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Neutral sphingomyelinase 2 (nSMase2, product of the SMPD3 gene)
is a key enzyme for ceramide generation that is involved in regulat-
ing cellular stress responses and exosome-mediated intercellular
communication. nSMase2 is activated by diverse stimuli, including
the anionic phospholipid phosphatidylserine. Phosphatidylserine
binds to an integral-membrane N-terminal domain (NTD); however,
how the NTD activates the C-terminal catalytic domain is unclear.
Here, we identify the complete catalytic domain of nSMase2, which
was misannotated because of a large insertion. We find the soluble
catalytic domain interacts directly with the membrane-associated
NTD, which serves as both a membrane anchor and an allosteric
activator. The juxtamembrane region, which links the NTD and the
catalytic domain, is necessary and sufficient for activation. Further-
more, we provide a mechanistic basis for this phenomenon using the
crystal structure of the human nSMase2 catalytic domain determined
at 1.85-A resolution. The structure reveals a DNase-I-type fold with a
hydrophobic track leading to the active site that is blocked by an
evolutionarily conserved motif which we term the “DK switch.”
Structural analysis of nSMase2 and the extended N-SMase family
shows that the DK switch can adopt different conformations to re-
position a universally conserved Asp (D) residue involved in catalysis.
Mutation of this Asp residue in nSMase2 disrupts catalysis, allosteric
activation, stimulation by phosphatidylserine, and pharmacological
inhibition by the lipid-competitive inhibitor GW4869. Taken together,
these results demonstrate that the DK switch regulates ceramide
generation by nSMase2 and is governed by an allosteric interdomain
interaction at the membrane interface.
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Ceramide is a bioactive lipid that regulates multiple cellular
responses such as growth arrest, senescence, and apoptosis
(1, 2). Rapid generation of ceramide in response to extracellular
stimuli is mediated by the activation of sphingomyelinases (SMa-
ses), which hydrolyze sphingomyelin (SM), a major component of
cell membranes, into ceramide and phosphocholine (3, 4). Three
families of SMases (acid, neutral, and alkaline) have been identified
that are classified by their pH optima, subcellular localization,
protein fold, and function (5-8). Neutral sphingomyelinase 2
(nSMase2, product of the SMPD3 gene) is the major neutral
sphingomyelinase (N-SMase) in mammalian cells for the stress-
induced generation of ceramide (4). TNF-a (9-15), cell conflu-
ence (16, 17), oxidative stress (18-20), and inflammation (20, 21)
are all potent activators of nSMase2.

nSMase?2 is a membrane-associated enzyme located in the inner
leaflet of the plasma membrane (PM) that has been implicated in
several cellular and physiological processes including apoptosis
(22), cell-cycle and growth arrest (23, 24), inflammation and im-
mune responses (21, 25, 26), and bone homeostasis (27-29). No-
tably, nSMase2 also has been identified as a critical regulator of
exosomes (30, 31), which package and transfer pathogenic factors
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that include metastasis-promoting microRNAs (32, 33), tau protein
(34), and amyloid-p (35). This activity has established nSMase2 as a
therapeutic target for cancer and Alzheimer’s disease.

NSMase2 contains a hydrophobic N-terminal domain (NTD) and
a Cterminal catalytic domain (CAT). The NTD is an integral-
membrane domain that contains two hydrophobic segments, which
are predicted to be helical but do not span the membrane (36). The
NTD is a lipid-binding domain that binds phosphatidylserine (PS),
which stimulates and is required for full nSMase?2 activity (23, 24, 37).
Lipid-dependent activation is necessary for nSMase2 function and
distinguishes nSMase?2 from other SMases (23, 38). However, how PS
binding by the NTD activates the CAT of nSMase2 is unclear. The
CAT is predicted to belong to the DNase I superfamily of enzymes
(39), and the crystal structures of several bacterial homologs have
been reported (40-42). However, all bacterial SMases derive from
human pathogens, share limited sequence homology with nSMase2
(<10%), and contain a soluble unregulated CAT; these consider-
ations have limited our understanding of nSMase2 regulation.

Here, we present extensive structural and biochemical data
indicating that the membrane-associated NTD directly binds and
activates the soluble nSMase2 CAT. Activation is mediated by a
universally conserved motif, which we term the “DK switch.” We
identify a function for the DK switch in catalysis and demon-
strate a role for it in PS activation. These findings are supported
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by the crystal structure of the human nSMase2 CAT at 1.85-A  site for the phosphatase calcineurin (44), and point mutations
resolution that reveals the structural features distinguishing linked with leukemia (Fig. 1D) (45). Large CAT insertions in the
nSMase?2 from its unregulated bacterial counterparts and will aid  phospholipase C isozymes play critical roles in regulating activity

in the development of nSMase2 as a therapeutic target. (46, 47). We therefore sought to define the boundaries of the
insertion and to assess its role in nSMase2 regulation.
Results Sequence alignment of nSMase2 with distantly related bacterial

Identification of the CAT. Sequence analysis found that the annotated ~ SMases suggested that the insertion spanned residues 155-347
CAT of nSMasc2 (residues 341-655) lacked a strictly conserved  (Fig, S1). Deletion of this region (A155-347) climinated all
active-site Asn residue. This conserved Asn residue is part of the  nSMase? activity (Fig. 1E). We therefore shortened the deletion
first B-strand of the DNase I-type protein fold and is involved in  poundaries and thereby restored some activity. Ultimately, we
metal coordlnatlgn (F1g. 14) (41). To identify this qut}cal residue,  deleted an internal stretch of 165 amino acids within the CAT
we used a comblnatlpn of secpndary structure predictions and se- (A175-339) (Fig. 1F) that slightly increased nSMase2 activity
quence alignments with bacterial and eukaryotic nSMases to search = p oy expressed in Saccharomycetes cerevisiae cells (Fig. 1E) and
fﬁg a:g rﬁ)igtre?“éﬁ%pr&?:nit (;gnl:fggéCtZifgt(;aggs tlﬁEStrfl?:tli\?ef did not significantly affect activity when expressed in MCF7 cells

e . o . P - (Fig. 1G). We refer to this fully active construct (A175-339) as
missing residue in human nSMase2, because it was present in “nSMase2-Alns” or “Alns.”

the first and only predicted p-strand (residues 123-133) up- Given i ligible off . ined th
stream of the annotated CAT (Fig. 1B and Fig. S1). Consis- ven 1ts negligible efiects on enzyme activity, we examined the
tently, the point mutant N130A eliminated all nSMase2 activity role of the insertion in cellular localization, because translocation
(Fig. ,1C). This finding suggested that the complete CAT of t© the PM is critical for nSMase2 signaling (48). As previously

nSMase2 encompassed residues 119—-655 and contained a large reported (37), WT nSMase2 localized to the inner leaflet of the
insertion that previously was referred to as a “collagen-like ~PMin confluent MCF7 cells (Fig. 1H). Deletion of the insertion

linker” (Fig. 1D) (23). altered nSMase?2 trafficking to induce colocalization with the en-

doplasmic reticulum and the nuclear envelope marker calreticulin
A Large CAT Insertion Is a Regulatory Region That Is Not Required for  (Fig. 1H). nSMase2-Alns also colocalized with the PM, but with a
Full Enzyme Activity. The majority of known regulatory elements ~ more diffuse pattern (Fig. 1H). Taken together, these results
in nSMase2 are found within the insertion. These include showed that although the insertion regulates the cellular function
phosphoserine sites that affect protein stability (43), a docking  of nSMase2 at multiple levels, it is dispensable for enzyme activity.
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Fig. 1. Domain architecture and characterization of nSMase2. (A) Superposition of bacterial SMase active sites highlights the Asn residue that is involved in Mg+
coordination and is absent in the annotated nSMase2 CAT. (PDB ID codes: B. cereus, 2DDT, chain A; L. ivanovii, 1ZZWX; S. aureus, 3148 chain A.) (B) Sequence
alignment of the p1-strand of N-SMases predicts N130 in human nSMase2 as the missing Asn residue involved in Mg?* coordination. (C) The point mutant N130A
eliminates SMase activity of nSMase2 from cell lysates of S. cerevisiae Alsc1p cells. Data represent mean + SD (n = 2). (D) The newly identified domain architecture
of nSMase2 consists of two N-terminal hydrophobic segments (HS1 and HS2), a JX region, and a CAT that contains a large insertion. Within the insertion are many
regulatory elements including five phosphoserine sites (magenta, underlined), a calcineurin-binding site, and mutations associated with leukemia (orange,
underlined). (E) SMase activity from cell lysates of S. cerevisiae Alsc1p cells expressing the indicated nSMase2 indel constructs. Data represent mean + SD (n = 2).
EV, empty vector; IB, immunoblot. (F) Domain architecture of nSMase2 constructs characterized in this article. (G) SMase activity from cell lysates of MCF7 cells
transiently transfected with the indicated nSMase2 constructs. Data represent mean + SD (n = 4). EV, empty vector. (H) Cellular localization of nSMase2 constructs
(green) transiently transfected in MCF7 cells. ns, not significant. (I-K) Hydrolysis of pNPPC by purified nSMase2-CAT as a function of pH (each symbol corresponds
to a different buffer system; see Materials and Methods) (), magnesium ion concentration (J), and pNPPC concentration (K). Data represent mean + SD (n = 3).
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Characterization of the CAT. Having identified the CAT (Fig. 1F), we
set out to characterize it. Transfection of the nSMase2 CAT in
MCEF7 cells generated a cytoplasmic protein that no longer colo-
calized with cell membranes (Fig. 1H). This result suggested the
CAT is soluble and that the hydrophobic NTD is the main de-
terminant of nSMase2 membrane association. The activity of the
CAT was first assessed in cell lysates of transfected MCF7 cells, but
its activity was not significantly above the background activity of
cells transfected with empty vector (Fig. 1G). Because the activity of
the CAT was too low to facilitate biochemical characterization from
cell lysates, we purified the recombinant CAT from Escherichia coli
and assessed activity against the soluble substrate para-nitrophenyl-
phosphocholine (pNPPC), which shares the phosphocholine head-
group with SM. The CAT hydrolyzed pNPPC with a neutral pH
optimum (Fig. 17) and Mg®* dependence (Fig. 1/), two hallmark
biochemical properties of nSMase2 (23). The purified CAT and
CAT-Alns had comparable activities toward pNPPC (Fig. 1K),
confirming that the insertion does not affect enzymatic function.

Structure Determination. Structures of bacterial SMases have been
determined (41). However, bacterial SMases are unregulated
exotoxins from human pathogens that share limited sequence
homology (~10%) with nSMase2 and thus have provided little
insight into the mechanisms that regulate nSMase2 function. All
attempts to obtain diffraction-quality crystals of the nSMase2
CAT that retained the insertion were unsuccessful. However, us-
ing the aforementioned insight into the newly identified domain
architecture of nSMase2, crystals of human CAT-Alns were
obtained. The structure was determined using single-wavelength
anomalous dispersion from a 2.9-A dataset of selenomethione
(SeMet)-derivatized protein. The final structure was refined to
1.85-A resolution with an R factor of 16.25 and an Ry, of 19.60
(Table 1).

Overall Structure and Active Site. The nSMase2 CAT adopts a DNase-
I-type fold with a pB-sandwich core and connecting loops and sec-
ondary structure elements forming the active site pocket (Fig. 2 4
and B). As predicted, Asn130 is located in the first p-strand and helps
coordinate a Ca®* ion bound within the active site (Fig. 2C). This
Ca”" ion most likely derives from exogenous Ca”* in the crystalli-
zation conditions and occupies the position of the primary Mg™* ion
that is required for the Mg™*-dependent activity of nSMase2 (23).

Although the majority of the insertion was deleted to facilitate
crystallization, the remaining portion formed two p-strands on
the periphery of the CAT, as is consistent with their being re-
quired for stability and activity (Fig. 2B). One of these strands
contains the binding motif for the calmodulin-activated phos-
phatase calcineurin (44), which is in close proximity to a pre-
dicted IQ calmodulin-binding motif in an adjacent helix.

The B-sandwich core of nSMase2 contains all the residues
predicted to be involved in Mg?* binding and catalysis. The select
few residues that are absolutely conserved in the N-SMase su-
perfamily (Fig. S1) all cluster within the active site of nSMase2
(Fig. 2D). The composition of these active-site residues aligns with
and matches the hydrophobic and polar regions of SM (Fig. 2C).
This conservation suggests these are the most critical residues for
SM recognition and catalysis and suggests that eukaryotic and
bacterial N-SMases use a similar mechanism both to bind and to
hydrolyze SM.

This mechanism is magnesium dependent with one or two
Mg?* ions bound within the active site by the conserved set of
His, Asp, Glu, and Asn residues (41) (Fig. 2D). The phospho-
diester bond of SM is predicted to bind to and be stabilized by
Mg?*, which activates a water molecule for nucleophilic attack to
generate a negatively charged pentavalent phosphorous atom
(41). The collapse of this intermediate results in cleavage of the
bond to generate ceramide and phosphocholine.

Structural and Functional Divergence with Pathogenic Bacterial

SMases. Comparison of human nSMase2 and Bacillus cereus
bacterial SMase (41), the member of the DNase I superfamily

Airola et al.

Table 1. Data collection and refinement statistics
Crystal SeMet-nSMase2 nSMase2
Space group P2,2,2 P2,2;,2

Cell dimensions
a b cA
Q, ﬁl Ys °

Data collection”
Resolution, A

72.56, 91.69, 49.82
90.0, 90.0, 90.0

73.59, 91.04, 50.03
90.0, 90.0, 90.0

43.94-2.89 (2.99-2.89) 43.85-1.85 (1.855-1.849)

Wavelength, A 0.9793 1.075
Reflections

Observed 99,072 (6,830) 191,989 (2,044)

Unique 7,792 (542) 29,448 (311)
Rmerge 0.144 (0.788) 0.076 (0.882)
Rmeas 0.150 (0.822) 0.095 (0.956)
Ranom 0.142 (0.746) N/A
Rpim 0.042 (0.230) 0.037 (0.365)
CCyp2 0.999 (0.961) 0.999 (0.851)
cc* 1.000 (0.944)
/60 17.1 (3.8) 13.8 (2.2)
Completeness, % 100 (100) 100 (100)
Multiplicity 12.7 (12.6) 6.5 (6.6)
Wilson B 66.9 23.9

Refinement®

Resolution, A 43.85-1.85 (1.855—-1.849)
No. reflections 29,448 (311)
Rwork/Rsree 0.1625/0.1960
No. atoms

Protein 2,752

Solvent 216
B-factors

Protein 34.6

Solvent 34.5
Rmsd

Bond lengths, A 0.01

Bond angles, ° 1.06
Ramachandran

Favored, % 97.3

QOutliers, % 0
PDB ID code 5UVG

"Values in parenthesis are for the highest resolution shell.

most closely related to human nSMase2, identified extensive
structural differences that likely reflect their divergent functions
and regulation (Fig. 2B). Notably, nSMase2 lacks the hydro-
phobic p-hairpin that soluble bacterial SMases use to interact
with the outer leaflet of the PM (Fig. 2B) (41). This difference
clearly establishes the f-hairpin as a selective feature that bac-
terial SMases have evolved to function as soluble secreted exo-
toxins that induce hemolysis (49).

In addition, the shape of the active site pocket is completely
restructured in human nSMase2 because of the unique primary
sequence, length, secondary structure, and spatial positioning of
the a-helices and loops that form the active site pocket (Fig. 2B
and Fig. S2). This restructuring creates a bowl-like cavity in
nSMase2 that is in sharp contrast to the lipid-like contoured
active site of bacterial SMase (Fig. 2B).

Membrane Orientation. To understand how SM would be extracted
into the active site of nSMase2, we first sought to orient the CAT
to the membrane interface. We took advantage of two adja-
cent Cys residues within the nSMase2 CAT that can be pal-
mitoylated (50) and therefore must be in close proximity to
the membrane (Fig. 2B). As a secondary guide, we used the
B-hairpin of bacterial SMase that is known to interact with the
membrane and is located on the opposite side of the CAT
relative to the palmitoylation loop (Fig. 2B) (41). By aligning
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Fig. 2. Crystal structure of the human nSMase2 CAT. (A) Cartoon representation of the human nSMase2 CAT structure (residues 117-651 A175-339) with the
palmitoylation loop oriented to the membrane. The Alns junction that connects residues 174 and 340 is labeled. The Ca®* ion in the active site is shown as a
magenta sphere, p-strands in magenta, a-helices in cyan, and loops in salmon. (B) Structural comparison of human nSMase2 (Upper) and B. cereus bacterial
SMase (PDB ID code 2UYR) (Lower) color coded to emphasize divergent functions and regulations of the key structural elements. The bacterial f-hairpin for

membrane interaction, the insertion containing the calcineurin-binding site

in human nSMase2, and distinct active site pockets are labeled. The g-sandwich

core and active-site residues are largely conserved and are colored gray. (C) Active site of nSMase2 with conserved residues for SM recognition and hydrolysis.
(D) All the conserved residues among bacterial and eukaryotic N-SMases (shown as sticks) cluster in the active site, suggesting a common mechanism for SM
binding and hydrolysis. (PDB ID codes: nSMase2, 5UVG; B. cereus, 2UYR; L. ivanovii, 1ZWX; S. aureus, 3148, chain B.)

these two regions to the same 2D plane, we identified a hy-
drophobic groove at the membrane interface as the likely en-
tryway for SM into the active site of both nSMase2 and bacterial
SMase (Fig. 2B).

A Hydrophobic Groove for SM Binding Is Blocked in nSMase2. Next,
we assessed whether SM could be accommodated within the
different active sites of human nSMase2 and bacterial SMase.
SM was easily placed manually in the lipid-contoured active site
of bacterial SMase with the phospho moiety near the catalytic
Mg** ion (Fig. 34). The aliphatic chains of SM were not fully
enclosed within the CAT, suggesting that SM is only partially
extracted from the membrane by N-SMases during hydrolysis.
Superposition of nSMase2 on the SM-bound bacterial structure
identified significant clashes between nSMase2 and SM that all
localized to the entrance of the hydrophobic groove (Fig. 3B).
This observation suggests that conformational changes are re-
quired for nSMase2 to bind SM.

E5552 | www.pnas.org/cgi/doi/10.1073/pnas.1705134114

A Universally Conserved DK Switch Motif Adopts Multiple Conformations.
A key factor in obstructing the hydrophobic groove is the element
that we refer to as the DK switch and that previously was called the
“P-loop-like domain” in the nSMase2 homolog of S. cerevisiae, Isclp
(51). We have renamed this element the DK switch because (i) it
contains two key residues: an Asp (D) and Lys (K) that are abso-
lutely conserved among N-SMases (Fig. 3C) but not in other DNase
I type enzymes, and (i) it folds into different conformations in
nSMase2 and bacterial SMase (Fig. 3 D and E), indicating that this
highly conserved element may “switch” conformations.

In nSMase2, the DK switch folds into an extended loop that juts
into and obstructs the entrance to the hydrophobic groove (Fig.
3D). In this conformation, the conserved Asp residue (D430) is
directed away from the active site (Fig. 3D). In the available
structures of bacterial SMases, the DK switch adopts several dif-
ferent conformations in which it (i) forms different loop confor-
mations that direct the Asp residue away from the active site in a
similar manner to nSMase?2 (Fig. 3D), (i) forms a short a-helix that
directs the conserved Asp residue into the active site to form a salt

Airola et al.
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of bacterial SMase (PDB ID code 2UYR) (A) but clashes with the DK switch at the active site entrance in human nSMase2 (PDB ID code 5UVG) (B). (C) The Asp
(D) and Lys (K) residues of the DK switch are universally conserved among mammalian, yeast, and bacterial N-SMases. (D and E) Structures of human
nSMase2 and bacterial SMases highlighting the flexible nature of the DK switch in variable loop conformations that place the conserved Asp away from the
active site (PDB ID codes: nSMase2, 5UVG; B. cereus, 2DDS, chain C; S. aureus, 3148, chain A) (D) and a helical conformation that directs the conserved Asp into
the active site to form a salt bridge with the conserved Lys residue of the DK switch. (PDB ID codes: B. cereus, 2UYR; L. ivanovii, 1ZWX; S. aureus, 3148, chain B.)
(E). (F) SMase activity of the nSMase2 DK switch point mutants from cell lysates of S. cerevisiae Alsc1p cells. Data represent mean + SD (n = 3). (G) The D430A
point mutant increases the K,,, of nSMase2, indicating a role in SM recognition. Data represent mean + SD (n = 3).

bridge with the conserved Lys residue (Fig. 3E), or (i) is disor-
dered with no observable electron density. Switching between these
loop and helical conformations would reposition the universally
conserved Asp residue from outside to inside the active site center
while the position of the Lys residue remains constant. It is note-
worthy that the DK switch in nSMase2 is involved in an extensive
crystal contact in which the DK switch packs into the active site of
another molecule; this packing most likely affects its conformation.
In comparison, the DK switch in the different bacterial structures is
sometimes involved in a crystal contact. However, the relevance for
protein structure in these cases is unclear, because crystal contracts
are found in both the loop and helical conformations. Taken to-
gether, these findings suggested that the DK switch is a flexible
motif and that conformational changes in the DK switch may affect
the SMase activity of nSMase?2.

The DK Switch Is Involved in Catalysis. Despite a previous study in-
dicating that the conserved Asp and Lys residues of the DK switch
were both essential for the activity of the nSMase2 homolog of
S. cerevisiae Isclp (51), the functional role of the DK switch in SM
hydrolysis was unclear. We therefore generated the DK switch
mutants D430A and K435A in full-length nSMase2 to assess their
function. Similar to Isclp, the K435A mutation completely elim-
inated nSMase2 activity (Fig. 3F). However, unlike Isclp, the
D430A mutant in full-length nSMase?2 retained ~1% activity (Fig.
3F), allowing us to probe the functional role of D430 in SM hy-
drolysis. The D430A point mutant dramatically reduced the V.
by 100-fold in Triton X-100 mixed micelles (Fig. 3G). The K, of
the D430A point mutant was also increased by approximately
threefold, suggesting that D430 may be involved in SM recogni-
tion; however, this modest effect on K, could result from other
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causes such as loss of interaction between D430 and K435. To-
gether, these results imply that the active state of the DK switch is
the helical conformation that is observed in all the bacterial SMase
structures of B. cereus, Listeria ivanovii, and Staphylococcus aureus.
As in this conformation, the Asp side chain is directed into the
active site where it forms a salt bridge with the conserved Lys side
chain and could participate in the catalysis (Fig. 3E).

The Membrane-Associated NTD Stimulates SM Hydrolysis. Before
probing the mechanistic role of the DK switch, we first sought to
delineate the activation mechanism of nSMase2. Based on our
results, we hypothesized that the NTD plays a critical role in
nSMase?2 activation and that by deleting the NTD we trapped
nSMase2-CAT in a low-activity state. We reasoned further that
there would be a communication between the NTD and the CAT
to impart this activation. Thus, we investigated whether coex-
pression of the NTD with the nSMase2 CAT would be sufficient
to increase activity. Indeed, coexpression with the NTD stimu-
lated the activity of the nSMase2 CAT (Fig. 44). Furthermore,
we speculated that the NTD, which contains two binding sites for
PS (37), would mediate PS activation. Consistently, PS increased
the activity of nSMase2 CAT when coexpressed with the NTD
but not the activity of nSMase2 CAT alone (Fig. 44).

This result suggested that the NTD functioned as an allosteric
activator. However, we wanted to rule out the possibility that the
NTD simply recruited nSMase2 CAT to the membrane and that
this recruitment was sufficient for activation. To delineate these
mechanisms, we assessed whether tethering nSMase2 CAT to the
membrane with another transmembrane domain would stimulate
activity. Membrane tethering of nSMase2 CAT was insufficient to
increase activity (Fig. 4B). To ensure that this absence of effect
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was not caused by a linker of insufficient length, we included the
entire region connecting the CAT and second hydrophobic region
of the NTD. This extended linker was also insufficient to stimulate
activity (Fig. 4B). Overall, these results suggest that the NTD
serves as both a membrane-anchor and an allosteric activator of
the CAT.

The NTD and the CAT Interact Directly. Allosteric activation implies a
direct interaction between the NTD and the CAT. To assess this
interdomain interaction, we conducted coimmunoprecipitation ex-
periments with the individual domains. We found that immuno-
precipitation of the NTD pulled down the CAT, and vice versa, that
immunoprecipitation of the CAT pulled down the NTD (Fig. 4C).

To confirm this interaction, we also applied a split-ubiquitin
membrane yeast two-hybrid system (52) with the individual domains
as bait and prey (Fig. 4D). An interaction between the NTD and the
CAT would induce recombination of the split ubiquitins (the
N-terminal half, Nub, and the C-terminal half, Cub) and recognition
by ubiquitin proteases. This recognition would release a transcrip-
tion factor to induce genes for growth on selective plates and
p-galactosidase for quantitation (Fig. 4D). Using this system, we
found that the NTD and the CAT of nSMase2 interacted directly,

as assessed by growth on selective plates (Fig. 4E). Deletion of the
insertion further promoted growth on selective plates (Fig. 4F). We
attributed this further growth to reduced steric factors, given that
nSMase2 and nSMase2-Alns had similar enzymatic activities.

To compare the relative strength of these interactions, we used
f-galactosidase induction as a quantitative readout. The quantitated
strength of the interaction between the NTD and the CAT was
weaker than either a positive protein—protein interaction (p5S3-largeT)
or an interaction with a self-activating prey (Nubl) (Fig. 4G), sug-
gesting that the interaction may be transient and might be potentiated
by factors that activate nSMase2, such as the lipid activator PS.

The Juxtamembrane Region Is an Allosteric Activation Domain That
Stimulates SM Hydrolysis and Increases the Affinity for SM. To de-
termine which regions of the NTD were necessary for interdomain
interactions, we generated a series of deletion constructs and
found that deletion of the juxtamembrane (JX) region eliminated
the interaction (Fig. 5 4 and B). This finding suggested that the JX
region, which does not contain any predicted secondary structural
elements, interacts directly with the nSMase2 CAT.

Next, we assessed the role of the JX region on SMase activity. The
JX region was appended to the CAT (hereafter referred to as the
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Fig. 4. The membrane-associated NTD interacts directly with and activates the soluble CAT of nSMase2. (A) Coexpression with the membrane-associated NTD
stimulates the activity of the soluble CAT and promotes activation by PS. Data represent mean + SD (n = 4). (B) Tethering the CAT of nSMase2 to the
membrane with a transmembrane helix does not stimulate SMase activity. Inmunoblots showing equivalent expression of the indicated proteins are shown
below. Data represent mean + SD (n = 3). (C) Interdomain activation is mediated through a direct interaction between the NTD and CAT as assessed by
coimmunoprecipitation experiments. Arrows indicate specific bands. Single asterisks indicate the 1gG-heavy chain band, and double asterisks indicate a
nonspecific band. (D) Schematic of the split-ubiquitin membrane-yeast two-hybrid system with the CAT and NTD as bait and prey. (E and F) The NTD and the
CAT interact directly as assessed by the membrane-yeast two-hybrid system. Serial dilutions of S. cerevisiae NMY51 cells coexpressing the indicated bait and
prey constructs were spotted on nonselective (+His) and selective (—His) plates and were imaged after 3 d at 30 °C. Positive controls include Nubl, a self-
activating ubiquitin, and largeT and p53. Negative controls include CAT + empty vector (EV), largeT + EV, and largeT + NTD. (G) The relative strength of the
NTD-CAT interaction is less than that with positive controls, indicating a putative transient interaction as assessed by p-galactosidase activity from cell lysates
of S. cerevisiae NMY51 cells coexpressing the indicated bait and prey constructs. Data represent mean + SD (n = 3).
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“JX-CAT”) and then was purified from E. coli. The purified JX-CAT
had a 25-fold increase in enzyme efficiency (kc,/Ky,) in comparison
with the nSMase-CAT (Fig. 5C). This increase was attributable to
both an increase in the turnover rate (k) and, interestingly, an
increased affinity for SM (a decreased K,). Although the JX region
increased activity, the overall turnover rates of SM were slow for both
the JX-CAT and the CAT. Notably, activation by the JX region was
specific for the endogenous substrate SM, because the JX-CAT and
the CAT had comparable activity against pNPPC (Fig. 5E).

The DK Switch Is Necessary for Activation by the JX Region. Given the
increase in SM affinity with the presence of the JX region and our
finding that the point mutant D430A slightly increased the K,
toward SM, we speculated that the JX region activated nSMase2 by
modulating the DK switch. Thus, we generated the point mutant
D430A in the nSMase2 CAT and JX-CAT and determined the
effects on both SM and pNPPC hydrolysis. Consistent with a role in
SM recognition, the D430A point mutant had no effect on pNPPC
hydrolysis in both the CAT and JX-CAT (Fig. 5E). Strikingly, the
D430A point mutant reduced the SMase activity of the JX-CAT
back to the same level as in the CAT but notably did not affect the
activity of the CAT toward SM (Fig. 5D). Taken together, these
differential effects suggest that the JX region stimulates nSMase2
activity by promoting an active state of the DK switch.

PS Activation and the DK Switch. To probe the mechanism of nSMase2
further, we assessed whether the JX region and DK switch were
necessary and sufficient for PS activation of nSMase2. Interestingly,
PS stimulated the activity of the JX-CAT in a concentration-
dependent manner but had no effect on the activity of the CAT
(Fig. 64). As a result, the SMase activity of the JX-CAT was in-
creased approximately 100-fold over that of the CAT. PS did not
stimulate the activity of JX-CAT D430A (Fig. 6B), thus providing
an additional link between the gain of functions induced by the JX
region and the DK switch. pNPPC hydrolysis by the CAT or JX-
CAT was not stimulated by PS (Fig. 5E). Taken together, these
findings identified the DK switch as a major element contributing
to PS activation of nSMase2.

GW4869 Inhibition and the DK Switch. GW4869 is a noncompetitive
(for the substrate SM) pharmacological inhibitor of nSMase?2 that is
competitive with PS binding to nSMase2 (22). We used GW4869 as
an additional probe to assess the role of the JX region and the DK
switch in nSMase2 activation. Consistent with the effects of PS

activation, the CAT was not inhibited by GW4869, but the JX-CAT
was inhibited by GW4869 with an ICs, of ~30 pM (Fig. 6C). Again,
the D430A point mutant eliminated the inhibition of the JX-CAT
by GW4869 (Fig. 6C). These inhibitory effects were specific for SM,
because GW4869 did not inhibit pNPPC hydrolysis for either the
CAT or JX-CAT at concentrations up to 100 pM (Fig. 5E).

Next we tested the effects of GW4869 inhibition on full-length
nSMase2. Consistent with our original report (22), GW4869 inhibited
full-length nSMase2 with an ICsy of ~1 uM (Fig. 6D). Interestingly,
the residual activity of full-length D430A was no longer inhibited by
GW4869 (Fig. 6D). These results are consistent with the original
identification of GW4869 as a PS-competitive inhibitor of nSMase2.

Discussion

Almost 15 y ago, nSMase2 was cloned and identified as the PS-
activated, Mg**-dependent N-SMase (23, 24). Since then nSMase2
has been established as a key regulator of exosome secretion and
cell-stress responses and has been implicated in cancer (32, 33),
Alzheimer’s disease (34, 35), and cardiovascular disease (53). Based
on our biochemical and structural experiments, we now are able to
propose a model for the activation of nSMase2.

Our data suggest that nSMase? is regulated by an interdomain
interaction at the membrane interface between the membrane-
associated NTD and the soluble CAT. This interaction modu-
lates the DK switch to promote SM hydrolysis (Fig. 7). The DK
switch may play multiple roles, because our crystal structure
suggests that it prevents SM binding by occluding the active site
entrance, but our biochemical results reveal that its role in catal-
ysis is dependent on allosteric activation by the JX region of the
NTD. Together, these findings have identified the lipid-binding
NTD as an allosteric activation domain that both serves as a
membrane anchor and actively participates in catalysis by inter-
acting directly with and stimulating the activity of the CAT.

The membrane topology of this integral membrane domain
suggests that a large portion of the NTD is exposed to solvent and
could make extensive contacts with the CAT at multiple sites (36).
The JX, which comprises only one of these regions, is sufficient to
induce several gains of function, including increased SMase ac-
tivity, activation by PS, and inhibition by the lipid-competitive
inhibitor GW4869. All these gains of function that are induced by
the JX region are dependent on the DK switch and are substrate
specific, suggesting that at least one major component of PS acti-
vation is to promote the helical state of the DK switch, where the
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Fig. 5. The JX region is an allosteric activation domain that stimulates nSMase2 activity through the DK switch. (A) Domain architecture and membrane
topology of nSMase2 constructs with and without the JX region. (B) Deletion of the JX region in the NTD [NTD (-JX)] eliminates the interdomain interaction
between the NTD and CAT as assessed by f-galactosidase activity in the membrane-yeast two-hybrid system. (C) The addition of the JX region stimulates the
SMase activity of the nSMase2 CAT and increases the affinity for SM. (D) The DK switch D430A point mutant eliminates the stimulatory effect of the JX region
on basal SMase activity and has no effect on the activity of CAT. (E) Normalized activity of the nSMase2 CAT and the JX-CAT toward pNPPC, a soluble
substrate that shares the phosphocholine headgroup of SM. PS at 20 mol% in Triton-X 100 mixed micelles and GW4869 (100 uM) had no effect on CAT and JX-
CAT activity toward pNPPC. Data represent mean + SD from three independent experiments.
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Asp and Lys residues form a salt bridge in the active site and can
participate in SM catalysis. Notably, the DK switch is the only re-
gion of bacterial SMases that displays any conformational flexibility.
Although the underlying reason for this conformational flexibility in
the unregulated bacterial SMases is unknown, we speculate that its
conformation may change upon SM binding or product release.
However, in the nSMase2 CAT the D430A point mutant of the DK
switch did not affect activity. This finding argues against an induced
fit model for nSMase2 and suggests that the JX region allosterically
regulates this universally conserved element.

Whether the NTD- and PS-binding induce more global con-
formational changes is a major remaining question and will re-
quire additional structural studies of full-length nSMase2. This
question is important because the JX region harbors one pre-
viously identified PS-binding site, and the NTD harbors an addi-
tional PS-binding site (37). In addition, the SM turnover rate by
JX-CAT was slow, possibly because of the loss of membrane as-
sociation, suggesting that additional factors may contribute to
nSMase2 activation. These studies of full-length nSMase2 will be
aided by the Alns construct, which retains full enzyme activity but
is more amenable to structural characterization.

To date, the majority of characterized lipid-dependent en-
zymes are either soluble targets that are activated by recruitment
to the membrane or integral membrane enzymes whose activity
and stability are dependent on specific lipids. NSMase?2 is unique
in that it contains both soluble and integral membrane domains.
We speculate that regulation by interdomain interactions and PS
provides a distinct advantage for the localized production of
ceramide, whose signaling functions are critically dependent on
the site of generation. The recent finding that PS colocalizes with
detergent-resistant sphingolipid membrane microdomains (54)
in the PM suggests that localized activation of nSMase2 may be a
critical factor in regulating the formation and secretion of exo-
somes (30) as well as in cellular responses to chemotherapy (55).

Our crystal structure of the nSMase2 CAT revealed several dif-
ferences with the structures of bacterial SMases. Strikingly, the dif-
fering contours of the active-site pockets suggest that nSMase2
may undergo global conformational changes upon activation.
However, additional structures of nSMase2 are necessary to reveal
these changes because, in general, nSMase2 contains a more elab-
orate structure built around the p-sandwich core with either ex-
tended linkers or unique subdomains that create this distinct pocket.
One of these unique regions is the binding motif for the phospha-
tase calcineurin, which was present on the undeleted region of the
insertion. This motif is located on the periphery of the CAT and
provides a clear anchor point to recruit the phosphatase calcineurin
to regulate nSMase? stability (44). Although the exact function for
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in Fig. 6 represent the mean + SD from three in-
dependent experiments.

the remaining elements is not clear, they may also be involved in
protein—protein interactions. For example, the inflammatory cyto-
kine TNF-a activates nSMase2 by recruiting it to the PM through
interactions between the CAT and the multiprotein complex TNF
receptor-FAN-RACKI-EED (11, 12, 14). Importantly, nSMase2
lacked the p-hairpin that bacterial SMases use to bind and recognize
glycolipids on the outer leaflet of the PM. This element is func-
tionally replaced in nSMase2 by the palmitoylation sites within the
CAT (50) and by the membrane-associated NTD, whose PS-binding
sites are necessary for proper cellular localization (37).

nSMase2 is emerging as a therapeutic target for cancer and
neurological disorders. This identification is based on several
studies that have used GW4869 to inhibit exosome secretion (30),
to prevent cancer metastasis (32, 33), and to prevent tau protein
and AP peptide secretion (35, 56). Our data suggest that the PS-
competitive inhibitor GW4869 inhibits nSMase2 by targeting the
activation of the DK switch. Thus, its success as a pharmacological
tool may result from the inhibition of the endogenous activation
mechanism of nSMase?2. Last, our crystal structure provides avenues
to develop nSMase2 as a therapeutic target.

Materials and Methods

Plasmid Constructs and Site-Directed Mutagenesis. Various human nSMase2 constructs
(full-length WT: residues 1-655; Alns: residues 1-655 A175-339; and CAT: residues
119-655) were cloned into the S. cerevisiae expression vector pYES3 using BamHI
and Notl restriction sites in frame with the C-terminal V5-His tag. For mammalian
expression, nSMase2 constructs were subcloned into the pEF6 plasmid using the
flanking BamHI and Pmel restriction sites. Point mutants and internal deletions
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( autoinhibition? —_ 5 b ¢
- 7 1 gl ‘
& Al I Guases —| .8 [ —
| | inhibition activation
\\ active
'Y
~

inactive

Fig. 7. Model for nSMase2 activation. Interdomain interactions between the
membrane-associated NTD and soluble CAT induce a conformational change
in the DK switch (Inset) to promote SM hydrolysis. The requirement for both
the JX region and the DK switch for both PS activation and GW4869 inhibition
suggests a potential mechanism for lipid activation of nSMase2.
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were generated using either a QuikChange Mutagenesis Kit (Agilent) or overlap
extension methods. All plasmids were directly sequenced.

Protein Expression and Purification. Fragments of human nSMase2 encoding for the
CAT (residues 117-651) and the CAT-JX (residues 85-651) were cloned into the
pPSUMO vector using BamHI and Notl restriction sites, which added a ULP-1
cleavable, N-terminal His-tagged SUMO fusion. For overexpression, plasmids were
transformed into E. coli BL21 (DE3) RIPL cells. Cells were grown at 37 °C in Ultra-
High Yield flasks (Thomson Instrument Company) to an ODggo ~1.5-2.0 and then
were cooled at 10 °C for 2 h. Protein expression was induced with isopropyl $-b-1-
thiogalactopyranoside (IPTG) at 15 °C for 40 h. Harvested cells were resuspended in
buffer A [50 mM sodium phosphate buffer (pH 7.5), 60 mM imidazole, 500 mM
Nadl, 5% (volvol) glycerol, and 2 mM p-mercaptoethanol (BME)], lysed by soni-
cation, centrifuged, and applied to a HisTrap FF column (GE Healthcare). After
washing, proteins were eluted in buffer B [S0 mM sodium phosphate buffer
(pH 7.0), 300 mM imidazole, 500 mM NaCl, 5% glycerol]. Pooled fractions were
supplemented with 10 mM BME and 10 mM DTT, incubated overnight at 4 °C with
purified ULP-1 to cleave the His-SUMO tag, and applied to a Hi-Load 26/60
Superdex 200 column (GE Healthcare) equilibrated with 20 mM Bis-Tris (pH 6.5),
100 mM Nadcl, 10 mM BME, and 2 mM DTT. Pooled fractions were supplemented
with additional DTT to 10 mM. Concentrated proteins (10 mg/mL) were aliquoted,
flash frozen, and stored at —80 °C. nSMase2 protein derivatized with selenome-
thionine (SeMet) was produced using B834 (DE3) cells. B834 cells were grown in
M9 minimal medium supplemented with amino acids, SeMet, and Kao and
Michayluk Vitamin Solution (Sigma).

Crystallization and Data Collection. Crystals of native and SeMet nSMase2-CAT
Alns (residues 117-651 A175-339) were grown using the hanging-drop
method. Reservoir solution (2 uL) containing 20-30% PEG 400, 0.2 M
CaCl,, 0-20% glycerol, and 0.1 M Hepes (pH 7.5) was mixed with 2 pL of
protein solution (5-10 mg/mL) and incubated at 16 °C for 2-7 d. Crystals
were cryoprotected by the addition of glycerol and were immediately frozen
in liquid nitrogen before data collection. X-ray diffraction data for SeMet
and native nSMase2 were collected on beamlines X25 and X29 of the Na-
tional Synchrotron Light Source at Brookhaven National Laboratory using
wavelengths of 0.9793 A (the Se absorption edge) and 1.075 A, respectively.

Data Processing, Structure Determination, and Refinement. Diffraction data
were integrated and scaled using XDS (57) and Aimless (58) as implemented in
the autoPROC pipeline (59). All four selenium sites were located with SHELXD
(60). Phases were calculated to 2.9 A via single-wavelength anomalous dis-
persion (61) using SHARP (62). Several iterations of density modification and
automated model building were carried out with Solomon (63), Buccaneer
(64), and Parrot (65). The resulting map showed clear electron density for side
chains, and the model was further improved by manual model building in
Coot. This procedure yielded a nearly complete search model for molecular
replacement with a 1.85-A native dataset using Phaser (66). Subsequent model
adjustments were carried out in Coot (67) followed by refinement with Phenix
(68) and BUSTER (69). The geometric quality of the refined model was assessed
with MolProbity (70) and the structure validation tools in the Phenix suite.
Data collection and refinement statistics are shown in Table 1.

Analysis of Catalytic Activity Using pNPPC. The catalytic activity of the purified
nSMase2 CAT was determined using the generic phospholipase C substrate
pNPPC or O-(4-Nitrophenylphosphoryl)choline (Sigma Aldrich). To determine
pH optima (Fig. 1/), different overlapping buffers [sodium acetate (pH 4.5-5.5),
Mes (pH 5.5-7.0), Hepes (pH 7.0-8.5), TAPS (N-Tris[hydroxymethyllmethyl-3-
aminopropanesulfonic acid, pH 8.0-9.0), and CHES (N-Cyclohexyl-2-
aminoethanesulfonic acid, pH 8.5-10.0)] were used to eliminate any buffer
effects on enzyme activity. Before quantitation, the pH was adjusted with a
1-M NaOH solution to deprotonate the para-nitrophenol (pNP) product fully.
The standard reaction contained 50 mM pNPPC, 100 mM MgCl,, and 50 mM of
buffer in a 96-well plate. For Fig. 1J (Mg2+) and Fig. 1K (pNPPC) the amount of
product, pNP, was followed in real time by monitoring the absorbance at
405 nm using a BioTek Synergy HT plate reader, and the kinetic curves were fit
for accurate slope and rate determination. The pH was not adjusted with
NaOH; such adjustment would increase the quantitated values slightly (~15%).
A molar extinction coefficient for pNP of 18,000 M/cm was used.

1. Obeid LM, Linardic CM, Karolak LA, Hannun YA (1993) Programmed cell death in-
duced by ceramide. Science 259:1769-1771.

2. Hannun YA, Obeid LM (2008) Principles of bioactive lipid signalling: Lessons from
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SMase Activity. N-SMase activity was determined as previously described (71) using
SM that was "*C-labeled in the methyl carbons of the choline headgroup. Briefly,
SM from porcine brain (860062P; Avanti Polar Lipids), PS (840036P; Avanti Polar
Lipids), and trace amounts of "C-SM were dried under N, gas in a glass vial and
were resuspended in Triton X-100 (Research Products International) mixed mi-
celles by sonication. The final reaction conditions contained 0.1% Triton X-100,
100 mM Tris (pH 7.5), 50 mM MqgCl,, 5 mM BME, and 5 mM DTT. A standard
reaction contained 5 mol% SM and 10 mol% PS, unless otherwise indicated. Cell
lysates or purified protein were added to 100 pL of assay buffer and were in-
cubated for 30-60 min at 37 °C (for cell lysates) or for 2-20 h at 25 °C (for purified
protein). Reactions were quenched with the addition of CHCl3/MeOH (in a
2:1 ratio), and modified Bligh-Dyer extractions were performed. The aqueous
phase, which contained the liberated "C-labeled phosphocholine from SM hy-
drolysis, was transferred to scintillation vials, and counts per minute were
quantitated using a Beckman LS 6500 scintillation counter. For determination of
hydrolyzed ceramide, 20 pL of assay buffer was used to quantitate the ratio of
picomoles of ceramide to the counts per minute.

Immunoprecipitation. S. cerevisiae Alsc1 cells were transformed with constructs
encoding for the C-terminally FLAG-tagged NTD and the C-terminally V5-
tagged CAT. Cells were grown in Trp~Ura~ synthetic dropout (Clontech) me-
dium with glucose and were washed with water, and protein expression was
induced by incubation in Trp~Ura™ synthetic dropout medium with Gal/Raf for
18 h at 30 °C. Cells were washed and resuspended in lysis buffer [S0 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100] with pro-
tease and phosphatase inhibitors. Cell lysates were prepared using a bead
beater and centrifugation at 0.6 x g. The supernatants were incubated with
anti-FLAG M2 affinity resin or anti-V5 agarose affinity gel (Sigma) overnight at
4 °C as described by the manufacturer. The next day, the resins were washed
three times (10 min each) with lysis buffer, and immunoprecipitated proteins
were detected by Western blotting using anti-V5 (Life Sciences) and anti-FLAG
(Sigma) antibodies.

Membrane Yeast Two-Hybrid System. Interdomain interactions were assessed
using the DUALHunter system (Dualsystems Biotech) (52). The bait proteins
(nSMase2 CAT and CAT Alns) were cloned into the pDHB1 vector using Sfil re-
striction sites to generate a fusion at the N terminus with the small membrane
protein Ost4p and a fusion at the C terminus with the C-terminal half of ubig-
uitin (Cub) followed by a transcription factor (LexA-VP16). Prey proteins of the
NTD were cloned into the pPR3N vector using Sfil restriction sites to generate a
fusion at the N terminus with the N-terminal half of ubiquitin (Nub). Bait and
prey were transformed into the S. cerevisiae NMY51 reporter strain [MATa his3
200 trp1-901 leu2-3,112 ade2 LYS2:(lexAop)s-HIS3 ura3::(LexAop)s-lacZ ade2:
(lexAop)g-ADE2 GAL4] using the standard lithium acetate method and were
selected for using synthetic dropout-Leu-Trp plates. Qualitative assessment of
interdomain interactions was determined using spot assays on nonselective
(synthetic dropout-Leu-Trp plates) or selective (synthetic dropout-Leu-Trp-His
plates). Quantitation was carried out using the f-galactosidase assay with cell
lysis carried out using a Vortex Genie with TurboMix attachment.

Immunofluorescence and Confocal Microscopy. The intracellular localization of
nSMase2 proteins was determined using immunofluorescence confocal micros-
copy. MCF7 cells were plated onto poly-p-lysine—coated 35-mm confocal dishes
(MatTek Corporation). The following day, cells were transfected using Lip-
ofectamine (Invitrogen) with pEF6 plasmids containing nSMase2 constructs with
C-terminal V5-His tags. After 24 h, cells were fixed with a 4% paraformaldehyde
solution, washed, and permeabilized with 0.1% Triton X-100 in PBS. Cells were
blocked in 2% human serum and incubated with primary antibodies (V5, 1:200)
in 2% serum overnight at 4 °C. Secondary antibody incubation was carried out
for 1 h before visualization. Cells were stained with DAPI 10 min before visual-
ization. Images were captured with a confocal laser microscope (LSM510; Zeiss)
and were analyzed with the Leica software package.
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