereas no significant binding could be observed to the SNARE
domain of Stx11 (lane 5). There was no interaction with GST
alone (Fig 1B, lane 2) and no Muncl8-2 was pulled down in the
absence of bait (Fig 1B, lane 1). We further investigated the
specificity of the interaction by asking whether Stx11 could bind to
human Vps33A, another member of the SM protein family. As
shown in Fig 1B lanes 7-12, Vps33A did not bind to any of the
Stx11 fusion proteins. These results show that Munc18-2 and Stx11
interact directly via the NHapc domain in a specific fashion.

Crystal Structure of Munc18-2. To better understand this interaction
and how mutations found in FHLS patients might affect Munc18-2
function, we crystallized human Munc18-2 and determined its 3D
structure. Crystals diffracted to a resolution of 2.6 A and the
structure was solved by molecular replacement, revealing one
molecule of Muncl8-2 per asymmetric unit. The structure was
manually rebuilt using one molecule of rat Muncl8-1 [PDB ID
code 3C98 (22)] as a starting model and refined to 2.6 A, with final
residuals R/Rgee 0.243/0.275 and excellent stereochemistry (Table
S1; see Fig. S2 for typical electron density).

The structure of human Muncl8-2 (Fig. 24) resembles its
mammalian orthologs rat Munc18-1 (64% sequence identity, 1.4
A rmsd across 514 C, atoms) and Muncl8-3 (49% sequence
identity, 1.7 A rmsd across 484 C, atoms) (Fig. 2B) in that the
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Fig. 1. Stx11 NHagc domain facilitates Munc18-2 interaction. (A) Schematic
representation of truncation mutants of human Stx11 and localization of the
GST tag. The amino acid sequence of the N peptide is written in brackets at
the top. C, Cysteine-rich region (amino acids 272-287); NHpgc, a folded do-
main comprising the N peptide and helices Ha, Hg, and Hc. (B) Coomassie-
stained gel from GST pull-down experiment of human Munc18-2 (lanes 1-6)
or human Vps33A (lanes 7-12) using the fusion proteins described in A as
bait. Dashes at the side refer to the respective heights of the proteins as
described in the text. Pull-down of Munc18-2 was performed at least three
times; pull-down using Vps33A was performed twice.
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protein can be segregated into three domains: domain 1 (blue in
Fig. 24) comprises the N terminus and together with domain 2
(green in Fig. 24) forms one-half of the arch-shaped structure,
whereas the other half of the arch is predominantly formed by
domain 3 (pink in Fig. 24). Importantly, two structural areas that
were previously reported to be crucial for Muncl8 protein
function are also conserved: the central cavity formed by domains
1 and 3 at the top of the molecule and the N peptide binding site
just beneath domain 1, comprising an acidic region and a large
hydrophobic pocket (Fig. 24, Inset). Strikingly, we found an en-
larged hydrophobic patch on the peptide binding surface of
Muncl18-2, compared with Munc18-3, adjacent to the L8 an-
choring residue binding pocket (see, for example, Fig. S34).

Disease-Causing FHL5 Mutations Predominantly Affect Protein Folding.
Because loss of Muncl8-2 causes severe and often lethal immu-
nodeficiency, the structure presented in Fig. 24 offered a unique
opportunity to map FHL-causing mutations directly onto the af-
fected protein and to analyze how they could disrupt protein
function. We mapped 18 FHLS5-causing point mutations, including
two newly identified mutations (Table S2), onto the structure of
human Munc18-2 (Fig. 34, pink spheres) and found that 14 lay
buried within the core of the structure [Table S2, accessible surface
area (ASA) and buried (B) values, columns 4 and 5]. Using our
structure, we examined how the buried mutations would change
intramolecular interactions, such as hydrogen bonds, salt bridges,
or hydrophobic interactions. We further analyzed the stereo-
chemical properties of the mutations, considering whether the in-
troduced side chain could be accommodated or created a void and
whether the backbone dihedral angles remained favored (Table S2,
structural features). This analysis suggested that the mutations
mapped to buried residues within the core of human Munc18-2
would most likely disrupt its structural stability and result in loss of
function. However, our mapping also identified four mutations,
which lay on the surface of Munc18-2, R39P, L130S, E132A,
and P334L (Table S2, ASA values of 52.8%, 31.9%, 38.6%, and
79.3%, respectively), suggesting that these might affect critical
interactions with other proteins. We investigated three of these
mutations further.

E4484 | www.pnas.org/cgi/doi/10.1073/pnas.1313474110

Superposing the Munc18-1:Stx1A complex (22) onto Muncl18-
2 suggested that R39 could form a hydrogen bond to E234 of
Stx1A (Fig. 3B). To assess whether this interaction was lost in
cells carrying this disease-causing mutation, we expressed the
R39P mutant of Munc18-2 as a GST fusion protein. The mutant
protein eluted in the void volume of a SEC column (Fig. S44),
suggesting that substituting proline for arginine at this site pre-
vented correct protein folding and most likely the production of
functional Munc18-2 protein in vivo.

The P334L mutant of Muncl8-2 (Fig. 34, Left Inset) was
readily expressed as a soluble protein in insect cells. However,
molecular-weight determination using SEC with in-line multi-
angle light scattering, which determines the absolute molar mass
of a molecule based on the intensity and angle at which polarized
light is scattered, revealed that this mutation enhanced the
propensity of Munc18-2 to form dimers (Fig. S4B). Intriguingly,
the P334L mutation and consequent dimerization did not affect
the interaction with Stx11, as shown in Fig. 3C.

Mutation E132A in Munc18-2 Abolishes Stx11 Binding by Destroying
the N Peptide Interaction. Mutations L.130S and E132A, like R39P,
lie at a syntaxin interaction site, specifically at the site of N peptide
binding. Although L130 forms part of the hydrophobic pocket
(Fig. 34, Right Inset), the model in Fig. 44 and previous work
suggested that E132 forms a salt bridge to R4 of the bound syn-
taxin. We decided to concentrate on E132A, as the mutation was
identified in a homozygous patient with “full-blown” hemopha-
gocytic lymphohistiocytosis (43), and tested if, and to what extent,
mutation E132A would affect syntaxin binding.

We purified E132A Munc18-2 from insect cells (see Fig. S1B
for comparative SEC profile) and confirmed that the E132A
mutation did not disrupt protein folding by using circular di-
chroism (CD) to measure the secondary structural characteristics of
WT and E132A Muncl8-2. The CD spectra of these two proteins
overlaid very well (Fig. 4B), indicating that E132A Munc18-2 was
folded like the WT protein. Next we assessed the thermal stability
of the mutant protein using differential scanning fluorimetry (44),
where the “melting” of a protein to expose its hydrophobic core
is assessed by measuring the binding of a hydrophobic dye across

Fig. 2. Structure of human Munc18-2. (A) Cartoon
representation of the structure of human Munc18-2
with domain 1 colored in blue, domain 2 in green,
and domain 3 shown in pink. The arrow points at
the conserved central cavity at the top of the mol-
ecule. Inset to the right shows an electrostatic sur-
face representation of the N peptide binding site
with a modeled peptide of mouse Stx4. The acidic
groove (red, —5 kT), basic patches (blue, +5 kT), and
the hydrophobic pocket (white) are highlighted. (B)
Structural similarity of rat Munc18-1 (PDB ID code
3C98, Right) (22) and mouse Munc18-3 (PDB ID code
3PUK, Left) (16) to human Munc18-2 (Center). Cal-
culated sequence identity, rmsd, and number of
aligned C, atoms are annotated.
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Fig. 3. Mutation P334L does not affect Stx11 binding. (A) Single point
mutations from Table S2 mapped as pink spheres onto a tube representation
of human Munc18-2. Insets show magnification of the area around residue
P334 (Left) or L130 (Right), the molecular surface of Munc18-2 being shown
in the latter. (B) Surface representation of human Munc18-2 (cyan) with
residue R39P highlighted in pink. A model of Stx1A bound to Munc18-2,
generated by superposition of the Munc18-1:Stx1A complex (22) onto
Munc18-2 is shown as an orange tube. Inset to the right shows a magnifi-
cation of the mutated site, highlighting the intramolecular hydrogen bond
formed within the a-helix and to D148, as well as the close proximity to E234
of the modeled Stx1A molecule. (C) Coomassie-stained gel from GST pull-
down experiment of WT (lanes 1-6) or P334L (lanes 7-12) Munc18-2 with the
fusion proteins described in Fig. 1A as bait. Dashes at the side refer to the
respective heights of the proteins. Pull-down of WT Munc18-2 was per-
formed at least three times, pull-down using P334L Munc18-2 was per-
formed twice. The lower molecular weight band in lane 12 (*) is most likely
the result of degradation of P334L Munc18-2, and we note that this frag-
ment is also pulled-down by full-length and the NHagc domain of Stx11.

increasing temperatures. We found that E132A had the same
melting curve as the WT protein, confirming that this mutation did
not destabilize the protein (Fig. 4C).
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We asked whether the N peptide of Stx11 bound to WT
Muncl8-2 and if E132A had an effect on that interaction by
measuring the binding of the Stx11 peptide to WT Muncl8-2 or
the E132A mutant using isothermal titration calorimetry (ITC).
The peptide bound to WT Munc18-2 in an exothermic reaction
of near unimolar stoichiometry and a binding affinity of 0.55 uM
(Fig. 4D and circles in Fig. 4F). Strikingly, we could not detect
any binding of the Stx11 peptide to E132A Muncl8-2 (Fig. 4E
and triangles in Fig. 4F), suggesting that the salt bridge formed to
R4 is crucial for the binding of the entire N peptide of Stx11.

To determine whether abolition of the N peptide interaction
was sufficient to disrupt the binding to Stx11A¢ or the NHapc
domain, we performed pull-downs of WT or E132A Muncl8-2
using Stx11Ac-GST, GST-Stx11-NHapc, or GST-Stx11-SNARE
as bait. As shown earlier, WT Munc18-2 predominantly bound
Stx11 via the NHapc domain (Fig. 4G, lanes 1-6) in a specific
fashion. E132A Munc18-2, however, bound neither Stx11A~-GST
nor GST-Stx11-NHapc (Fig. 4G, lanes 9 and 10). Just as the WT
protein, E132A Muncl18-2 also failed to bind the SNARE domain
alone (Fig. 4G, lane 11) and no binding was observed for the GST
control (Fig. 4G, lane 8). These results show that the N peptide
binding is a key determinant for complex formation between
Stx11 and Munc18-2.

Earlier work identified R4 and LS as the key anchor points for N
peptide binding (16) (Fig. 4H). However, when we looked at the
framing residues among different syntaxins, we noticed a striking
difference between Stx11 and Stx4/Stx1A. Instead of a polar acidic
residue in position 9 (+1 position), Stx11 has a nonpolar leucine
residue (see alignment in Fig. 4H), which will be better accom-
modated by the extended hydrophobic region adjacent to the
binding pocket for L8 found in Muncl8-2 compared with
Muncl18-3 (Fig. S44).

Up-Regulation of Stx3 in Activated NK. CTL and NK cytotoxicity
depend on both Stx11 and Muncl8-2, as loss of either protein
causes immunodeficiency. However, in vitro activation with IL-2
often rescues cytotoxicity, implying that the Munc18-Stx function
might somehow be restored. We therefore asked whether com-
pensatory mechanisms were initiated in both FHL4 and FHLS
CTL and NK upon IL-2 activation.

We started by looking at the changes in Stx3, Stx4, and Stx11
expression upon activation of NK. We purified resting NK from
healthy individuals and harvested cells either directly after pu-
rification (d0) or incubated them with human IL-2 for 4 d (d4).
Cells from each time point were lysed and the level of different
syntaxin proteins was assessed by Western blotting. We found
that stimulation of human NK with IL-2 led to an increase of
Stx3 protein level (Fig. 54, Left), whereas the protein levels of
both Stx4 and Stx11 itself were unaffected (Fig. 54, Center and
Right). Quantitation of band intensity relative to calnexin con-
firmed a 10-fold increase (P < 0.05) in expression of Stx3 fol-
lowing IL-2 treatment (Fig. 5B). Because this observation was
made using NK from healthy individuals, we analyzed Stx3
protein levels in FHI 4 patient cells to ascertain that Stx3 was not
affected by loss of Stx11. We found that Stx3 levels, like Stx4 and
Munc18-2 levels, were unchanged in IL-2-activated CTL from
an FHL4 patient (Fig. 5C).

Because Stx3 was expressed in FHL4 patient cells, shares 31%
sequence identity with Stx11, and can interact with Munc18-2
(30), we wondered whether Stx3 and Stx11 might show some
functional redundancy. We therefore tested whether the N
peptide of Stx3 also bound Munc18-2 by measuring the binding
affinity of residues 1-12 of Stx3 to both WT and E132A Munc18-
2 by ITC. Similar to Stx11, the Stx3 peptide bound to WT
Muncl18-2 and exhibited the same dependency on the salt bridge
to R4 because the peptide no longer bound to E132A Munc18-2
(Fig. 6 A-C). Interestingly, WT Munc18-2 bound the N peptide
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Fig. 4. The N peptide is critical for Stx11 in-
teraction with Munc18-2. (A) Surface represen-
tation of the structure of human Munc18-2
(cyan), with mutation E132A highlighted in
pink and Stx1A [from PDB ID code 3C98 (22)]
modeled in orange (as in Fig. 3). Inset to the
right shows a magnification of the mutated
site, with residue R4 of the superposed Stx1A
molecule predicted to form a salt bridge with
E132 of Munc18-2. (B) CD spectra of WT and
E132A Munc18-2 showing normal folding of
the mutant protein. Measurements were per-
formed twice. (C) Melting curves of WT and
E132A mutant Munc18-2 measured by differ-
ential scanning fluorimetry. Traces are repre-
sentative of six repeat experiments. (D-F) ITC
quantitating the binding of residues 1-12 of
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tative of two independent experiments). (G)
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Munc18-2 proteins are indicated by the dashes.
The lower molecular weight band in lane 12 (*)

Integrated heat (uJ
&
o

A
b

"
4?
e
4
7

2
Molar ratio

= Munc18.2 R4 L8
— Stx11pc-GST
= GST-Stx11-NHABC

™~

Six11 MKD@IL AELLD

— GST-Stx11-SNARE  rStx7A MKDIBITQEILR T
mSitx4 MRDBRITHELRQ

—GsT hsStx3 MKDRRIL EQLK A
hStx4 MRD@THELERQ

12345678910

is most likely the result of degradation of E132A Munc18-2 but is not pulled-down by full-length or the NHagc domain of Stx11. (H) Amino acid sequence
alignment of the N peptides of human Stx3, 4, and 11, rat Stx1A, and mouse Stx4. R4 is highlighted in red and L8 in green. Sequences were aligned with

ClustalW2 (EMBL-EBI) and annotated in ALINE (69).

of Stx3 with an affinity of only 11 pM, ~20-fold weaker than the
binding to the Stx11 peptide.

Because E132A Muncl8-2 specifically destroyed the N pep-
tide interaction, we used the mutant protein to assess the de-
pendency on N peptide engagement for full-length Stx3 binding.
We expressed and purified GST-tagged Stx3 (without the trans-
membrane region, Stx3A1\-GST) in E. coli and performed
a pull-down with both WT and E132A Munc18-2. As expected,
WT Muncl8-2 bound directly to Stx3Ary (Fig. 6D, lane 3).
However, by abolishing the interaction with the N peptide, via the
E132A mutation, Muncl8-2 binding to Stx3Ary was severely
reduced but still detectable (Fig. 6D, lane 7).

To confirm the interaction between Stx3 and E132A Munc18-
2, we measured the binding strength of Stx3 and Stx11 to both
WT and E132A Muncl8-2 by surface plasmon resonance. As
shown in Fig. 6 E and F, Stx11 and Stx3 bound to WT Munc18-2

Fig. 5. Stx3is up-regulated in activated NK and not
affected by loss of Stx11 in FHL4 patient CTL. (A)

with similar affinities (30 nM and 27 nM, respectively). Per-
forming the same experiment with the E132A Munc18-2; how-
ever, no response above background was measured for Stx11
(Fig. 6G), whereas Stx3 still bound E132A Munc18-2, albeit with
1,000-fold weaker affinity than the WT protein (Fig. 6H).
These results show that both Stx11 and Stx3 bind Munc18-2 in
an N peptide-dependent manner (see also Fig. S3B), similar to
the interaction previously reported for Munc18-3 and Stx4 (29),
and are consistent with a model in which the N peptide serves as
a selection determinant for syntaxin binding (31, 32). Our results
suggest that if complex formation is initiated by N peptide
binding Munc18-2 will bind Stx11 in preference to Stx3 when
both syntaxins are present. However, because the strength of
binding of Muncl18-2 to both full-length syntaxins is similar,
functional SNARE complexes may be formed equally well with
either syntaxin. Thus, in the absence of Stx11, Stx3 could interact

do d4 *

Western blot of different syntaxins in resting (d0)
and activated (d4) human NK from healthy individ-
uals. Proteins from lysates were separated by SDS/
PAGE, transferred onto nitrocellulose and probed

WB: Stx4

with protein-specific antibodies against Stx3, Stx4,

Fold increase
] @

WB: Stx11

WB: Stx3 WB: Stx4 WB: Stx11 WB: M18-2

Stx11 (Upper) or Calnexin (Lower). (B) Statistical 50 kDa
analysis of syntaxin levels presented in A. Protein 37 — || o o 50
band intensity was measured using Image) and T — - i

statistical analysis was performed in GraphPad using

WB: Calnexin

T
Stx3 Stx4 Stx11 WB: Actin

a one-way ANOVA test, followed by a Tukey’s multicomparison test. Statistical significance with P < 0.05 is indicated by the asterisk. Data were from four
unrelated, healthy individuals, each assayed twice. Presented data are the mean + SEM. (C) Protein abundance of Stx3, Stx4, Stx11, Munc18-2, and actin in CTL
from a healthy donor (HD) and an FHL4 patient (847-1850; homozygous AL135917:9.25561-44749_del) after activation with IL-2 was assessed by Western blot

using protein-specific antibodies.
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with Munc18-2 and form a functional SNARE complex, thereby
possibly compensating the missing step required for cytotoxicity.

Munc18-1 Is Expressed in Human CTL and NK and Interacts with Stx3
and Stx11. Because our data suggest a compensation mechanism
for loss of Stx11, we were curious as to how IL-2 activation might
compensate the loss of Munc18-2 in cells from FHLS patients.
As Muncl8-2 is an ortholog of Muncl8-1 and Muncl8-3, we
asked whether Munc18-1 and Munc18-3 were expressed in CTL.
Using quantitative PCR (qPCR) we found that IL-2-activated
CTL from both a healthy individual and an FHLS patient not
only produced mRNA for Munc18-3, but also for Munc18-1 (Fig.
7A). Probing for Munc18-1 protein we found low levels expressed
in activated human CTL (Fig. 7B). Furthermore, activation of
resting NK with IL-2 increased synthesis of Munc18-1 mRNA
(Fig. S54). These results raised the possibility that expression of
either Munc18-1 or Munc18-3 in activated CTL might be able to
compensate for loss of Munc18-2 in FHLS patients.

We therefore tested whether either Munc18-1 or Munc18-3
could bind to Stx11. Because Munc18-1 has been shown to bind
Stx3 (45) and Munc18-3 interacts with Stx4 (29), we used these
as controls. We expressed myc-tagged Muncl8 proteins in
HEK293 cells to perform pull-downs with Stx11, Stx3, and Stx4
as bait. WT Muncl18-2 specifically bound Stx3 and Stx11 but not
Stx4, whereas Munc18-3 interacted solely with Stx4 (Fig. 7C).
Interestingly, Munc18-1 not only bound to Stx3 as previously
shown (45) but also to Stx11, while no binding to Stx4 could be
detected (Fig. 7C). These results show that Munc18-1, but not

Hackmann et al.

from two independent experiments. Association and
dissociation constants are provided in Table S3.

Munc18-3, could compensate for loss of Munc18-2 via a mecha-
nism that involves either Stx11 or Stx3.

Because loss of Muncl8-2 in CTL from FHLS patients has been
found to reduce Stx11 protein level (5, 7, 43, 46), we asked whether
the abundance of Stx3 or Stx4 were also affected. Western blots
of IL-2-activated CTL lysates from an FHLS5 patient lacking
Munc18-2 (5) and a healthy donor confirmed the reduced level of
Stx11. However, levels of Stx3 and Stx4 did not seem to be affected
by loss of Munc18-2, with Stx3 being present at normal levels in
IL-2-activated CTL from an FHLS patient (Fig. 7D and Fig. S5B).

Stx3 Is Redistributed by Munc18-2 in the Absence of Stx11. To test
our hypothesis that Stx11 competed with Stx3 for binding to
Muncl18-2, we investigated the cellular distribution of Stx11 and
Stx3 in CTL. We infected primary mouse CTL with a retrovirus
expressing Stx11-HA. As shown in Fig. 84, Stx11 colocalized
with the plasma membrane marker CD8. If indeed, by nature of
the N peptide, Munc18-2 would selectively bind Stx11 over Stx3,
thus stabilizing Stx11 and most likely determining its cellular
distribution, we wondered whether in the absence of Stx11 the
localization of Stx3 would be affected.

Using primary CTL from a healthy donor and a Stx11-de-
ficient patient, we looked at the distribution of endogenous Stx3.
Interestingly, in the healthy donor control Stx3 predominantly
colocalized with the lysosomal-associated membrane protein 2
(LAMP2) (Fig. 8 B and C, Top), whereas in Stx11-deficient cells,
Stx3 was found on the plasma membrane and only partly on ly-
sosomal structures (Fig. 8 B and C, Middle). In contrast, the
localization of Stx4, a syntaxin that does not bind to Munc18-2
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Fig. 7. Munc18-1 is expressed in CTL and NK and interacts with Stx11. (A)
Amplification plot from a qPCR experiment showing the relative fluorescent
response plotted against the cycle number of human actin-binding protein
(ABP), human Munc18-1, and human Munc18-3 in CTL from a healthy individual
and an FHL5 patient. Curves are representative of three independent experi-
ments run as triplicates. Analysis was performed using SDS2.3 software (Applied
Biosystems). Controls without water or without reverse transcriptase gave no
signal. (B) Expression of Munc18-1 protein in human CTL lysate. Protein from
human CTL lysate, as well as Munc18-1, Munc18-2, and Munc18.3 expressed in
a cell-free expression system were separated by SDS/PAGE, transferred onto
nitrocellulose, and probed with a Munc18-1 or actin-specific antibody by
Western blot. Note that the cell-free expression does not contain actin. The
additional higher band (marked with an asterisk) is presumed to be nonspecific
background binding to a protein from the wheat-germ expression system as it
also appears in the mock expressed lysate (no DNA). (C) Anti-myc Western blot
from GST pull-down of different myc-tagged Munc18 proteins from HEK293
cells using GST-tagged Stx11, Stx3, and Stx4 as bait. WT Munc18-2 and WT
Munc18-1 both bind Stx11 (lanes 2 and 7) and Stx3 (lanes 3 and 8), but not Stx4
(lanes 4 and 9). In contrast, Munc18-3 does not bind to Stx11 or Stx3 (lanes 12
and 13) but instead to Stx4 (lane 14). None of the tested Munc18 proteins
showed binding to GST alone (lanes 1, 6, and 11). A sample of the input was
loaded in lanes 5, 10, and 15. Pull-down was performed twice. (D) Protein levels
of Stx3, Stx4, Stx11, Munc18-2, and actin in CTL from a healthy donor or an
FHL5 patient (1976-2) after activation with IL-2 were assessed by Western blot
using protein-specific antibodies.

(Fig. 7C), was not affected in Stxl11-deficient CTL (Fig. S6A4).
This finding suggested that in the absence of Stx11, Stx3 bound
to Muncl8-2 and would thereby be trafficked to a different
cellular compartment. To ascertain that the redistribution of Stx3
was indeed dependent on Munc18-2, we assessed the localization
of Stx3 in CTL from a Munc18-2—deficient patient. Interestingly,
in the absence of Munc18-2, Stx3 still predominantly localized to
lysosomal structures (Fig. 8 B and C, Bottom), supporting the
model that, when both Stx11 and Stx3 are present, Munc18-2
selectively binds and chaperones Stx11.

Discussion

Munc18-2 and Stx11 play critical roles in CTL and NK-mediated
cytotoxicity, as loss of either protein results in profound immu-
nodeficiency. Although Munc18-2 and Stx11 have been shown to
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interact, little is known about their precise role in CTL and NK,
or how mutations give rise to disease. In this study we solved
the structure of human Munc18-2 at 2.6 A resolution. Although
Munc18-2 share 64% sequence identity with rat Munc18-1 (and
49% with Munc18-3), the overall structure of Munc18-2 closely
resembles that of Muncl8-1 and Muncl8-3. One striking dif-
ference, however, exists in the N peptide-binding site where
Munc18-2 has a larger hydrophobic region (Fig. 24, Inset, and
Fig. S34). Moreover, Munc18-2 was crystallized without a ligand,
thus offering analysis without the binding effects a peptide might
have. Although many of the analyzed point mutations identified
in FHLS patients are conserved in Munc18-1 and Munc18-3, the
structural environment these are located in differ. Therefore,
only analysis of these mutations in the affected protein Muncl18-
2 can give a reliable picture as to how protein function might be
affected by the mutations.
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Fig. 8. Stx3 is redistributed by Munc18-2 in the absence of Stx11. (A) Stx11-
HA infected mouse CTL were seeded on multiwell slides, fixed with meth-
anol, and stained with primary antibody against HA-tag and CD8 before
incubation with Alexa fluorophore-conjugated secondary antibodies. (B and
C) Human CTL from a healthy individual (Top), an FHL4 patient (Middle), and
an FHL5 patient (Bottom) were plated and fixed on multiwell slides with
methanol. Proteins were stained with primary antibodies against Stx3, CD8,
or LAMP2, and visualized using a species-specific Alexafluorophore-conju-
gated secondary antibody. Colocalization is depicted as gray in the merge
images. Nuclei were stained with Hoechst dye. Displayed are single z-slices.
(Scale bars, 2 pm.)
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Fourteen of the analyzed point mutations are buried within
the core of the structure and are predicted to disrupt the stability
of the protein and lead to degradation of Munc18-2, in keeping
with the loss of protein observed in cell lysates analyzed from
patients with these mutations (5, 7, 43, 46). Four mutations
mapped to the surface of Muncl8-2 and seemed likely to be
involved in interactions with other proteins. Strikingly, all of
these mutations mapped to either predicted syntaxin or SNARE
binding sites, emphasizing the critical role of this interaction for
CTL and NK function.

The R39P mutation was identified in an FHLS5 patient carrying
a deleterious splice site mutation in the other allele (47). Our
studies suggest that R39P Munc18-2 does not fold properly (Fig.
S44) and the protein is therefore rapidly degraded in vivo. In-
terestingly, in Unc18-1-deficient C. elegans an R39C mutant
could fully restore locomotion (37), suggesting that R39 itself is
not a crucial site for normal Munc18-2 function. However, the
FHLS mutation introduces a proline at this site that seems to
affect protein folding, presumably by disrupting the hydrogen-
bonding pattern of the a-helix in which R39 resides.

E132A is also located at the surface of Munc18-2 but does not
affect protein folding or stability (Fig. 4 B and C). Furthermore,
both glutamate and arginine are often conserved among Munc18
and syntaxin homologs, highlighting the functional significance
of this interaction site (16) and (Fig. 4H). Here we show that
E132A Muncl8-2 no longer binds the N peptide of either Stx11
or Stx3 (Figs. 4 E and F, and 6 B and C) and its binding to the full
cytosolic domain of these syntaxins is abolished or severely re-
duced, respectively (Figs. 4G and 6 D-H). In this regard Stx11 and
Stx3 resemble Stx4, which also depends on the N peptide:pocket
interaction for Muncl8 binding, and not Stx1A, which binds to
Muncl18-1 even in the absence of the Stx1A N peptide (22).

Because the E132A mutation in Munc18-2 was identified in
a homozygous FHLS patient with full-blown FLH (43), this
shows that disruption of the N peptide interaction alone causes
FHL, suggesting that the binding of the syntaxin N peptide to
Muncl18 is required for membrane fusion events (33, 36, 48, 49).
A recent study suggests that E132A is unable to rescue secretion
in a Munc18-2-depleted rat mast cell line (41). However, be-
cause Stx11~'~ mice do not show a mast cell degranulation defect
(50) and there are no reports of mast cell defects from FHL4 and
FHLS patients, the role of Stx11 in mast cells remains unclear.

The third mutation that we investigated, P334L, lies in an
extended antiparallel helical hairpin that bends slightly as a re-
sult of the proline residue. Earlier studies have shown that this
site is highly conserved between different Munc18 proteins and
across species (31). Furthermore, mutations in this region have
been shown to affect the binding of SNARE complexes rather
than monomeric syntaxins (25, 51). We found that mutation
P334L in Muncl18-2 did not affect Stx11 binding but enhanced
the propensity of the protein to form dimers in solution, which in
the cellular context may disrupt interactions between Munc18-2
and SNARE complexes or other binding partners.

One of the most puzzling aspects of FHL4 and FHLS has been
the finding that although CTL and NK assayed directly ex vivo
are unable to kill target cells, this genetic defect can often be
corrected upon activation with IL-2. Our results reveal a possible
molecular basis for this compensation. We show that upon ac-
tivation with IL-2 NK express increased levels of Stx3 (Fig. 54),
which is able to bind Munc18-2 with a similar affinity as Stx11
(Fig. 6), and would therefore be able to compensate for loss of
Stx11. This finding is supported by previous reports, demon-
strating that both Stx3 and Stx11 are capable of forming a
SNARE complex with SNAP23 and VAMPS (52-54). Many
other changes take place with IL-2 activation of cells, including
clustering of granules (55). However, our studies reveal changes
that could compensate for lost SNARE interactions, which are
critical for NK and CTL function.

Hackmann et al.

Although binding between the full-length Stx3 and Stx11 to
Munc18-2 is of comparable strength, we find that the binding
affinity of their N peptides for Munc18-2 differ significantly. Our
Muncl18-2 structure shows a larger hydrophobicity around the
pocket into which L8 of the syntaxin peptide is proposed to insert
(Fig. S3A4). This finding may explain why Stx11, with its leucine at
position 9, binds more strongly to Munc18-2 than Stx3, which
bears a hydrophilic lysine at that site, thus supporting the model
that the N peptide interaction serves as an initial contact site,
which allows Muncl8 proteins to attach to and then probe the
syntaxin for further binding (31). Because the Stx11 N peptide
binds Munc18-2 ~20-times better than the Stx3 N peptide, this
result suggests that, when both syntaxins are present, Stx11 will
be selected by Munc18-2. Therefore, our data suggest that the N
peptide plays a role in selective binding of competing syntaxins to
the same Muncl8 protein. In addition, our findings support the
idea that Muncl8-2 acts as a chaperone, stabilizing Stx11 (5),
which is also reflected by the 70% decrease in Stx11 protein
levels in CTL lacking Munc18-2, but Stx3 levels were unaffected
(Fig. 7D). Moreover, we could show that in the absence of Stx11,
Stx3 is trafficked in a Munc18-2-dependent manner to the plasma
membrane in CTL (where we found Stx11 localized). These
observations support a model in which Munc18-2 selectively traf-
fics Stx11 to the plasma membrane, but can traffic Stx3 when Stx11
is absent. Interestingly, a homozygous mutation that creates a stop
codon at residue 268 of Stx11, preventing membrane attachment,
also causes FHLA4, highlighting the requirement for membrane
attachment of Stx11 for normal CTL and NK cell function (6).

Not only do our data point toward a functional redundancy be-
tween Stx3 and Stx11 in immune cells, but also between Munc18-2
and Munc18-1. Although Munc18-1 was originally thought to be
neuron-specific, its expression in other cell types, including mast
cells, has been noted (41, 56). In neurons, Munc18-1 is crucial for
many of the steps leading to exocytosis (57), some but not all of
which can be rescued by Munc18-2 expression (58), suggesting
that although Munc18 homologs show some redundancy a de-
gree of specificity is maintained. Here we find that not only is
Munc18-1 also expressed in activated CTL (Fig. 7.4 and B) and
up-regulated upon IL-2 activation (Fig. S54), it also binds to
Stx11 (Fig. 7C). This finding raises the interesting possibility
that Munc18-1 might not only stabilize the residual Stx11
protein detected in FHLS patient cells (5), but may also provide
the molecular basis for the rescue of cytotoxicity seen upon IL-
2 activation of FHL5 CTL and NK.

By solving the crystal structure of human Muncl8-2 and
mapping 18 disease-causing mutations, we have been able to
provide a clear picture of how these mutations in Munc18-2 are
likely to give rise to disease. Furthermore, by analyzing a known
disease-causing mutation, our analysis shows that the syntaxin N
peptide binding site on Muncl8-2 is crucial for function and
suggests that the N peptide plays an important part in selecting
the binding of Stx11 over other syntaxins in the cell. Our data
suggest a mechanism whereby NK and CTL might overcome loss
of Stx11 (FHL4) or Munc18-2 (FHLS5) upon IL-2 activation, with
Stx3 and Muncl8-1 being able to act as surrogates for Stx11 or
Munc18-2, respectively.

Materials and Methods

Antibodies. Rabbit polyclonal a-Stx3 (Western blot: SynapticSystems; 1CC:
Calbiochem), a-Stx11 (gift from R. Prekeris, University of Colorado Denver,
Denver), a-hMunc18-2 (produced in the laboratory) (Fig. S6B), a-Calnexin
(Sigma), a-actin (Sigma), and anti-CD8 (Abcam); mouse monoclonal a-Stx4
(BD Bioscience; clone 49), a-hMunc18-1 (BD Transduction Laboratories; clone
31), a-CD8 (Sigma; clone UCHT-4), a-LAMP2 (Development studies hybrid-
oma bank; clone H4B4), a-p-actin (Sigma; clone AC-15), a-HA1.1 (Covance;
clone 16B12), and a-myc tag (Millipore; clone 4A6).

Cell Culture, Purification, and Lysis. Peripheral blood lymphocytes were pu-
rified using a Ficoll (GE Healthcare) gradient according to the manufacturer’s
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manual and NK were subsequently extracted by negative selection using
a human NK cell purification kit (Miltenyi Biotec). Seventy-percent of cells
were harvested, pelleted, and stored frozen at —80 °C after purification; the
remaining 30% were cultured for 4 d in RPMI supplemented with 50 uM
p-mercaptoethanol, 5% human serum (SeraLab), 2 mM t-glutamine (Invi-
trogen), 2% (vol/vol) recombinant IL-2 (produced in house), 0.9 M NaHCO3
(Invitrogen), and 1 mM sodium pyruvate (Invitrogen) at 37 °Cin a humidified
atmosphere with 8% CO,. NK were lysed in 50 mM Tris-HCI, 150 mM Nacl,
1 mM MgCl,, 2% (vol/vol) Nonidet P-40, and EDTA-free Protease Inhibitor
mixture (1 tablet/50 mL buffer; Roche) at pH 8. Cleared lysate proteins were
denatured at 95 °C in 2x sample buffer [0.1 M Tris-HCl, 4% (wt/vol) SDS,
0.2% (wt/vol) Bromophenol Blue, 20% (vol/ivol) glycerol, 10% (vol/vol)
p-mercaptoethanol (Invitrogen), pH 6.8] and subjected to SDS/PAGE.

CTL from a healthy individual, FHL5 patient 1976-2 (P477L) (5) and FHL4
patient 847-1850 (homozygous AL135917:9.25561-44749_del; provided by
S.E.) were cultured as previously described (59) and harvested 9 d following
restimulation. Whole-cell proteins were separated by SDS/PAGE, transferred
onto nitrocellulose membrane, and probed with protein-specific antibodies.

OT-l transgenic CTL were purified and cultured as previously described
(60). Cells were infected 1 d after stimulation with Stx11-HA-expressing
retrovirus produced in HEK293 cells, sorted 4 d post infection and used for
immunocytochemistry 6 d following infection (detailed protocol in S/
Materials and Methods).

HEK293 cells were maintained in DMEM supplemented with 10% FCS.

Spodoptera frugiperda (Sf9) insect cells were grown in TNM-FH insect me-
dium (Sigma), 10% (vol/vol) FCS, 10% (vol/vol) EX-CELL TiterHigh medium (SAFC
Biosciences), and 1% (volivol) CD lipid concentrate (Gibco) in a shaking incubator
at 27 °C and 125 rpm.

Purification of Munc18-2 and Syntaxins. Frozen Sf9 pellets were thawed and
resuspended in buffer 1 [20 mM Tris-HCl, 200 mM NacCl, 1 mM CaCl,, 1 mM
dithiothreitol (DTT), 25 pg/mL 4-(2-Aminoethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF), pH 8], supplemented with 500 U/L DNasel type II
(Sigma). Cells were lysed by passing through a G21 and G23 needle and the
lysate was cleared by centrifugation (70,000 x g, 4 °C, 1 h), applied to glu-
tathione Sepharose (GE Healthcare), and mixed for 1 h at 4 °C. The beads
were washed with 30 column volumes of 20 mM Tris-HCI (pH 8), 200 mM
Nacl, 1 mM CaCl,, 1 mM DTT followed by eight column volumes with 20 mM
Tris-HCl (pH 8), 200 mM NaCl, 1 mM CaCl,. Munc18-2 was cleaved off the
beads by overnight incubation at room temperature with 50 U/L thrombin
(relative to Sf9 culture volume; Serva). Thrombin was inactivated with 250
pg/mL AEBSF before concentrating soluble Munc18-2 and applying it to
a Superdex 200 10/30 GL gel-filtration column (GE Healthcare) preequili-
brated with 20 mM Tris-HCl (pH 8), 200 mM NaCl, 1 mM DTT. Fractions
containing pure Munc18-2 were pooled and concentrated to ~8.85 mg/mL.

For purification of syntaxins, frozen E. coli pellets were thawed and
resuspended in buffer 1, supplemented with 500 units DNasel per 6 L of
culture, and lysed by single passage through a Type Z cell disruptor (Con-
stant Systems) at 30 kpsi. Recombinant fusion proteins were purified on
glutathione Sepharose as outlined above. Vps33A was purified as described
previously (19).

Interaction Studies. For pull-downs using recombinant proteins expressed in
bacteria (syntaxins, Vps33A) and insect cell (Munc18-2) 0.5 nmol bait (Stx11,c-
GST, GST-Stx11-NHagc, GST-Stx11-SNARE, Stx3,1m-GST, or GST) were incubated
with 0.5 nmol recombinant hMunc18-2 or recombinant Vps33A in the presence
of MagneGST Glutathione Particles (Promega) in PD buffer [20 mM Tris-HCI,
200 mM NadCl, 1 mM CadCl,, 0.2% Nonidet P-40, and 1x EDTA-free Protease
Inhibitor mixture (Roche), pH 7.4] for 1 h rotating at 4 °C. Particles were
washed five times in PD buffer and bound material was eluted in SDS sample
buffer at 95 °C and analyzed by SDS/PAGE and Coomassie staining.
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Pull-downs of myc-tagged Munc18 proteins produced in HEK293 were
performed with 1 nmol of bait immobilized on MagneGST Glutathione
Particles (Promega) in PD buffer [20 mM Tris-HCL, 200 mM NacCl, 1 mM DTT,
0.1% (vol/vol) Nonidet P-40; 1x EDTA-free protease inhibitor mixture; pH
7.4] for 10 min at 4 °C. Beads were washed before incubation with HEK293
lysate, prepared from cells expressing myc-tagged Munc18 proteins, for 1 h
rotating at 4 °C. Bound material was washed four times in PD buffer and
eluted in 1x sample buffer at 95 °C. Samples were analyzed by SDS/PAGE
and Western blot against the myc tag.

SDS/PAGE and Western Blotting. For NK lysates, SDS/PAGE was performed
using NUPAGE 4-12% Bis-Tris precast gels (Invitrogen). Proteins were sepa-
rated at 170 V (constant voltage) and transferred onto Hybond-C Extra ni-
trocellulose membrane (Amersham). Membranes were blocked in PBS, 5%
(volivol) skimmed milk (Marvel), 0.05% Tween 20 (Sigma), and incubated
with primary antibody for 1 h at room temperature. Membranes were washed,
incubated with the appropriate HRP-conjugated secondary antibody, de-
veloped using UptiLight HS Western blot reagents (Uptima) and exposed onto
X-ray film. Quantitation of protein bands was performed in Imagel. Protein
samples from pull-down experiments were subjected to SDS/PAGE as described
above and stained with Coomassie brilliant blue R-250 (Sigma) in 10% acetic
acid and 50% methanol.

Crystallization and Data Collection. Diffraction-quality crystals of WT Munc18-
2 (8.85 mg/mL) were grown in sitting drops (200 nL protein + 200 nL reservoir)
equilibrated at 20 °C against 80-pL reservoirs containing 0.1 M MES (pH 6)
and 10% (vol/vol) 2-methyl-2,4-pentanediol. Crystals were cryoprotected by
diluting the mother liquor with 0.5 uL of reservoir solution supplemented
with 25% (vol/vol) ethylene glycol immediately before snap-cryocooling by
plunging into liquid nitrogen. Diffraction data were recorded at 100 K at
Diamond Light Source beam line 103 on a Pilatus 6M-F detector. All datasets
were carefully indexed and integrated using MOSFLM (61) and scaled with
AIMLESS (62). Resolution cutoff was chosen to ensure <l/cl> > 2 and CCy/, >
0.5 (61, 63).

Structure Solution, Refinement, Validation, and Interpretation. Molecular re-
placement was performed in PHASER (64) using a single molecule of rat
Munc18-1 [PDB ID code 3C98; chain A (22)] as a search model. Manual
building was performed in COOT (65) using the structure of rat Munc18-1
as a starting model and maps generated in phenix.refine (66). Refinement
was performed in phenix.refine in consultation with the validation statistics
provided by COOT and MolProbity (67). Structural superpositions were
performed using the SSM (68) utility in COOT. Molecular graphics were
prepared using PyMOL (DelLano Scientific). Structure factors and final re-
fined coordinates are deposited in the PDB.
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