
















one of three experiments in each case, all yielding
similar results. Yeast growth was rescued, even in the
presence of 500 mMMet, with the mOST4-SYP121DC bait
and both thewild-type VAMP721 and the VAMP721Y57D

mutant as prey. Similarly, incubating SYP121DC-2PA
together with SNAP33D1-100 pulled down the wild-type
and mutant R-SNAREs in roughly equal measure.
Thus, for VAMP721, the consequence of mutation
within the channel-binding motif of the longin domain
was to displace the longin domain, notably its N ter-
minus, from that of the C-terminal end of the SNARE

domain, but without an appreciable effect on in vitro
SNARE complex assembly.

DISCUSSION

Plant growth requires ion transport for osmotic sol-
ute uptake and vesicle traffic for membrane and cell
wall material delivery. Empirical observations have
long shown that these two processes are coordinated to
control turgor pressure and cell volume during cell

Figure 6. VAMP721 longin domain mutants affecting KAT1 binding are altered in longin-SNARE domain conformation. A,
Schematic of the GFP-mCherry FRET pair pFRET-NcCg-DEST vector and conformational interpretations and FREToutputs for the
VAMP721DC and VAMP721DC,Y57D constructs. LB, Left border; RB, right border. B, FRETanalysis of mCherry andGFP fluorescence
by sensitized emission. Imageswere collected from tobacco transiently transformedwith pFRET-NcCg-DEST vector incorporating
VAMP721DC, VAMP721DC,Y57A, VAMP721DC,Y57D, VAMP721DC,Y57A,F55A, VAMP721DC,Y57A,D61A, and VAMP721DC,Y57A,Y65A, in-
cluding SYP121DC and SYP121DC,L185A,D186A as controls. Images are (left to right) mCherry acceptor fluorescence excited with
488-nm light (FRET), mCherry acceptor fluorescence excited with 552-nm light (acceptor reference signal), GFP fluorescence
excited with 488-nm light (donor reference signal), and bright field. Bar = 20 mm. C, Mean6 SE of FRET fluorescence ratios from
three independent experiments for each of the constructs in B. Data are from each experiment determined from 10 images se-
lected at random over the leaf surface. FRET ratios were calculated as the mean fluorescence intensity ratio [mCherry (488)/
mCherry (552)] determined from each image set after subtracting the background fluorescence determined from images taken
from nontransformed tissues and validated by acceptor bleaching (see Fig. 10). Data were normalized subsequently to the GFP
(488) signal from each image. Significance at P , 0.01 is indicated by letters.
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expansion, but clues to the underlying mechanisms
have come to light only recently (Grefen et al., 2011,
2015). Previous reports identified the binding of
SYP121, a plasma membrane Qa-SNARE, with KC1
and KAT1 K+ channels to alter channel gating and
channel-mediated K+ uptake (Honsbein et al., 2009,
2011; Grefen et al., 2010). We now know that SYP121
interacts with the voltage sensor domain of the K+

channels to confer a voltage dependence on secretory
traffic in parallel with K+ uptake (Grefen et al., 2015).
These studies set out the framework for a mutual and
concerted mechanism coordinating solute accumula-
tion with the addition of membrane surface area.
However, they leave open questions about how
SNARE channel binding might integrate within the
sequence of events leading to SNARE complex as-
sembly that drives vesicle fusion.

One clue to such integration has come from the dis-
covery that the cognate R-SNARE VAMP721 and its
nearly identical homolog VAMP722 interact with the
same K+ channels and that this interaction suppresses
channel activity (Zhang et al., 2015). These studies also
showed that overexpression of VAMP721 reduces root
growth and, similar to the effects of SYP121, that this
action is K+ dependent. It is likely, therefore, that the
R-SNARE plays a key role in coordinating vesicle traffic
and ion transport in a manner complementary to
SYP121. Missing has been information about the
conformation(s) of the R-SNARE associated with chan-
nel binding, the nature of the binding domains on the
R-SNARE, and the sequence of binding events leading to
vesicle fusion.Wehave nowbuilt on this previous study,
undertaking a detailed analysis of binding with the
KAT1 K+ channel and its implications for VAMP721

Figure 7. Fluorescence lifetime and photobleaching analyses show that VAMP721DC,Y57D affects the conformational spacing of
the longin and SNARE domains. A, FRET fluorescence image analysis of GFP donor fluorescence lifetimes on transiently
expressing VAMP721ΔC and VAMP721ΔC,Y57D with SYP121ΔC and SYP121ΔC,L185A,D186A as controls in the pFRET-NcCg-DEST
vector in tobacco. FRET-FLIM data are means 6 SE with significance at P , 0.01 indicated by letters. Images (above) show
pseudocolor-coded GFP fluorescence lifetimes. B, Analysis of GFP fluorescence lifetimes before and after photobleaching with
552-nm light with GFP-VAMP721ΔC (a) and with GFP-VAMP721ΔC,Y57D-mCherry (b) in the pFRET-NcCg-DEST vector. The
photobleach area and line scans taken for analysis are indicated by the yellow squares and the white lines. Five images were
recorded each before and after photobleaching. GFP fluorescence before (blue) and after (red) photobleaching along each line
scan is shown in c and d. Bar = 20 mm. C, Means 6 SE of FRET efficiency from three independent photobleaching experiments
calculated as the ratio (Da2Db)/Da, whereDa andDb are themeanGFP intensities after and before photobleaching, respectively.
Significance at P , 0.01 is indicated by letters.

Plant Physiol. Vol. 173, 2017 545

VAMP721 Conformation in K+ Channel Gating

 www.plantphysiol.org on February 20, 2017 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plantphysiol.org


conformation. These studies show that the critical resi-
due Tyr-57 is at the center of a linear sequence predicted
to lie within the b-sheet structure of the R-SNARE longin
domain and is important for the transition between
closed and open conformations of the R-SNARE. The
studies also uncover a second domain for K+ channel
binding on VAMP721, associated with the SNARE do-
main, and indicate that this second site is essential for
channel-gating control. On the basis of these discoveries,
we suggest that VAMP721 binding with the K+ channel
is likely to occur early in the sequence of conformational
transitions leading to vesicle fusion, as it can influence K+

channel gating only when the R-SNARE motif is not
engaged in SNARE complex assembly.

VAMP721 Harbors Two K+ Channel-Binding Sites

The presence of two domains for interaction with the
KAT1 K+ channel is unequivocal. Both the yeast mbSUS
assay for protein-protein interactions and rBiFC anal-
ysis in vivo (Figs. 1 and 2) showed that binding is
retained with VAMP721 truncations that incorporated
either the longin domain or the SNARE domain.
Binding with the SNARE domain was unexpected, al-
though interactions of the Kv2.1 K+ channel in mam-
mals, which depends on the SNARE motif, have been
proposed to regulate channel activity during the fusion
of dense core vesicles (Lvov et al., 2008; Tsuk et al.,
2008). Such interactions with mammalian SNAREs
have been questioned in part because, when isolated,
the SNARE domains show a high propensity for pro-
miscuous binding in vitro (Fletcher et al., 2003). Indeed,
we found that the isolated SNARE domain of
VAMP723 also interacted with the KAT1 channel in
these assays, even though the full-length VAMP723
does not (Zhang et al., 2015). Although we did not ex-
plore the possibility, it is plausible that the transmem-
brane anchor, too, may associate with the channel
protein, if only because, within the membrane bilayer,
bait and prey proteins are constrained in their move-
ments to two dimensions (Xing et al., 2016).

What lends credence to our findings with the
VAMP721 SNARE domain is its juxtaposition with
the VAMP721 longin domain and channel gating.

Previously, we reported that VAMP721 binding sup-
pressed KC1 and KAT1 K+ currents, in each case by
reducing the ensemble channel conductance and dis-
placing the voltage sensitivity of the channel to more
negative voltages (Zhang et al., 2015). This action was
not reproduced by the endomembrane VAMP723 but
could be introduced in this R-SNARE by the exchange
of Tyr-57 of VAMP721 with Asp-57 of VAMP723. We

Table III. The value of t1 identifies the change of VAMP721 and
SYP121 protein conformation

Parameter values are results of fitting of FLIM in Figure 7A to the sum
of two exponential components (Eq. 3). Curve fitting was carried out
on histograms of the time-correlated fluorescence signals. Data are
given as means 6 SE. Significance is indicated by letters at P , 0.01.

Sample t1 t2

ns
Control-SYP121ΔC 2.799 6 0.015 A 1.341 6 0.014
SYP121ΔC 2.678 6 0.011 B 1.342 6 0.013
SYP121ΔC,L185A,D186A 2.735 6 0.008 A 1.346 6 0.014
Control-VAMP721ΔC 1.947 6 0.065 a 5.823 6 0.048
VAMP721ΔC 1.808 6 0.027 b 5.835 6 0.008
VAMP721ΔC,Y57D 1.911 6 0.040 a 5.827 6 0.005

Figure 8. The single-site mutant VAMP721Y57D, which does not interact
with the KAT1 channel, is able to bind its cognate SNARE partners and
form the SNARE core complex. A, Yeast mbSUS assay using mOST4-
SYP121DC as bait and VAMP721 or VAMP721Y57D as prey-alone con-
trols (negative, NubG; positive, NubI). Data are from one of three
independent experiments. Growth on CSMLTUM was used to verify the
presence of both bait and prey expression. CSMLTUMAH was used to
verify adenine- and His-independent growth of the yeast diploids. The
addition of 500 mM Met to CSMLTUMAH was used to verify the interaction
with suppressed KAT1-Cub expression. Yeast were dropped at 1 and 0.1
OD600. Incubation time was 24 h for CSMLTUM and 72 h for CSMLTUMAH.
Western-blot analysis (5 mg of total protein per lane) of the haploid
yeast with aHA antibody (VAMP fusions) and aVP16 antibody
(SYP121DC) verified the expression of the various constructs (right).
B, Coomassie Blue-stained gels showing proteins recovered in pull-
down assays using SYP121DC-2PA as bait. Lanes are (left to right) the
molecular mass marker, VAMP721DC and VAMP721DC,Y57D pull downs
with only resin as bait, and pull downs with SNAP33D1-100 alone,
SNAP33D1-100 + VAMP721DC, and SNAP33D1-100 + VAMP721DC,Y57D

using SYP121DC-2PA as bait. Equivalent aliquots of the inputs
VAMP721DC and VAMP721DC,Y57D are included (right). SYP121DC-2PA,
SNAP33D1-100, and VAMP721DC bands are indicated. Proteins were
purified, and prey proteins were added in a 5-fold excess to the baits as
described previously (Karnik et al., 2013b, 2015).
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can show now that these actions are actually associated
with the SNARE domain (Fig. 3), even though the
longin domain retains binding when isolated in the
mbSUS assay and in vivo (Figs. 1 and 2). Qualitatively
similar actions were observed with the VAMP721D1-126

and VAMP723D1-126 truncations lacking the corre-
sponding longin domains, and an intermediate set of
characteristics was observed on coexpressing the full-
length VAMP721 with KAT1. In each case, changes in
gmax might be understood if VAMP coexpression af-
fected the population of channels at the membrane; the
displacements in V1/2, however, leave no doubt of an
action on channel gating (Dreyer and Blatt, 2009;
Lefoulon et al., 2014). In short, the functional conse-
quences of VAMP721 binding to the K+ channel can be
ascribed to the VAMP721 SNARE domain, not its
longin domain. Thus, although binding with the longin
domain of VAMP721 is evident in yeast and in vivo, the
two VAMP721 domains appear to act in concert,
the SNARE domain influencing channel gating and the
longin domain conferring specificity to VAMP721 for
binding.

Residues around Tyr-57 of VAMP721 Contribute to K+

Channel Binding

One explanation for this discovery is that the longin
domain functions to regulate access for channel binding
to the SNARE domain, possibly through a switch-like
mechanism or by facilitating its conformational stabil-
ity. Regardless of any mechanistic interpretation, these
findings imply a more substantial interaction surface
for control of the R-SNARE than was recognized pre-
viously (Reichmann et al., 2007; Aakre et al., 2015). We
used mbSUS assays to explore the contributions of
other residues important for KAT1 interaction. Ala
substitutions for Gly-52 to Asn-56, Leu-58 to Glu-60,
Gly-62, Tyr-65, Val-67, and Val-68 suppressed the
association with the K+ channel (Fig. 4). Most of
these residues are conserved in the VAMP72 family
(Supplemental Fig. S1). That their contributions were
evident only in the VAMP721Y57A background un-
derscores the coordination with the central Tyr-57 in
channel binding.
Could Tyr-57 and its surrounding residues affect the

VAMP721 conformation and thereby its availability for
K+ channel binding? This central residue aligns closely
with Tyr-45 of the neuronal VAMP7/TI-VAMP, which
is known to play a crucial role in maintaining a closed
conformation with the R-SNARE unavailable for
binding in a SNARE core complex (Vivona et al., 2010).
The cytosolic polypeptide of VAMP7/TI-VAMP has
been crystallized (Pryor et al., 2008; Kent et al., 2012); its
structure indicates that the longin domain forms a
globular paddle of antiparallel b-strands flanked by
a-helices at either side and that the partially unstruc-
tured SNARE domain wraps around this paddle (Kent
et al., 2012). Mapping VAMP721 to these data (Fig. 9)
indicates that the sequence GHTFNY57LVExGxxY is

situated near the base of the longin paddle and forms
one half of a hairpin loop around which the SNARE
domain is wrapped. It is conceivable, therefore, that
mutations affecting the conformation of this hairpin
loop are likely to affect access to the SNARE domain,
possibly influencing the stability of binding of a cognate
partner coordinated between the two sites.

Our analysis of intramolecular FRET supports this
idea. These experiments made use of FRET between the
two ends of the cytosolic VAMP721DC to explore
conformational changes introduced by mutations in
the longin hairpin loop. The results showed in
VAMP721DC,Y57D a reduced FRET signal compared
with that of VAMP721DC, consistent with an increased
spacing between N and C termini and with substantial,
long-distance conformational changes introduced by the
mutation. Similar results were obtainedwith the double
mutants VAMP721DC,Y57A,F55A andVAMP721DC,Y57A,Y65A

(Fig. 6). Double mutants at each of these sites also failed
to interact with KAT1 or to alter its gating (Figs. 4 and

Figure 9. The predicted structure of VAMP721 in ribbon (A) and par-
tially transparent surface (B) representations. Structural predictions
were obtained with Phyre2 software (Kelley and Sternberg, 2009) using
the structures of the yeast proteins SEC22 and YKT6 as well as VAMP7
from humans (Gonzalez et al., 2001; Tochio et al., 2001; Kent et al.,
2012). A, Ribbon structural representation of VAMP721 without the
C-terminal transmembrane anchor in side (left) and top (right) views.
The top view is rotated 90° about the horizontal axis, with Gly-62 in
front. The longin domain is shown in cyan and the SNARE domain in
green Residues of the GHTFNY57LVExGxxY motif are indicated by the
red b-sheet with the position of Tyr-57 indicated centrally in yellow. B,
Transparent space-filling structural representation of VAMP721 as in A
in side (left) and top (right) views. The top view is rotated 90° about the
horizontal axis, with Gly-62 in front. The longin domain is shown in
cyan and the SNARE domain in green Residues of the GHTFNY57

LVExGxxY motif are indicated by the red b-sheet with the position of
Tyr-57 indicated centrally in yellow.
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5). By contrast, VAMP721DC,Y57A and the internal con-
trol VAMP721DC,Y57A,D61A had no effect on the FRET
signal or, in the oocyte assay, a substantial effect on
channel interaction and gating (Zhang et al., 2015).
Clearly, mutations within the longin hairpin loop, and
especially of the central Tyr-57, have substantial effects on
VAMP721 conformation, and these effects extend beyond
the longin domain to the conformation of the R-SNARE.

A Model for K+ Channel Binding within the SNARE Cycle

It is puzzling that deletion of the longin domain fa-
cilitates binding and alters channel gating by
VAMP721D1-126, even though the same longin domain,
and especially the sequence GHTFNY57LVExGxxY, is
necessary for binding and the gating alterations medi-
ated by the full-length VAMP721. At present, it is not
possible to resolve this seeming paradox unambigu-
ously, but we can offer two general explanations.
From the studies presented here, we know that both
the longin and SNARE domains bind the K+ channel,
but only the latter affects channel gating. Addition-
ally, gating ismore strongly affected by theVAMP721D1-126

peptide lacking the longin domain than by the full-
length VAMP721, and both differ in effect from
VAMP723D1-126 (Fig. 3). Finally, mutation at the core of
the GHTFNY57LVExGxxY sequence does not appear to
affect SNARE complex assembly (Fig. 8), even though it
does alter K+ channel binding. One explanation, there-
fore, is that unwrapping the SNARE domain is neces-
sary for channel access and binding to the VAMP721
SNARE domain and that this unwrapping depends on
an initial interaction of the channel that is transmitted
via the longin hairpin loop. This explanation accounts
for the weaker action on gating of the full-length
VAMP721, possibly as a consequence of the stochastic

process of binding events; it posits that an association
with the channel induces a conformational change in
VAMP721; and it implies a sequential binding of the
channel, first with the longin domain and thereafter
with the SNARE domain. The second explanation is
that the channel normally binds VAMP721 via both the
longin and SNARE domains concurrently and that the
unique bilateral coordination gives rise to its specificity.
Like the first explanation, this alternative implies that
channel association induces conformational changes in
VAMP721 leading to their interaction, but it leads to a
conclusion that interactions with the VAMP721D1-126

andVAMP723D1-126 truncations differ in conformation if
not in their effects on channel gating.

Distinguishing between these alternatives will re-
quire structural information for the bound complex.
Regardless of the conformational details, however, it is
clear that channel binding by VAMP721 and by its
cognate Qa-SNARE SYP121 dovetails within the se-
quence of events leading to vesicle fusion. Like
VAMP721, SYP121 interacts with both the KC1 and
KAT1 K+ channels, but with opposing effects on chan-
nel gating (Honsbein et al., 2009, 2011; Grefen et al.,
2010, 2015; Zhang et al., 2015). This functional juxta-
position between the two cognate SNAREs implies a
sequential handover in binding with the K+ channels as
the two SNAREs assemble a SNARE complex to drive
membrane fusion. We know that SNARE complex as-
sembly requires a tight entwining of the cognate
SNARE domains, including those of the Qa- and
R-SNAREs. K+ channel interaction with the VAMP721
SNARE domain is likely to mask it and preclude
SNARE complex assembly. However, once unwrap-
ped, channel interaction with the VAMP721 longin
domain should free the R-SNARE for binding with
SYP121. We also know that channel interaction with

Figure 10. Hypothetical model for K+ channel exchange between VAMP721 and SYP121 during vesicle fusion. This condensed
sequence builds on current knowledge of SNARE complex formation, including the role for the Sec1/Munc18 protein SEC11
(Karnik et al., 2013b, 2015). For clarity, only the SNAREs SYP121 and VAMP721 are shown. A, Vesicle approach with VAMP721
leads to its binding with the K+ channel through both the longin and SNARE domains, facilitating the unwrapping of the SNARE
domain. B, The unwrapped VAMP721-K+ channel complex recruits SYP121 and unlatches SEC11. Interaction between SYP121
and the K+ channel, and the release of the VAMP721 SNARE domain, promote channel activity. Not shown for clarity is the
relatching of SEC11 to stabilize the SNARE complex for vesicle fusion. C, SNARE complex assembly drives the final stages of
membrane fusion followed by release of the channel interaction in preparation for SNARE recycling.
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SYP121 associateswith theN terminus of theQa-SNARE,
not with its SNARE domain (Grefen et al., 2010), and that
this interaction promotes secretory traffic (Grefen et al.,
2015).
How might a handover in channel binding be engi-

neered together with SNARE complex assembly? One
plausible sequence of events (Fig. 10) is that VAMP721
interaction with the K+ channel aids in vesicle tethering
and helps to unwrap the R-SNARE; the VAMP721-
channel complex then recruits SYP121, unlatching the
bound Sec1/Munc18 protein SEC11 and unfurling
SYP121 (Karnik et al., 2013b, 2015; Grefen et al., 2015);
finally, the two SNARE domains coalesce together with
the Qb- and Qc-SNARE domains of SNAP33 to drive
vesicle fusion (Lipka et al., 2007; Bassham and Blatt,
2008; Karnik et al., 2013b). This sequence implies binding
transitions that pass from an interaction that inhibits
channel activity (VAMP721 SNARE domain) through
one that is activity neutral (VAMP721 longin domain) to
one that promotes channel activity (SYP121).
Whether such a sequence proves correct, from the

trafficking standpoint what is important is that the
evidence posits channel binding as a focal point at
which the R- and Qa-SNAREs coalesce, effectively
seeding the final stages of SNARE complex assembly
and vesicle fusion. Indeed, an estimate of the number of
sites needed for vesicle fusion to support cell expansion
yields a value that is remarkably close to the number of
K+ channels commonly found at the plant cell plasma
membrane (Grefen et al., 2011). These calculations also
lead to the conclusion that only a small proportion of the
Qa-SNAREs present at the plant plasma membrane are
active in vesicle fusion at any one time. Much the same
conclusion is reached on considering the processes of
vesicle traffic in neuromuscular tissues (Sieber et al.,
2007; Murray and Tamm, 2009). In each case, the excess
in Qa-SNAREs probably reflects the need to maintain a
reservoir of these proteins for secretion and their turn-
over, and it may be important for their clustering to
enhance vesicle sorting to their cognate fusion sites.
In summary, we find that K+ channel binding to

VAMP721 is mediated by two sites distributed over the
structure of the R-SNARE. One site is associated with a
linear sequence of residues centered around Tyr-57 and
located near the base of the paddle-like longin domain.
The second site is associated with the SNARE domain
and accounts for the alterations in channel gating, K+

uptake, and plant growth reported previously. Speci-
ficity for K+ channel binding depends on the longin
domain, although this domain does not appear to affect
channel gating. Finally, mutations of key residues in the
linear sequence around Tyr-57 affect the physical
spacing between the longin and SNARE domains and
alter the capacity for channel binding that affects
channel gating. The presence of these two channel-
binding sites on VAMP721, one also required for
SNARE complex assembly, implies a well-defined se-
quence of events, beginning with channel binding with
VAMP721, to coordinate K+ channel gating with
SNARE assembly, leading to vesicle fusion.

MATERIALS AND METHODS

Molecular Biology

The pFRET-NcCg-Dest vector was prepared by digesting pFRETgc-2in1-
Dest (Hecker et al., 2015) using SalI restriction sites situated between the ccdB
gene and the attR2 site. The vector backbone was ligated, and subsequent
transformation and selection were in ccdB-survival Escherichia coli cells (Life
Technologies). The resultant plasmid sequence was verified by restriction en-
donuclease digestion and sequencing (GATC Biotech).

Open reading frames for KAT1 and the full-length or truncated VAMPs were
amplified with gene-specific primers that included Gateway attachment sites
(attB1/attB2) as described before (Zhang et al., 2015). Entry clones SYP121DC,
SYP121DC,L185A,D186A, VAMP721Y57D, VAMP721Y57A, and KAT1 were described
previously (Karnik et al., 2013b, 2015; Lefoulon et al., 2014; Zhang et al., 2015).
Gateway destination clones were generated using LR Clonase II (Life Technolo-
gies). Second-site mutants were generated by site-directed mutagenesis (Karnik
et al., 2013b) with the entry clone VAMP721Y57A used as the template. Primers for
point mutations (Supplemental Table S1) were designed by SDM-Assist software
(Karnik et al., 2013a) to include unique silent restriction sites along with the de-
sired mutation for later identification by restriction endonuclease digestion.

For split-ubiquitin systemassays,KAT1was recombined inpMetYC-Dest (Grefen
et al., 2009). VAMP constructs were recombined in pNX35-Dest. For electrophysio-
logical analysis, KAT1was recombined in pGT-Dest, which introduced a C-terminal
myc tag, and theVAMPconstructswere recombined inpGT-nHA-Dest (Zhang et al.,
2015). For FRET analysis, all constructs were introduced into the pFRET-NcCg-Dest
vector.Gateway entry clones anddestination cloneswere amplifiedusingTop10 cells
(Life Technologies)with the appropriate antibiotic, either 20mgL21 gentamicin for
entry clones or 100 mg L21 spectinomycin for destination clones.

For protein expression and pull-down assays, we used the truncated recom-
binant SYP121 fused toproteinA, SYP121DC-2PA, asdescribedpreviously (Karnik
et al., 2013b). Additionally, the pETDuet vector was modified to express the
cognate SNAREproteinswith C-terminal Flag (DYKDDDDK) or 63His tags.We
truncated SNAP33 to generate SNAP33D1-100 and improve solubility during pu-
rification without affecting the cognate SNARE domains. Flag-tagged VAMP721DC

andVAMP721DC,Y57D proteinswere constructed as before. For cloning, SNAP33D1-100

was amplified by PCR to add 59 NcoI and 39 BstBI sites, and VAMP721DC was
amplified to add 59NcoI and 39 KpnI sites before ligation into themodified pETDuet
vector. VAMP721DC,Y57D was generated by site-directed mutagenesis as described
previously (Karnik et al., 2013b). Supplemental Table S1 includes the primers used
for cloning the SNAREs in the E. coli expression vector, and Supplemental Figure S2
details the SNAP33 truncation.

mbSUS Assays

The haploid yeast strains THY.AP4 and THY.AP5 (Obrdlik et al., 2004) were
transformed as described previously (Grefen et al., 2009). Yeast mbSUS assays
were performedwith pools of 10 to 15 yeast colonies selected and inoculated into
selectivemedium (CSMLM for THY.AP4 and CSMMTU for THY.AP5) for overnight
growth at 180 rpm and 28°C. Liquid cultures were harvested and resuspended in
yeast peptone dextrose (YPD) medium. Yeast mating was performed in sterile
PCR tubes by mixing equal aliquots of cultures containing KAT1-Cub in THY.
AP4 with the appropriate NubG-VAMP in THY.AP5. Aliquots of 5 mL were
dropped on YPD plates and incubated at 28°C overnight. Colonies were trans-
ferred from YPD onto CSMLMTU plates and incubated at 28°C for 2 to 3 d. Diploid
colonies were selected and inoculated in liquid CSMLMTU medium and grown at
180 rpm and 28°C overnight before harvesting and resuspension in sterile water.
Serial dilutions at OD600 of 1 and 0.1 in water were dropped, 5 mL per spot, on
CSMAHLMTU plates without and with Met added at increasing concentrations.
Plates were incubated at 28°C, and images were taken after 3 d. Yeast also were
dropped onCSMLMTU control plates to confirmmating efficiency and cell density,
and growth was monitored after 24 h at 28°C. To verify expression, yeast were
harvested in aliquots equal to those used for the dilution series and extracted for
protein gel-blot analysis using commercial aHA antibody for NubG and com-
mercial aVP16 antibody (Abcam) for the Cub fusions.

Pull-Down Assays

Protein expression was induced in E. coli BL21DE3 cells (Life Technologies)
with 1 mM isopropyl b-D-1-thiogalactopyranoside for 4 h. Expressed proteins
were purified by affinity chromatography using nickel-nitrilotriacetic acid ag-
arose- or IgG-coupled Sepharose resin as described previously (Karnik et al.,
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2013b, 2015). SYP121DCwas immobilized as bait. Truncated proteins for theQa-,
Qb-, and Qc-SNAREs were used to eliminate hydrophobic residues that reduce
SNARE solubility and were generated as before to avoid affecting binding
domains essential for the SNARE complex (Karnik et al., 2013b, 2015). Pull
downs included controls for the baits on resin alone, and prey proteins were
included in 5-fold excess to baits.

Sensitized Emission FRET and FRET-FLIM Analyses

Confocal images were collected using a Leica TCS SP8-SMD confocal mi-
croscope with a PicoQuant FLIM system and spectral GaAsP detectors. Images
were collected using a 203/0.75NA objective lens. For FRET studies, GFP
fluorescence was excited with continuous 488-nm or 20-MHz pulsed 470-nm
light and collected over 500 to 535 nm.mCherry fluorescence was collected over
590 to 645 nm. mCherry also was detected separately with excitation at 552 nm,
and the same laser wavelength was used formCherry photobleaching. Changes
in FRET were calculated from the mCherry-GFP fluorescence ratio (Greitzer-
Antes et al., 2013). Photobleaching studies typically were carried out with five
scans to establish the prebleach baseline before photobleaching with 552-nm
light followed by five scans to collect the postbleach data. Fluorescence lifetime
data were acquired until sample sizes exceeded 2,000 photons per pixel. Life-
times were calculated for all pixels within the 256 3 256 pixel frame. Time-
correlated single-photon counting histograms containing the accumulated
decay signals were used for fitting to sums of exponentials and to determine the
decay time constants using SymPhoTime64 software (PicoQuant).

rBiFC Analysis

Confocal images for rBiFC were collected as described above with a 403/
1.30NAoil objective lens. YFP andRFPwere excitedwith 514- and 552-nm light.
YFP and RFP fluorescence emissions were collected over 520 to 565 nm and
560 to 615 nm, respectively. rBiFC fluorescence ratios were calculated as de-
scribed previously after subtracting background fluorescence recorded from
nontransformed tissues prepared in parallel (Blatt and Grefen, 2014; Grefen
et al., 2015; Zhang et al., 2015).

Electrophysiology

For electrical recordings from Xenopus laevis oocytes, plasmids were line-
arized, and capped cRNA was synthesized in vitro using the T7 mMessage
Machine (Ambion). cRNA was verified by gel electrophoresis before mixing to
give the desired molar ratios noted. Mixture volumes were adjusted to the
standard volume using RNase-free water. Stage VI oocytes were isolated from
mature X. laevis, and the follicular cell layer was digested with 2 mg mL21 type
1A collagenase (Sigma-Aldrich) for 20 min before injection. Following injec-
tions, oocytes were incubated in ND96 buffer (96 mM NaCl, 2 mM KCl, 1 mM

MgCl2, 1 mM CaCl2, and 10 mM HEPES-NaOH, pH 7.4) supplemented with
gentamicin (5 mg L21) at 18°C for 3 d before electrophysiological recordings.

Whole-cell currents were recorded under voltage clamp using an Axoclamp
2B two-electrode voltage-clamp circuit (Axon Instruments) as described pre-
viously (Leyman et al., 1999; Sutter et al., 2006). Measurements were performed
under continuous perfusion with 30 mM KCl and 66 mM NaCl with additions of
1.8 mM CaCl2 and 10 mM HEPES-NaOH, pH 7.2. A standard voltage-clamp
cycle was used with a holding voltage of 250 mV and voltage steps from
0 to 2180 mV. Oocytes yielding currents were collected, and total membrane
protein was isolated (Sottocornola et al., 2006) using 20 mL of extraction buffer
per oocyte. Protein expression was verified using commercial antibodies
(Abcam) to myc (KAT1) and HA (VAMP) epitopes.

Plant Growth and Transformation

Wild-type tobacco (Nicotiana tabacum) plants were grown in soil at 26°C and
70% relative humidity on a 16/8-h day/night cycle for 4 to 6 weeks. Plants with
three to four fully expanded leaves were selected and infiltrated with Agro-
bacterium tumefaciens GV3101 carrying the desired constructs as described
previously (Tyrrell et al., 2007; Blatt and Grefen, 2014).

Statistics

Statistical analysis of independent experiments is reported as means6 SE as
appropriate with significance determined by Student’s t test or ANOVA. To

avoid substantial indetermination, standard methods for joint fittings were
applied with one or more selected parameters held in common between data
sets (Honsbein et al., 2009; Grefen et al., 2010; Lefoulon et al., 2014; Zhang et al.,
2015). All fittings were by nonlinear least-squares minimization using a
Marquardt-Levenberg algorithm (Marquardt, 1963) as implemented in Sig-
maPlot version 11.2 (Systat Software).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers At3g11820 (SYP121), At1g12360 (SEC11),
At1g04750 (VAMP721), and At5g01010 (SNAP33).
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Supplemental Figure S1. Alignment of the longin domain of VAMP amino
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Supplemental Table S1. Oligonucleotides that were designed to construct
the clones used in this study.
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