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Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins play a major role in membrane fusion
and contribute to cell expansion, signaling, and polar growth in plants. The SNARE SYP121 of Arabidopsis thaliana that facilitates
vesicle fusion at the plasma membrane also binds with, and regulates, K+ channels already present at the plasma membrane to
affect K+ uptake and K+-dependent growth. Here, we report that its cognate partner VAMP721, which assembles with SYP121 to
drive membrane fusion, binds to the KAT1 K+ channel via two sites on the protein, only one of which contributes to channelgating control. Binding to the VAMP721 SNARE domain suppressed channel gating. By contrast, interaction with the aminoterminal longin domain conferred speciﬁcity on VAMP721 binding without inﬂuencing gating. Channel binding was deﬁned by
a linear motif within the longin domain. The SNARE domain is thought to wrap around this structure when not assembled with
SYP121 in the SNARE complex. Fluorescence lifetime analysis showed that mutations within this motif, which suppressed
channel binding and its effects on gating, also altered the conformational displacement between the VAMP721 SNARE and
longin domains. The presence of these two channel-binding sites on VAMP721, one also required for SNARE complex assembly,
implies a well-deﬁned sequence of events coordinating K+ uptake and the ﬁnal stages of vesicle trafﬁc. It suggests that binding
begins with VAMP721, and subsequently with SYP121, thereby coordinating K+ channel gating during SNARE assembly and
vesicle fusion. Thus, our ﬁndings also are consistent with the idea that the K+ channels are nucleation points for SNARE complex
assembly.

Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins play a major
role in membrane fusion for the targeting and delivery
of membrane, protein, and soluble cargo. They contribute to neurotransmitter release in animals, to
budding and growth in yeast, and to cell expansion,
signaling, and polar growth in plants (Jahn and Scheller, 2006; Lipka et al., 2007; Bassham and Blatt, 2008).
Cognate SNAREs localize to vesicle and target membranes, assembling in complex to overcome the large
dehydration forces associated with bringing two lipid
bilayers together to drive membrane fusion. In vivo,
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SNARE assembly also serves to ensure the correct targeting of vesicles to their destinations.
SNAREs are classiﬁed as Q (Gln)- and R (Arg)SNAREs according to the amino acid residue each
SNARE protein contributes to the central layer formed
between the four cognate peptides in complex
(Fasshauer et al., 1998; Bock et al., 2001; Grefen and
Blatt, 2008). Normally, a SNARE complex assembles
with three Q-SNAREs (Qa, Qb, and Qc) and one
R-SNARE. R-SNAREs usually are localized to the vesicle membrane and often are referred to as vesicleassociated membrane proteins, or VAMPs. VAMPs
can be subdivided into two groups: short VAMPs, or
brevins, and long VAMPs, or longins (Rossi et al., 2004).
To date, plant genomes have been found to encode only
longins (Bassham and Blatt, 2008), each consisting of a
single C-terminal transmembrane domain, a central
R-SNARE motif, and an N-terminal longin domain
(Filippini et al., 2001). The three-dimensional structures
of longin domains from several R-SNAREs have been
solved (Gonzalez et al., 2001; Tochio et al., 2001). These
analyses indicate that the domain forms a paddle-like
structure, containing a ﬁve-stranded b-sheet core sandwiched between an a-helix on one side and two a-helices
on the other. This structure is consistent with its ability to
fold and for the SNARE motif to wrap around the longin
domain and mask its exposure to the cytosol when not in
a SNARE complex (Kent et al., 2012).
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R-SNAREs of the model plant Arabidopsis (Arabidopsis thaliana) show some homologies to VAMP7, an
endomembrane R-SNARE found in neuromuscular tissues (Sanderfoot, 2007). Nonetheless, the eight members
of the VAMP72 subgroup of proteins are unique to green
plants and, with few exceptions, are responsible primarily for secretion at the plasma membrane (Uemura
et al., 2004; Sanderfoot, 2007; Zhang et al., 2015). The
R-SNAREs VAMP721 and VAMP722 assemble in complex with the plasma membrane Qa-SNARE SYP121
(Karnik et al., 2013b, 2015). SYP121 also binds with the
K+ channels KC1 and KAT1, altering channel gating to
promote K+ uptake and conferring a voltage dependence
to secretory trafﬁc for growth (Honsbein et al., 2009,
2011; Grefen et al., 2010, 2015). Binding with SYP121 has
been shown to promote vesicle trafﬁc with osmotic solute uptake, including that of K+, effectively coordinating
the two processes and maintaining turgor as the cell
expands (Karnik et al., 2017).
Intriguingly, we found that VAMP721 binding suppresses channel activity (Zhang et al., 2015) in a manner
opposing that of SYP121, and overexpressing the
R-SNARE suppressed K+-dependent root growth.
These and additional observations were consistent with
a binding exchange between the R- and Qa-SNAREs
coordinating SNARE complex assembly with ion
transport, but they raised questions about the binding
domain on VAMP721 for the K+ channels, the conformational changes necessary for channel binding, and
the sequence of K+ channel interactions between the
two SNARE proteins. Here, we report that binding of
the K+ channels with the VAMP721 longin domain is
associated with a linear sequence of amino acid residues centered on Tyr-57 and necessary for channel
binding to the full-length R-SNARE. We also report that
a second site, associated with the SNARE domain, is
critical for channel gating control. Access to this second
site depends on the conformation of the longin domain
and its coordination with the SNARE domain, and this
process also is associated with the residues around Tyr-57.
These ﬁndings lead to the proposal that the longin domain of VAMP721 forms a closed structure with Tyr-57 at
its center, and this structure aids in positioning VAMP721
to facilitate K+ channel interaction as well as in initiating
its coordination with the cognate SNARE proteins.

RESULTS
VAMP721 Harbors K+ Channel-Binding Sites in the
Longin and SNARE Domains

Our previous studies indicated that VAMP721, but
not the endomembrane VAMP723, interacts with the
KAT1 and KC1 K+ channels through a binding site associated with the residue Tyr-57 in the longin domain of
the R-SNARE (Zhang et al., 2015). These studies offered
no further details of the binding domain(s) or whether
binding might be associated with the SNARE domain,
as has been reported in animals (Lvov et al., 2008; Tsuk

et al., 2008). To resolve the extent of the binding site, we
prepared truncated proteins of VAMP721 and VAMP723
and investigated their interaction with the KAT1 K+
channel using the yeast mating-based split-ubiquitin
system (mbSUS) assay, as described before (Grefen
et al., 2007; Zhang et al., 2015). VAMP721 and VAMP723
were divided into three regions (Fig. 1A; Supplemental
Fig. S1) comprising the longin domain, the SNARE domain, and the transmembrane domain, with two breaks
at the junctions Asp-126Glu-127 and Arg-185Lys-186 for
VAMP721 and Asp-126Glu-127 and Arg-181Lys-182 for
VAMP723.

Figure 1. The longin and SNARE domains of VAMP721 interact with
the KAT1 K+ channel. A, The longin domain (blue), the SNARE domain
(R-SNARE motif; green), and the transmembrane domain (TM; yellow)
are shown with sequence breaks used in the protein expression of
VAMP721 and VAMP723 as shown. B, Diploid yeast expressing KAT1Cub as bait with NubG-X fusions of different truncated VAMPs and
controls (negative, NubG; positive, NubI) as prey were spotted onto
different media as indicated. VAMP721 and VAMP723 were included
for comparison. Cartoons (left) provide a guide to the expressed domains. 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 50 mM Met to CSMLTUMAH
was used to verify interaction with KAT1-Cub expression suppressed.
Yeast were dropped at 1 and 0.1 optical density at 600 nm (OD600) in
each case. Incubation time was 24 h for the CSMLTUM plate and 72 h for
CSMLTUMAH plates. Western-blot analysis (5 mg of total protein per lane)
of the haploid yeast used in mating (right) used aHA antibody for the
VAMP fusions and aVP16 antibody for the K+ channel fusions.
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Figure 1B shows the assays from one of three independent experiments, each yielding similar results. For
VAMP721, the diploid yeast grew well on the
interaction-selective medium CSMLTUMAH when carrying the K+ channel-Cub fusions with Nub fusions including both the longin domain (721Δ127-219) and the
SNARE domain (721Δ1-126 or 721127-185). The longin
domain incorporates the Tyr-57 site, so growth with Nub
fusions lacking this domain indicated a second binding
site associated with the SNARE motif of VAMP721. We
carried out parallel assays using VAMP723, which
normally does not interact with the K+ channels (Zhang
et al., 2015). Assays with the equivalent protein truncations showed no yeast growth with the Nub fusion
of the VAMP723 longin domain (723Δ127-217), but growth
was recovered with truncated proteins incorporating
the VAMP723 SNARE domain (723Δ1-126 and 723127-181).
These results indicated that both the longin and SNARE
domains of VAMP721 interact with the K+ channel;
they also suggested that the interaction between a
SNARE motif and the K+ channel is likely to be common
among the VAMP72 proteins, at least in this heterologous system.
We assessed the VAMP-KAT1 interactions in vivo,
cloning each of the full-length and truncated VAMP
fragments into the ratiometric bimolecular ﬂuorescence
complementation (rBiFC) 2in1 vector system and transiently transforming tobacco (Nicotiana tabacum) leaves
as described before (Zhang et al., 2015). Figure 2 shows
a set of representative rBiFC ﬂuorescence images from
one experiment along with a summary of the results
from all three independent experiments. The measurements from tissues expressing the vector with KAT1
alone and with the iLOV protein as the nYFP fusion
(Karnik et al., 2013b, 2015) were included as negative
controls. iLOV is an unrelated, soluble protein that is
expressed constitutively in Arabidopsis (Chapman
et al., 2008) and, therefore, is suitable to control for
nonspeciﬁc interactions of an nYFP fusion construct.
All of the constructs made use of coexpression with
soluble RFP, which provided a transformation control
and allowed ratiometric quantiﬁcation of the rBiFC
ﬂuorescence (Grefen and Blatt, 2012). These results
demonstrated a highly signiﬁcant rBiFC signal when
KAT1 was coexpressed with VAMP721 and each of the
VAMP721 fragments, but not with VAMP723 or its
longin domain (723Δ127-217). Thus, in vivo as in the yeast
assay, the association of the K+ channel with the SNARE

Figure 2. The longin and SNARE domains of VAMP721 interact with the
KAT1 K+ channel in vivo. rBiFC analysis shows KAT1 interaction with
VAMP721 and VAMP723 and with their truncations. Yellow fluorescent
protein (YFP) and red fluorescent protein (RFP) fluorescence was collected
from tobacco transformed using the pBiFCt-2in1-NC (Grefen and Blatt,
2012) 2in1 vector. A, Images are (left to right) YFP (rBiFC) fluorescence,
RFP fluorescence, and bright field. Constructs (top to bottom) expressed
KAT1-cYFP with the empty cassette (Control) or nYFP-X fusions with iLOV
538

as a negative control and with VAMP721, VAMP723, and their truncations.
Cartoons (left) provide a guide to the expressed domains. Immunoblot
analysis used aHA and amyc antibodies to verify fusion protein expression
(right). Bar = 10 mm. B, rBiFC fluorescence signals from three independent
experiments. Each bar represents the mean 6 SE of fluorescence intensity
ratios of 10 images per experiment taken at random over the leaf surface.
rBiFC signals were calculated as the mean fluorescence intensity ratio determined from each image set after subtracting the background fluorescence determined from an equivalent number of images taken from
nontransformed tissues. Significance is indicated by letters at P , 0.01.
Plant Physiol. Vol. 173, 2017
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domain appeared promiscuous, whereas interaction
with the longin domain was speciﬁc for VAMP721.
The SNARE Motif, Not the Longin Domain, of VAMP721
Affects K+ Channel Activity

To explore the functional consequences of different
interaction sites of VAMP721 on K+ channel activity,
full-length VAMP721 and VAMP723, and the truncated
VAMP fragments, were heterologously expressed with
KAT1 in Xenopus laevis oocytes to record the K+ current
under voltage clamp (Grefen et al., 2010; Lefoulon et al.,
2014; Zhang et al., 2015). Because VAMP721 affects

KAT1 current in a stoichiometric fashion (Zhang et al.,
2015), we included complementary RNAs (cRNAs) for
each of the VAMP constructs in a 1:4 KAT1:VAMP
ratio, and expression was veriﬁed by immunoblot in
each case.
Figure 3 presents the mean, steady-state currentvoltage relations from each of seven experiments for
KAT1 and each of the combinations along with representative current traces cross-referenced by symbol and
representative immunoblots from one experiment.
Under voltage clamp, oocytes expressing the VAMP
constructs alone and oocytes injected with water
showed only background current. Oocytes injected
with KAT1 cRNA showed the typical inward-rectifying

Figure 3. Coexpressing the SNARE, but not the longin domain, of VAMP721 suppresses KAT1 K+ current. A, Mean steady-state
current-voltage curves recorded under voltage clamp in 30 mM K+ for each set of constructs with oocytes expressing water,
VAMP721, and VAMP723 alone (black inverted triangles) and KAT1 alone (white circles) and with VAMP721 (black circles),
VAMP723 (white squares), VAMP721D127-219 (black squares), VAMP721D1-126 (white diamonds), VAMP723D127-217 (black triangles),
and VAMP723D1-126 (white hexagons). Data are means 6 SE of seven experiments. KAT1 and VAMP cRNAs were coinjected in a 1:4
ratio. Clamp cycles are as follows: holding voltage, 250 mV; voltage steps, 0 to 2180 mV; and tail voltage, 250 mV. Representative
current traces from one experiment are shown (insets). Solid curves are the results of joint, nonlinear least-squares fitting of the K+
currents (IK) to the Boltzmann function (Eq. 1). Best and visually satisfactory fittings were obtained allowing V1/2 and gmax to vary
between curves while holding the voltage-sensitivity coefficient (d) in common between curves. Scale bars = 10 mA (vertical) and 2 s
(horizontal). B and C, Means 6 SE for the K+ channel-gating parameters V1/2 (B) and current amplitude at 2160 mV (C) recorded from
oocytes for the data shown in A. Parameters were derived from joint fittings to a Boltzmann function (Eq. 1). Significance is indicated
by letters at P , 0.01. Immunoblots verifying VAMP (aHA antibody) and KAT1 (amyc antibody) expression in oocytes collected after
electrical recordings are shown below for one experiment with Ponceau S stain included as a loading control.
Plant Physiol. Vol. 173, 2017
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K+ current (Lefoulon et al., 2014). Coexpression with
VAMP723 had no visible effect on this current, but
coexpression with VAMP721 suppressed the K+ current,
much as reported before (Zhang et al., 2015). Coexpression with the longin domains of the two R-SNAREs,
VAMP721Δ127-219 and VAMP723Δ127-217, also showed no
visible effect on the K+ current. However, coexpression
of the VAMP721Δ1-126 and VAMP723Δ1-126 fragments, incorporating the respective SNARE domains, suppressed
the K+ current in a manner qualitatively similar to that of
the full-length VAMP721.
To quantify the characteristics of KAT1 gating, the
mean, steady-state current-voltage curves were ﬁtted
jointly to a Boltzmann function as

.
ð1Þ
IK ¼ gmax ðV-EK Þ 1 þ edFðV-V1=2 Þ=RT
where gmax is the conductance maximum, EK is the equilibrium voltage for K+, V1/2 is the voltage yielding halfmaximal conductance, d is the apparent gating charge
or voltage sensitivity coefﬁcient (Dreyer and Blatt,
2009), V is the membrane voltage, and F, R, and T
have their usual meanings. Statistically and visually
satisfactory ﬁttings (Fig. 3, solid lines) were obtained
with d held in common and only gmax and V1/2 allowed
to vary between data sets, and these results are included in Table I. KAT1 expression alone yielded a
V1/2 of 2132 mV and a gmax of 1.52 mS, much as
reported before (Hoshi, 1995; Lefoulon et al., 2014).
Coexpressing KAT1 with VAMP723, VAMP721Δ127-219,
and VAMP723Δ127-217 was without effect, but coexpression with VAMP721 and VAMP721Δ1-126 reduced gmax
and displaced V1/2 to more negative voltages. With
VAMP723Δ1-126, the analysis also indicated a decrease
in gmax and displacement of V1/2. Thus, although the
longin domain of VAMP721 itself interacts with the
KAT1 K+ channel (Figs. 1 and 2), functional analysis
indicated that VAMP721 action on K+ gating depends

on interactions with the R-SNARE motif. The stronger
action of the VAMP721 SNARE domain compared with
the full-length protein also suggested a role for the
longin domain in moderating SNARE motif binding,
as if the longin domain affected its interaction with
the channels, thus raising questions about the associated interaction surface of the longin domain and its
relationship with the SNARE domain.
The VAMP721 Tyr-57 Forms the Core of an Extended
K+ Channel Interaction Motif

Previously, we found that exchange between
VAMP721 and VAMP723 of the single residue at position
57 was sufﬁcient to prevent the channel binding of
VAMP721 and introduce binding with VAMP723; thus,
the VAMP721Y57D mutant failed to interact in mbSUS
assays and to alter channel current in oocytes, whereas
VAMP723D57Y conferred R-SNARE interaction and gating
alterations with the K+ channel. Other substitutions at this
site were less effective. Notably, the VAMP721Y57A substitution showed only marginal effects in its association
with KAT1 in yeast (Zhang et al., 2015). Therefore, we
used this weakened VAMP721Y57A mutant to test the effects of second, single-site mutants introduced sequentially in an Ala-scanning approach for mbSUS analysis.
Figure 4 summarizes the results from one of three independent trials, each yielding similar results, with KAT1 as
the bait and with Ala substitutions introduced at residues
from Glu-51 to Val-68. These experiments showed strong
suppression of yeast growth with Ala substitutions at
each residue from Gly-52 to Asn-56 and at residues Leu58, Val-59, Glu-60, Gly-62, and Tyr-65. These results indicate that an extended, linear sequence of residues,
GHTFNY57LVExGxxY, is important for the interaction of
the VAMP721 longin domain with the K+ channel.
As a test of the functional consequences of this extended linear sequence in VAMP721, we chose the

Table I. Coexpressing the SNARE motif of VAMP721 and VAMP723, but not the longin domain, suppresses KAT1 K+ current and alters channel gating in Xenopus oocytes
Parameter values are results of joint, nonlinear least-squares fitting of K+ currents in Figure 3. The cRNAs
of KAT1 and VAMPs were coinjected in a 1:4 ratio in all oocytes. Fittings were carried out with the gating
charge (d) held in common, and values for V1/2 and gmax were allowed to vary between data sets. Data for
KAT1 alone, KAT1 + 4VAMP723, KAT1 + 4VAMP721D127-219, and KAT1 + 4VAMP723D127-217 were visually
indistinguishable; therefore, gmax values were fitted jointly to simplify analysis. Similarly, gmax values for
KAT1 + 4VAMP721, KAT1 + 4VAMP721D1-126, and KAT1 + 4VAMP723D1-126 were fitted jointly. Data are
from seven or more separate experiments for each construct combination and are given as means 6 SE.
Significance, as the difference from KAT1 expressed alone at P , 0.01, is indicated by asterisks.
Sample

KAT1
KAT1
KAT1
KAT1
KAT1
KAT1
KAT1
540

+
+
+
+
+
+

4VAMP723
4VAMP721D127-219
4VAMP723D127-217
4VAMP721
4VAMP721D1-126
4VAMP723D1-126

V1/2

gmax

d

mV
2131.8 6 0.9
2133.0 6 0.6
2132.5 6 0.6
2133.6 6 0.6
2148.1 6 1.9*
2173.9 6 1.0*
2133.6 6 1.5

S m22
1.52 6 0.01

21.44 6 0.03

0.73 6 0.02
0.80 6 0.01

Plant Physiol. Vol. 173, 2017

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

VAMP721 Conformation in K+ Channel Gating

analysis for all of the data along with supporting immunoblot analysis to validate expression. Best ﬁttings of
the steady-state currents to Equation 1 were obtained
with d held in common at 1.43 6 0.04 while allowing gmax
and V1/2 to vary between data sets (Fig. 5; Table II).
When coexpressed with KAT1, we found that the
wild-type VAMP721 and the interacting mutant
VAMP721Y57D,D61A each yielded K+ currents with similar
characteristics, including reduced current amplitudes and a
negative shift in V1/2. By contrast, coexpressing KAT1 with
VAMP721Y57D, VAMP721Y57D,F55A, and VAMP721Y57D,Y65A
generated K+ currents and characteristics that were statistically indistinguishable from those obtained on expressing
KAT1 alone. These results indicated that the noninteracting
double mutants of VAMP721 prevent R-SNARE-dependent
alterations in K+ channel gating much as does VAMP721Y57D.
Tyr-57 and Residues around It Determine VAMP721
Folding Conformation

Figure 4. KAT1 interaction with mutants in the VAMP721Y57A background defines the interaction motif GHTFNY57LVExGxxY. Diploid
yeast expressing KAT1-Cub as bait with NubG-X fusions of VAMP721Y57A and its double mutants and controls (negative, NubG; positive, NubI) as prey were spotted onto different media as indicated.
VAMP721 and VAMP723 were included for comparison. 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 50 mM Met to CSMLTUMAH was used to verify interaction with KAT1-Cub expression suppressed. Yeast were dropped at
1 and 0.1 OD600 in each case. Incubation time was 24 h for the CSMLTUM
plate and 72 h for CSMLTUMAH plates. Western-blot analysis (5 mg of total
protein per lane) of the haploid yeast used in mating (right) used aHA
antibody for the VAMP fusions and aVP16 antibody for the K+ channel
fusions.

double mutants VAMP721Y57A,F55A, VAMP721Y57A,Y65A,
and, as a control, VAMP721Y57A,D61A. Constructs were
prepared for heterologous expression with KAT1 in
Xenopus oocytes, in each case in a 1:4 KAT1:VAMP ratio. Again, we recorded the K+ current under voltage
clamp and analyzed the results to extract channel-gating
parameters as described above. Figure 5 shows the K+
current curve for each set along with current traces
recorded under voltage clamp from seven or more independent experiments, and it includes a comparative

Analysis of several R-SNAREs indicates that R-SNARE
longin domains form globular structures (Gonzalez
et al., 2001; Tochio et al., 2001) that are capable of
folding back on the SNARE domain (Pryor et al., 2008;
Kent et al., 2012). Because we suspected that Tyr-57
and the residues around it might affect the longin
conformation and its interaction with the SNARE
domain, we sought to explore this possibility using
Förster resonance energy transfer (FRET). The efﬁciency of FRET energy transfer is high over molecular
dimensions and falls off with the sixth power of distance between donor and acceptor ﬂuorophores,
making the FRET ﬂuorescence signal ideal for structural studies of proteins and their complexes in vivo
(Deniz et al., 2000; Kang et al., 2012; Greitzer-Antes
et al., 2013).
For the purpose of analyzing intraprotein conformation,
we constructed the intramolecular FRET destination vector
pFRET-NcCg-Dest to incorporate a 35S-driven, Gatewaycompatible cassette with the mCherry ﬂuorophore as the
acceptor at the N terminus and GFP as the donor at the C
terminus. Therefore, fusion constructs generated in this
vector were ﬂanked at each end by the respective FRET
ﬂuorophores (Fig. 6A). We expressed fusion proteins using
the cytosolic VAMP721DC fragment shown previously to
interact with the channel (Zhang et al., 2015) and to assemble in complex with its cognate SNAREs in vitro
(Karnik et al., 2013b). Additionally, we created fusion constructs with the mutant VAMP721DC,Y57A, the noninteracting site mutants VAMP721DC,Y57D, VAMP721DC,Y57A,F55A,
and VAMP721 DC,Y57A,Y65A , and, as a control, the
VAMP721DC,Y57A,D61A mutant. We also generated similar fusions with the cytosolic domain of SYP121 for
comparison. Previous studies of SYP121 (Karnik et al.,
2013b, 2015) indicated that the Habc domain of SYP121
folds back on the Qa-SNARE motif, much as has been
reported for several mammalian Qa-SNAREs (Jahn and
Scheller, 2006; Bassham and Blatt, 2008; Südhof and
Rothman, 2009), and the open conformation of SYP121
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Figure 5. Mutants in the VAMP721Y57A background affecting KAT1 binding also suppress the K+ current. A, Mean steady-state
current-voltage curves recorded under voltage clamp in 30 mM K+ for each set of constructs with oocytes expressing water and
VAMP721 alone (black inverted triangles) and KAT1 alone (white circles) and with VAMP721 (black circles), VAMP721Y57D
(white diamonds), VAMP721Y57A,F55A (white triangles), VAMP721Y57A,D61A (white inverted triangles), and VAMP721Y57A,Y65A
(black squares). KAT1 and VAMP cRNAs were coinjected in a 1:4 ratio. Clamp cycles were as follows: holding voltage, 250 mV;
voltage steps, 0 to 2180 mV; and tail voltage, 250 mV. Solid curves are the results of joint, nonlinear least-squares fitting of the K+
currents (IK) to a Boltzmann function (Eq. 1). Best and visually satisfactory fittings were obtained allowing V1/2 and gmax to vary
between curves while holding the voltage-sensitivity coefficient (d) in common between curves. Scale bars = 5 mA (vertical)
and 2 s (horizontal). B and C, Means 6 SE for the K+ channel-gating parameters V1/2 (B) and current amplitude at 2160 mV (C)
recorded from oocytes for the data shown in A. Parameters were derived from joint fittings to a Boltzmann function (Eq. 1).
Significance is indicated by letters at P , 0.01. Immunoblots verifying VAMP (aHA antibody) and KAT1 (amyc antibody) expression in oocytes collected after electrical recordings are shown below for one experiment with Ponceau S stain included as a
loading control.

is stabilized by Ala substitutions of Leu-185 and Glu186 (Karnik et al., 2013b). Therefore, these fusion constructs of SYP121ΔC and SYP121ΔC,L185A,D186A served as
positive controls for analysis.
Figure 6B shows representative FRET images from
one experiment for each of the constructs, and Figure
6C summarizes the data from three independent experiments. As each construct incorporated both ﬂuorophores, we used GFP ﬂuorescence as a measure of
transformation and determined the ratio of mCherry
ﬂuorescence to that of GFP to estimate FRET by sensitized emission. These measurements were further
542

validated by acceptor photobleaching. Compared with
SYP121ΔC, SYP121ΔC,L185A,D186A yielded a lower FRETGFP ratio, consistent with an open conformation of
SYP121. Of the VAMP721 constructs, the mutants
VAMP721ΔC,Y57A and VAMP721ΔC,Y57A,D61A each
retained a signiﬁcant FRET signal. However, each of the
mutants VAMP721ΔC,Y57D, VAMP721ΔC,Y57A,F55A, and
VAMP721ΔC,Y57A,Y65A showed a substantial reduction in
FRET signal. These results thus paralleled the pattern of
K+ channel interactions observed with the corresponding VAMP721 mutants when expressed in yeast
and oocytes (Figs. 3–5).
Plant Physiol. Vol. 173, 2017
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Table II. Coexpressing VAMP721Y57A,D61A, but not VAMP721Y57A,F55A or VAMP721Y57A,Y65A, suppresses
KAT1 K+ current and alters channel gating in Xenopus oocytes
Parameter values are results of joint, nonlinear least-squares fitting of K+ currents in Figure 5. The cRNAs
of KAT1 and VAMPs were coinjected in a 1:4 ratio in all oocytes. Fittings were carried out with the gating
charge (d) held in common, and values for V1/2 and gmax were allowed to vary between data sets. Data for
KAT1 alone, KAT1 + VAMP721Y57D, KAT1 + VAMP721Y57A,F55A, and KAT1 + VAMP721Y57A,Y65A were visually indistinguishable; therefore gmax values were fitted jointly to simplify analysis. Similarly, gmax values
for KAT1 + VAMP721 and KAT1 + VAMP721Y57A,Y65A were fitted jointly. Data are from seven or more
separate experiments for each construct combination and are given as means 6 SE. Significance, as the
difference from KAT1 expressed alone at P , 0.01, is indicated by asterisks.
Sample

KAT1
KAT1
KAT1
KAT1
KAT1
KAT1

+
+
+
+
+

4VAMP721Y57D
4VAMP721Y57A,F55A
4VAMP721Y57A,Y65A
4VAMP721
4VAMP721Y57A,D61A

V1/2

mV
131.6 6 0.7
130.0 6 0.7
133.1 6 0.7
129.0 6 0.7
145.7 6 1.8*
142.0 6 1.9*

As a ﬁnal test of VAMP721 conformation with these
several mutants, we used ﬂuorescence lifetime imaging
(FLIM) analysis in four independent experiments to
quantify the ﬂuorescence decay lifetimes and their spatial
distribution within cells. The presence of an acceptor ﬂuorophore in FRET provides an energy sink for the donor,
accelerating its decay from the excited to the ground state
(Ishikawa-Ankerhold et al., 2012), and this effect on ﬂuorescence decay kinetics offers an independent measure of
FRET that is unaffected by the ﬂuorophore concentration.
To validate FLIM outputs, we compared GFP ﬂuorescence decay on expressing SYP121ΔC-GFP alone with
that of the FRET constructs mCherry-SYP121ΔC-GFP
and mCherry-SYP121ΔC,L185A,D186A-GFP. These measurements were then repeated with the complementary
VAMP721 constructs VAMP721ΔC-GFP, mCherryVAMP721ΔC-GFP, and mCherry-VAMP721ΔC,Y57D-GFP.
In each case, ﬂuorescence decay was ﬁtted to sums of
exponentials as
Ft ¼ A1 e-t=t1 þ A2 e-t=t2 þ.þ An e-t=tn

ð2Þ

where An is the number of photons at time t and t n is the
corresponding time constant.
In every case, satisfactory ﬁttings were obtained with
two exponential components and are summarized in
Figure 7A and Table III. A comparison of the time
constants for the two sets of constructs shows that the
presence of the mCherry acceptor accelerated GFP ﬂuorescence decay with the SYP121ΔC and VAMP721ΔC
backbones and that, in each case, the primary effect was
on the major component of the ﬂuorescence amplitude. Furthermore, introducing the VAMP721ΔC,Y57D
mutation, like the forced-open Qa-SNARE mutant
SYP121ΔC,L185A,D186A, led to a recovery in the kinetics of
this relaxation close to that of the fusion constructs with
GFP alone.
To validate the changes in relaxation kinetics, we
carried out photobleaching studies to locally eliminate
the acceptor ﬂuorophore and compare the effects on

gmax

d

22

Sm
1.75 6 0.02

1.43 6 0.04

0.75 6 0.02

GFP ﬂuorescence in the same samples. Acceptor photobleaching normally leads to an increase in donor
ﬂuorescence if the acceptor would otherwise provide
an energy sink; therefore, the ﬂuorescent signal increase
of the donor can be used to measure the efﬁciency of
FRET. Figure 7B shows the results from one set of
photobleaching experiments with VAMP721ΔC-GFP
(left) and mCherry-VAMP721ΔC-GFP (right). The ﬂuorescence plots were taken along the transects shown
that span the photobleached areas marked by the
boxed regions in the image frames. We determined
the mean GFP intensities after and before photobleaching for each of the Qa-SNARE and R-SNARE
constructs and calculated the FRET efﬁciency in each
sample as
E ¼ ðDa -Db Þ=Da

ð3Þ

where Da and Db are mean GFP intensities after and
before photobleaching, respectively. The results (Fig.
7C) show a high FRET efﬁciency for VAMP721ΔC, a
lesser efﬁciency for SYP121ΔC, and both declined to a
common baseline around 5% with VAMP721ΔC,Y57D and
SYP121ΔC,L185A,D186A mutants.
Finally, we tested whether the mutation of Tyr-57
affected VAMP721 binding with SYP121 and its assembly in the SNARE complex. For this purpose, we
used independent strategies of mbSUS and pull-down
assays. The mbSUS assays were carried out using
SYP121DC fused to a modiﬁed integral membrane protein subunit of the yeast oligosaccharyltransferase
complex, mOST4, to provide a bait with an N-terminal
anchor, and pull-down assays made use of SYP121DC
fused to Protein A (SYP121DC-2PA) that retains the capacity for SNARE complex assembly with SNAP33
and VAMPDC (Karnik et al., 2013b, 2015). To improve
solubility, the pull-down experiments were carried
out with the N-terminally truncated SNAP33D1-100,
which retains its cognate SNARE-binding domains
(Supplemental Fig. S2). Figure 8 shows the results from
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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 FRET outputs for the
VAMP721DC and VAMP721DC,Y57D constructs. LB, Left border; RB, right border. B, FRETanalysis of mCherry and GFP fluorescence
by sensitized emission. Images were collected from tobacco transiently transformed with pFRET-NcCg-DEST vector incorporating
VAMP721DC, VAMP721DC,Y57A, VAMP721DC,Y57D, VAMP721DC,Y57A,F55A, VAMP721DC,Y57A,D61A, and VAMP721DC,Y57A,Y65A, including 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, Mean 6 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 selected 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.

one of three experiments in each case, all yielding
similar results. Yeast growth was rescued, even in the
presence of 500 mM Met, with the mOST4-SYP121DC bait
and both the wild-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 terminus, from that of the C-terminal end of the SNARE
544

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

DISCUSSION

Plant growth requires ion transport for osmotic solute 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
Plant Physiol. Vol. 173, 2017
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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 (Da 2 Db)/Da, where Da and Db are the mean GFP intensities after and before photobleaching, respectively.
Significance at P , 0.01 is indicated by letters.

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 accumulation 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 assembly that drives vesicle fusion.

One clue to such integration has come from the discovery 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 channel binding, the nature of the binding domains on the
R-SNARE, and the sequence of binding events leading to
vesicle fusion. We have now built on this previous study,
undertaking a detailed analysis of binding with the
KAT1 K+ channel and its implications for VAMP721
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Table III. The value of t 1 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

Control-SYP121ΔC
SYP121ΔC
SYP121ΔC,L185A,D186A
Control-VAMP721ΔC
VAMP721ΔC
VAMP721ΔC,Y57D

t1

2.799
2.678
2.735
1.947
1.808
1.911

ns
6
6
6
6
6
6

0.015
0.011
0.008
0.065
0.027
0.040

t2

A
B
A
a
b
a

1.341
1.342
1.346
5.823
5.835
5.827

6
6
6
6
6
6

Previously, we reported that VAMP721 binding suppressed KC1 and KAT1 K+ currents, in each case by
reducing the ensemble channel conductance and displacing 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

0.014
0.013
0.014
0.048
0.008
0.005

conformation. These studies show that the critical residue 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 domain, 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 analysis 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, although interactions of the Kv2.1 K+ channel in mammals, 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 promiscuous 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 explore the possibility, it is plausible that the transmembrane anchor, too, may associate with the channel
protein, if only because, within the membrane bilayer,
bait and prey proteins are constrained in their movements 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.
546

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 mOST4SYP121DC as bait and VAMP721 or VAMP721Y57D as prey-alone controls (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 pulldown 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).
Plant Physiol. Vol. 173, 2017
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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 corresponding longin domains, and an intermediate set of
characteristics was observed on coexpressing the fulllength VAMP721 with KAT1. In each case, changes in
gmax might be understood if VAMP coexpression affected 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 consequences 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 stability. Regardless of any mechanistic interpretation, these
ﬁndings imply a more substantial interaction surface
for control of the R-SNARE than was recognized previously (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 underscores 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 unstructured SNARE domain wraps around this paddle (Kent
et al., 2012). Mapping VAMP721 to these data (Fig. 9)
indicates that the sequence GHTFNY57LVExGxxY is

Figure 9. The predicted structure of VAMP721 in ribbon (A) and partially 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.

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 obtained with the double
mutants VAMP721DC,Y57A,F55A and VAMP721DC,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
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5). By contrast, VAMP721DC,Y57A and the internal control 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 facilitates 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 mediated by the full-length VAMP721. At present, it is not
possible to resolve this seeming paradox unambiguously, 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. Additionally, gating is more strongly affected by the VAMP721D1-126
peptide lacking the longin domain than by the fulllength 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, therefore, is that unwrapping the SNARE domain is necessary 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
and VAMP723D1-126 truncations differ in conformation if
not in their effects on channel gating.
Distinguishing between these alternatives will require 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 sequence of events leading to vesicle fusion. Like
VAMP721, SYP121 interacts with both the KC1 and
KAT1 K+ channels, but with opposing effects on channel gating (Honsbein et al., 2009, 2011; Grefen et al.,
2010, 2015; Zhang et al., 2015). This functional juxtaposition 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 assembly 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 unwrapped, 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 associates with the N terminus of the Qa-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 engineered 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 VAMP721channel 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 turnover, 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. Speciﬁcity 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 channelbinding sites on VAMP721, one also required for
SNARE complex assembly, implies a well-deﬁned sequence 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-2in1Dest (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 endonuclease 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 Technologies). 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 desired mutation for later identiﬁcation by restriction endonuclease digestion.
For split-ubiquitin system assays, KAT1 was recombined in pMetYC-Dest (Grefen
et al., 2009). VAMP constructs were recombined in pNX35-Dest. For electrophysiological analysis, KAT1 was recombined in pGT-Dest, which introduced a C-terminal
myc tag, and the VAMP constructs were recombined in pGT-nHA-Dest (Zhang et al.,
2015). For FRET analysis, all constructs were introduced into the pFRET-NcCg-Dest
vector. Gateway entry clones and destination clones were ampliﬁed using Top10 cells
(Life Technologies) with the appropriate antibiotic, either 20 mg L21 gentamicin for
entry clones or 100 mg L21 spectinomycin for destination clones.
For protein expression and pull-down assays, we used the truncated recombinant SYP121 fused to protein A, SYP121DC-2PA, as described previously (Karnik
et al., 2013b). Additionally, the pETDuet vector was modiﬁed to express the
cognate SNARE proteins with C-terminal Flag (DYKDDDDK) or 63 His tags. We
truncated SNAP33 to generate SNAP33D1-100 and improve solubility during puriﬁcation without affecting the cognate SNARE domains. Flag-tagged VAMP721DC
and VAMP721DC,Y57D proteins were 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 59 NcoI and 39 KpnI sites before ligation into the modiﬁed 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 performed with pools of 10 to 15 yeast colonies selected and inoculated into
selective medium (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 transferred 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 on CSMLMTU control plates to conﬁrm mating 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 commercial 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 agarose- or IgG-coupled Sepharose resin as described previously (Karnik et al.,
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Zhang et al.
2013b, 2015). SYP121DC was immobilized as bait. Truncated proteins for the Qa-,
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.

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 SigmaPlot version 11.2 (Systat Software).

Sensitized Emission FRET and FRET-FLIM Analyses

Accession Numbers

Confocal images were collected using a Leica TCS SP8-SMD confocal microscope 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 for mCherry photobleaching. Changes
in FRET were calculated from the mCherry-GFP ﬂuorescence ratio (GreitzerAntes 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. Lifetimes were calculated for all pixels within the 256 3 256 pixel frame. Timecorrelated 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).

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).

The following supplemental materials are available.
Supplemental Figure S1. Alignment of the longin domain of VAMP amino
acid sequences.
Supplemental Figure S2. SNAP33 structure and its truncation.
Supplemental Table S1. Oligonucleotides that were designed to construct
the clones used in this study.
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rBiFC Analysis
Confocal images for rBiFC were collected as described above with a 403/
1.30NA oil objective lens. YFP and RFP were excited with 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 described 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 linearized, 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 injections, 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 previously (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 Agrobacterium 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 means 6 SE as
appropriate with signiﬁcance determined by Student’s t test or ANOVA. To
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