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" We have purified the mammalian synaptophysin/synaptobrevin (SYP/VAMP2) complex to

: homogeneity in the presence of cholesterol and determined the 3D EM structure by single particle
reconstruction. The structure reveals that SYP and VAMP2 assemble into a hexameric ring wherein 6
SYP molecules bind 6 VAMP2 dimers. Using the EM map as a constraint, a three dimensional atomic

: model was built and refined using known atomic structures and homology modeling. The overall

. architecture of the model suggests a simple mechanism to ensure cooperativity of synaptic vesicle

. fusion by organizing multiple VAMP2 molecules such that they are directionally oriented towards

© the target membrane. This is the first three dimensional architectural data for the SYP/VAMP2

. complex and provides a structural foundation for understanding the role of this complex in synaptic

: transmission.

© Synaptic vesicles (SV) are the organelles that traffic neurotransmitter to the synaptic cleft and propagate
. signals between neurons upon fusion with the plasma membrane. The SV lifecycle is complex and care-
. fully regulated from endocytosis, maturation and neurotransmitter loading to docking and release. The
- fusion event is mediated by the interaction of the v-SNARE synaptobrevin2 (VAMP2) with the t-SNAREs
© syntaxin-1/SNAP-25!. Disruption at any point in the SV cycle can result in dysfunction leading to a
* myriad of neurological and neurodegenerative disorders®™*. Synaptophysin (SYP) was one of the first
© synaptic proteins identified more than 40 years ago>® yet its biochemical function has remained elusive
. and ascribing a clear role in the synaptic vesicle cycle has been absent. It has however been demonstrated
. that knockout animals developmentally compensate for the loss of SYP through the expression of several
. paralogs”® and modest effects on working memory and SV endocytosis have been reported™'?, suggesting
- that SYP may play a role in the synaptic vesicle cycle. More recently, the use of an optogenetic method
: using a miniSOG fusion of both SYP and VAMP2 demonstrated that light inactivation of SYP resulted
* in a subsequent greater inhibition of synaptic release than light inactivation of VAMP2 in cultured hip-
. pocampal neurons. However, the specificity of this method has not been fully demonstrated and inac-
© tivation of other synaptic proteins in proximity to the miniSOG could have occurred!!. SYP is a 4-pass
. integral membrane protein'? that forms a hexameric channel-like structure'>. SYP comprises ~10% of
: the SV proteome by weight'* and it has been proposed that SYP forms a calcium sensitive channel'>'®,
© SYP is ubiquitously expressed in synapses throughout the mammalian brain'” and is conserved from
. humans to nematodes!® yet SYP —/— mice lack an obvious phenotype!®!®. SYP is a member of the physin
* protein family (Fig. 1) which consists of SYP, synaptoporin (SYNPR), pantophysin (SYPL1), mitsugumin
© (SYPL2), and synaptogyrins 1-4 (SNG1-4)"* and developmental compensation by the paralogs could
* explain the lack of a clear phenotype in the SYP —/— mice. Although the biological function of SYP
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Figure 1. SYP family protein sequence conservation. ClustalW alignment of human SYP and paralogs
colored by heat map conservation at each position assigned by the PRALINE server using the BLOSUM62
similarity matrix. The predicted TM helices based on hydropathy are shown above the sequence. G217 of
SYP is located in TM4 and marked (*).

is unclear, SYP is known to bind cholesterol*! and VAMP2 in SVs?, yet the importance of these inter-
actions has been poorly understood. Recent evidence has suggested that SYP is involved in trafficking
VAMP2 back into SVs during endocytosis®*® and proper trafficking of VAMP2 from the plasma mem-
brane to synaptic vesicles is the primary function of SYP. Here we report the first structural information
on the native mammalian SYP/VAMP2 complex as derived from single particle EM and we have used
this data to construct an atomic model of the SYP/VAMP2 complex.

Results

VAMP2 and SYP form a cholesterol dependent 2:1 complex. Purified SYP exists as a homo-hex-
amer resembling a channel pore!'*!®> and VAMP2 has been reported to exist as a dimer?*? but it is not
known if VAMP2 bound to SYP also exists as a dimer or what is the stoichiometry of the complex. We
isolated native complexes from bovine brain to high purity by maintaining a high cholesterol environ-
ment during the purification. The complex had an apparent molecular weight of 400kD based upon
standards used to calibrate the sizing column. The stoichiometry of the isolated complex was 2:1 or 6
VAMP2 dimers bound to a single SYP hexamer as determined by a combination of size exclusion chro-
matography, SDS-PAGE, and western blot analysis of the purified complex (Fig. 2A-C).

The SYP/VAMP2 Complex is Hexameric with 6 SYP and 6 VAMP2 dimers. The SYPV/AMP2
complex isolated in high cholesterol was prepared for structural analysis by negative stain electron micros-
copy (Fig. 2D). We selected a total of 1432 particles for single particle reconstruction that allowed us to
generate a final 3D density map (Figs 2E,F and 3). Figure 2F shows the final reconstruction contoured at
several levels demonstrating the presence of extra density within the spokes of the SYP complex. In addi-
tion, difference map calculations further demonstrate the presence of additional density which approxi-
mates the dimeric transmembrane helices of VAMP?2 located within the spokes of SYP (Fig. 3A-D). The
difference density encompasses a total volume of 61,000 A for the hexamer and 10,166 A for a VAMP2
dimer. This is in good agreement with the expected volume of the VAMP2 transmembrane helix dimer
of 12,000 A° calculated from the known NMR structure which shows multiple conformations for the
extra-membrane domains of VAMP2 which are expected to be unobservable using single particle EM
reconstruction. Bovine SYP and VAMP2 both share very high identity with the orthologous human pro-
teins (94.6% and 99.1% respectively) so we expect that the structure at this resolution is general for the
complex found in all mammals if not all vertebrates. The SYP/VAMP2 complex shows 6-fold symmetry
that resembles the previously described SYP structure'® with six spokes radiating from a central hub. The
outer diameter of the complex is 7.0nm and the height measures roughly the same dimension. When
compared with the previous SYP structure'® (Fig. 3) two important differences become evident. First,
from the top (cytoplasmic face) there is new density between each of the six spokes of SYP which we
attribute to the presence of VAMP2 dimer. Second, the density corresponding to the four-helix bundle of
the SYP TMD:s is slightly tilted in the complex relative to the structure of SYP alone, indicating a slight
structural rearrangement presumably caused by binding of VAMP2 and/or cholesterol. This observed
conformational change should be considered suggestive and not definitive because of the limited reso-
lution of the current structure.

Atomic model of the SYP/VAMP2 complex. Based on hydrophobicity alignment to the gap junc-
tion protein connexin, which is a structural homolog of the SYP hexamer, we were able to thread the
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Figure 2. SYP/VAMP purification, stoichiometry and hexameric structure. (A) Native SYP and SYP/
VAMP?2 complex was purified from calf brain and analyzed by SDS-PAGE, silver stain and western blot.

(B) Densitometry traces of protein bands from purification without cholesterol (red) or with cholesterol
(blue). Purification with cholesterol showed a 1.37:1 mass ratio of SYP:VAMP2 consistent with a 6:12
stoichiometry which would be expected to show a 1.35:1 ratio based on total number of amino acids for
each protein. (C) Normalized O.D. with standard deviations according to amino acid content and molecular
weight from densitometry (D) Representative raw micrograph of negative stained protein with 5 sample
particles indicated with red arrows. Scale bar =50 nm. (E) Class averages used in the reconstruction. (F)
Final EM map of the SYP/VAMP2 complex contoured at multiple levels (1.25, 1.50, 1.75 and 2.00 sigma) to
highlight the presence of extra density presumed to correspond to VAMP?2 in the complex reconstruction.

SYP backbone onto the CX26 structure?®, we then added appropriate rotamer sidechains and fit the
model into our EM density map. Next, we docked the NMR structure of VAMP2% into our model
with the transmembrane helices of the dimer inserted between the SYP molecules to account for the
additional density observed in our EM reconstruction. The SNARE domain of VAMP?2 is expected to be
very flexible and unobservable by single particle EM and accordingly was modeled outside of the den-
sity map. The resulting structural model of the full complex (Fig. 3E,F) ideally presents up to 6 VAMP2
dimers for SNARE formation and vesicle fusion. We believe that the overall architecture of our model
accurately represents the complex found on native synaptic vesicles however the atomic details must be
considered speculative given the low resolution of our structure. Nonetheless, certain predictions regard-
ing the interaction of SYP and VAMP2 can be formulated. In particular, the G217R clinical mutation
in SYP that is associated with X-Linked Intellectual Disability?® is found on the 4th transmembrane

SCIENTIFIC REPORTS | 5:13659 | DOI: 10.1038/srep13659 3



www.nature.com/scientificreports/

A B

afah

Figure 3. Synaptophysin clusters 6 VAMP2 dimers. View from cytoplasmic face (A) and view in the
membrane plane (B) of EM density map of native SYP (blue)!® the SYP/VAMP2 complex (cyan) and the
difference density attributed to the VAMP2 dimers (purple). Stereo view image from the cytoplasmic face
(C) and view in the membrane plane (D) of the modeled VAMP2 dimer (red ribbons, PDB 2KOG) in

the difference density map (purple wire mesh). (E) Atomic model of SYP (blue ribbon) and VAMP2 (red
ribbon) docked into EM density map (wire mesh) at the determined 6:12 stoichiometry (F). Cross-eyed
stereo image of the complete SYP,/VAMP2,, complex derived from fitting the EM map to the VAMP2 NMR
structure (PDB 2KOG) and the refined SYP model produced in this work.

helix of SYP and appears at a predicted interface with the VAMP2 transmembrane helix. G217 of SYP
is conserved in all vertebrates, and is also conserved in the paralogs SYPL1, SYPL2, SYNPR and SNGI.
Furthermore, this position represents a predicted transmembrane pocket on SYP that may accommodate
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Figure 4. Proposed model of synaptophysin as an entropic catalyst. (1) Mature SVs contain 5 or 6
complete SYP/VAMP2 complexes. (2) SVs are trafficked to the active zone where accessory proteins mediate
docking of clustered VAMP2 (red) with ordered arrays of the t-SNARE complex of syntaxin-1 (purple) and
SNAP-25 (gold). (3) Calcium influx induces SNARE zippering as SYP (blue) dissociates from VAMP2, the
fusion pore opens and neurotransmitter is released. (4) The post-fusion SNARE assemblies and disassociated
SYP molecules ring the membrane patch contributed by the SV, which contains the intact SYP/VAMP2
complexes not involved in the fusion reaction. (5) NSF disassembles the SNARE bundles and t-SNAREs
return to the active zone. SV components are loaded into clathrin coated pits where the SYP/VAMP2
complex reforms. Endocytosis recovers the SVs for subsequent loading and fusion.

the transmembrane side chain of VAMP2 198. Our structural model predicts that replacement of glycine
with a relatively bulky and charged arginine at position 217 would attenuate the ability of SYP to bind
with VAMP2. Recently, it was shown that introduction of the G217R mutation in SYP induces VAMP2
retrieval defects?® which may contribute to the developmental and cognitive impairments observed in
patients with this mutation and is in concordance with our structural model.

Discussion

The SYP/VAMP2 structure described here suggests a new model for life cycle of the synaptic v-SNARE
VAMP2 (Fig. 4). Unlike other SNARE-mediated fusion events, SV release requires exquisitely tight tem-
poral coupling of fusion with Ca** influx. We propose that this event features additional catalytic mech-
anisms not found in general fusion pathways. Without pre-ordering SNAREs in the vesicle, exocytosis
still requires multiple trans-SNARE contacts, but these can only be made at significant entropic cost that
would impede physiologic fusion kinetics. This entropic cost is paid in electrostatic and hydrophobic
forces upon binding to SYP early in the vesicle cycle to from the SYP/VAMP2 complex. This seemingly
benign assembly realizes its potential by allowing a ring of 12 SNAREs to simultaneously dock at the
membrane providing the cooperative and rapid opening of a fusion pore upon Ca** influx. Based upon
this proposed activity, SYP can be thought of as an entropic catalyst of neurotransmitter release that
clusters multiple v-SNARES for rapid fusion. Assembly of the pre-fusion pore appears to be rate-limiting,
consistent with evidence that structured arrays of t-SNARE proteins, which may mirror the structure
presented here of the pre-fusion v-SNARE complex, serve as the docking sites of vesicles**-*%. The SYP/
VAMP?2 interaction is labile relative to the bundled SNARE trimer and these are known to be mutually
exclusive molecular contexts for VAMP2%. According to our model, this is essential to allow fusion when
VAMP2 interacts with the t-SNARES and the SYP/VAMP?2 binding is just strong enough to hold VAMP2
together until it docks with the t-SNAREs and accessory proteins. Recently it was reported that SV fusion
with reconstituted membranes displayed comparable kinetics to synthetic liposomes®, however the con-
ditions used in this experiment were not consistent with maintenance of the SYP/VAMP2 interaction
due to freeze thawing of the SVs which is well known to disrupt the SYP/VAMP2 complex®. We predict
that vesicles with natively reconstituted pre-fusion v-SNARE complexes of SYP/VAMP2 would show
enhanced fusion kinetics in in vitro assays. To date this has not been tested because of the labile nature
of the SYP/VMP2 complex. Evidence for any activity of SYP has remained elusive because multiple func-
tional homologs can substitute for SYP in knockout animals and experimental conditions suitable for
observing these effects are not readily available. Although reconstituted systems have allowed the obser-
vation of fusion mediated by single SNARE binding events®, it has recently been demonstrated that bio-
logically relevant SV fusion rates require at least 6 SNARE interactions®-*%. The contact patch of a fusing
50 nm diameter vesicle with the plasma membrane is roughly 180 square nm**° which, at ~60 copies per
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vesicle"!, yields less than a single VAMP2 dimer occupying that area. While SNAREs extend beyond the
surface of the vesicle by approximately 12nm, which in principle could augment this contact patch area,
this alone cannot generate coordinated binding of the required 6 SNARE pairs. Synaptophysin is found
at ~30 copies per SV!* which combined with our results and previous studies??, suggests that the SYP/
VAMP2 is the predominant form found on the synaptic vesicle. From this, we predict that on average five
or six SYP/VAMP2 complexes stud the surface of every readily releasable SV. By pre-clustering VAMP2
into a stable complex, SYP not only allows for presentation of the requisite number of SNAREs, but also
makes the individual trans-SNARE binding interactions cooperative. This physical model implies that the
fusion pore would open at the center of the SYP hexamer and the inner diameter of our pore structure
(~3.0nm) and previous measurements of the large conductance (415 pS) of the SYP pore*! are consistent
with direct measurements of the synaptic vesicle fusion pore*? of ~2.3nm and a conductance in excess
of 375pS. These results support the hypothesis that the SYP/VAMP2 complex represents the physiologic
pre-fusion state of the v-SNARE which, together with the docking of accessory proteins, is responsible
for the extremely fast kinetics of synaptic release events as well as the abnormally high Q,, value of ~6
which is most readily explained by a large entropic barrier to fusion®.

Methods

SV preparation. SVs were prepared from frozen calf brain obtained from Elizabeth Locker Plant Inc.
as described previously (Arthur and Stowell, 2007). Briefly, 20g of frozen tissue was homogenized in a
buffer solution (4mM HEPES (pH 7.3), 0.32 M sucrose). Homogenate was centrifuged at 800 ¢ for 15min-
utes (4°C). Supernatant was removed and centrifuged at 9,200¢ for 20 minutes (4°C). The pellet was
resuspended in an equivolume of homogenization buffer and centrifuged at 10,200 ¢ for 20 minutes (4 °C).
Pellet was resuspended in 40 ml of homogenization buffer. The resuspended pellet was diluted 1:10 with
ice cold dH,O. This suspension was subjected to three up-and-down strokes in a glass homogenizer. The
resulting lysate was poured rapidly into 9ml of 1 M HEPES (pH7.3), and the suspension was incubated on
ice for 30 minutes. The suspension was then centrifuged at 25,000 ¢ for 20 minutes (4 °C), the supernatant
was removed and centrifuged at 165,000 ¢ for 2 hours (4 °C). The pellet was resuspended in 10 ml of 40 mM
sucrose and the suspension was layered on top of a continuous sucrose gradient. Sucrose gradient was
centrifuged at 65,000¢ for 5hours (4°C). At the end of centrifugation the gradient revealed a broad band
of high turbidity at the 200-400 mM sucrose region, which, from previous experiments* is known to be
enriched in SVs. This band was collected and further processed for SYP/VAMP2 complex purification.

SYP/VAMP2 purification. Purified SVs were incubated for 30 minutes at 0°C (at 5mg/ml) in a solu-
tion containing 5mM NaH,PO, (pH6.8), 0.2% Triton X-100 (w/v) and 1% cholesterol. The Triton extract
was centrifuged at 45,000 g for 30 minutes at 4 °C. Triton supernatant was applied to a dry hydroxyapatite/
celite column (2:1 w/w) (0.1 g/mg protein) and eluted with solubilization buffer. The resin bound proteins
were eluted and found to contain no SYP. The SYP/VAMP2 containing flow through was applied to a
POROS H10 anion-exchange column and eluted using a NaCl gradient from 0-1M (20mM NaH,PO,
(pH6.8), 0.2% Brij-35, 0.1% Cholesterol, 40 mM sucrose). 1 ml fractions were collected and analyzed
using SDS-PAGE. Fractions containing SYP/VAMP2 were pooled and applied to a Hi-Prep Sephacryl
S-300 size-exclusion column calibrated with BIORAD gel filtration standards covering 1,350 to 670,000
daltons. Protein was eluted using 20mM NaH,PO, (pH6.8), 0.2% Brij-35, 0.1% Cholesterol, 40 mM
sucrose. Fractions were analyzed using SDS-PAGE and western blotting. Blots were probed with mon-
oclonal SYP and VAMP?2 antibodies from Synaptic Systems and fractions of purified SYP/VAMP2 were
combined and utilized for EM analysis following SDS-PAGE and western blot analysis. The SYP/VAMP2
complex eluted with an apparent molecular weight of ~400kD.

Densitometry. Relative protein quantifications were performed with the gel analysis tool packaged
with Image]. Measurements were taken in triplicate, averaged and normalized to SYP and VAMP2 stand-
ards with concentrations determined using a BCA assay*.

Alignments. Human sequences of SYP and homologs were obtained from the Uniprot database (uni-
prot.org). The Paralog tree was produced with the simple analysis tool from phylogeny.fr. ClustalW
alignment was performed with gap penalties 12 open and 1 extension and aligned with PSI-BLAST at 3
iterations and an E-value cutoff of 0.01. This alignment was assigned a similarity score at each position
by the PRALINE server using the BLOSUM62 matrix. The conservation scores were presented at each
position as a moving average over a 3 residue window to smooth the plot. The query sequence (hSYP)
was then analyzed for hydropathy using the ExPASy ProtScale tool with the Kyte & Doolittle algorithm
at a window size of 19 residues.

Electron microscopy. Imaging was performed as described previously'®. The final model was a result
of 8 rounds of refinement and contained 1232 particles. The resolution of the final model was calculated
to be ~28 A based on FSC using a standard cutoff of 0.5. The absolute hand of the structure was not
determined experimentally but was placed in the same hand as the previous SYP structure®. Purified
SYP/VAMP2 (50pg/ml) was applied to a freshly carbon coated, glow-discharged EM grid and stained
using 2% ammonium molybdate?. Images were recorded under low-dose conditions at a magnification
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of 50,000 and at a defocus range of 1-3um using a Tecnai F20 microscope at 200keV equipped with
a Gatan 2K x 2K CCD camera. The pixel size was 0.45nm. Maps were displayed at 20 resulting in a
molecular volume of 226,000 A* for SYP and 290,000 A® for the SYP/VAMP2 complex. Difference maps
were calculated in CHIMERA following interpolation of the SYP map to the SYP/VAMP2 map resolution
and then rotational and translation alignment of density above the 20 cutoft. The positive difference map
was calculated between all map voxels above the 20 cutoft and displayed according to the approximate
calculated molecular volume of the VAMP2 dimer transmembrane helices.

Image processing. Individual SYP/VAMP?2 particles were selected and boxed, and image analysis was
performed using the EMAN2 image processing package®. Briefly, an initial model was generated using
the raw boxed particles and an imposed six-fold symmetry. From this initial model angular projections
were generated and particles were again classified based on these projections. From these classifications
a new model was generated and the process was repeated. The final model was a result of 10 rounds of
refinement and contained 1437 particles. The resolution of the final model was calculated to be ~28 A
based on FSC using a standard cutoff of 0.5.

Structural alignment and density fitting. The SYP sequence was aligned with the connexin26
sequence based upon a hydropathy window using AlignMe. The aligned sequences were then used in
Medeller (http://opig.stats.ox.ac.uk/webapps/medeller/) either as the core SYP 21-220 or the full length
sequence as the target and connexin-26 (PDB 2ZW3) as the template. The new model was then dynam-
ically fit to the map using the AD-ENM fitting routine (http://enm.lobos.nih.gov/). This subsequent
Co model was then run through the rotamer search program MaxSprout (http://www.ebi.ac.uk/Tools/
structure/maxsprout/) to place side chains. Finally, the entire model was minimized using the 3D refine
server (http://sysbio.rnet.missouri.edu/3Drefine/).

References

1. Walch-Solimena, C. et al. The t-SNAREs syntaxin 1 and SNAP-25 are present on organelles that participate in synaptic vesicle
recycling. The Journal of cell biology 128, 637-645 (1995).

2. Milnerwood, A. J. & Raymond, L. A. Early synaptic pathophysiology in neurodegeneration: insights from Huntington’s disease.
Trends in neurosciences 33, 513-523, doi: 10.1016/j.tins.2010.08.002 (2010).

3. van Spronsen, M. & Hoogenraad, C. C. Synapse pathology in psychiatric and neurologic disease. Curr Neurol Neurosci Rep 10,
207-214, doi: 10.1007/s11910-010-0104-8 (2010).

4. Tackenberg, C. & Brandt, R. Divergent pathways mediate spine alterations and cell death induced by amyloid-beta, wild-type
tau, and R406W tau. The Journal of neuroscience: the official journal of the Society for Neuroscience 29, 14439-14450, doi: 10.1523/
JNEUROSCI.3590-09.2009 (2009).

5. Jahn, R,, Schiebler, W,, Ouimet, C. & Greengard, P. A 38,000-dalton membrane protein (p38) present in synaptic vesicles. P Natl
Acad Sci USA 82, 4137-4141 (1985).

6. Wiedenmann, B. & Franke, W. W. Identification and localization of synaptophysin, an integral membrane glycoprotein of Mr
38,000 characteristic of presynaptic vesicles. Cell 41, 1017-1028 (1985).

7. Janz, R. et al. Essential roles in synaptic plasticity for synaptogyrin I and synaptophysin I. Neuron 24, 687-700 (1999).

8. Spiwoks-Becker, L. et al. Synaptic vesicle alterations in rod photoreceptors of synaptophysin-deficient mice. Neuroscience 107,
127-142 (2001).

9. Kwon, S. E. & Chapman, E. R. Synaptophysin regulates the kinetics of synaptic vesicle endocytosis in central neurons. Neuron
70, 847-854, doi: 10.1016/j.neuron.2011.04.001 (2011).

10. Schmitt, U,, Tanimoto, N., Seeliger, M., Schaeffel, F. & Leube, R. E. Detection of behavioral alterations and learning deficits in
mice lacking synaptophysin. Neuroscience 162, 234-243, doi: 10.1016/j.neuroscience.2009.04.046 (2009).

11. Lin, J. Y. et al. Optogenetic inhibition of synaptic release with chromophore-assisted light inactivation (CALI). Neuron 79,
241-253, doi: 10.1016/j.neuron.2013.05.022 (2013).

12. Johnston, P. A., Jahn, R. & Sudhof, T. C. Transmembrane topography and evolutionary conservation of synaptophysin. The
Journal of biological chemistry 264, 1268-1273 (1989).

13. Arthur, C. P. & Stowell, M. H. Structure of synaptophysin: a hexameric MARVEL-domain channel protein. Structure 15, 707-714
(2007).

14. Takamori, S. et al. Molecular anatomy of a trafficking organelle. Cell 127, 831-846 (2006).

15. Thomas, L. et al. Identification of synaptophysin as a hexameric channel protein of the synaptic vesicle membrane. Science 242,
1050-1053 (1988).

16. Gincel, D. & Shoshan-Barmatz, V. The synaptic vesicle protein synaptophysin: purification and characterization of its channel
activity. Biophys J 83, 3223-3229 (2002).

17. Marqueze-Pouey, B., Wisden, W., Malosio, M. L. & Betz, H. Differential expression of synaptophysin and synaptoporin mRNAs
in the postnatal rat central nervous system. The Journal of neuroscience: the official journal of the Society for Neuroscience 11,
3388-3397 (1991).

18. Abraham, C. et al. Synaptic tetraspan vesicle membrane proteins are conserved but not needed for synaptogenesis and neuronal
function in Caenorhabditis elegans. Proc Natl Acad Sci U S A 103, 8227-8232 (2006).

19. Eshkind, L. G. & Leube, R. E. Mice lacking synaptophysin reproduce and form typical synaptic vesicles. Cell Tissue Res 282,
423-433 (1995).

20. Leube, R. E. Expression of the synaptophysin gene family is not restricted to neuronal and neuroendocrine differentiation in rat
and human. Differentiation 56, 163-171 (1994).

21. Thiele, C., Hannah, M. J., Fahrenholz, E & Huttner, W. B. Cholesterol binds to synaptophysin and is required for biogenesis of
synaptic vesicles. Nature cell biology 2, 42-49, doi: 10.1038/71366 (2000).

22. Edelmann, L., Hanson, P. I, Chapman, E. R. & Jahn, R. Synaptobrevin binding to synaptophysin: a potential mechanism for
controlling the exocytotic fusion machine. The EMBO journal 14, 224-231 (1995).

23. Gordon, S. L., Leube, R. E. & Cousin, M. A. Synaptophysin is required for synaptobrevin retrieval during synaptic vesicle
endocytosis. The Journal of neuroscience: the official journal of the Society for Neuroscience 31, 14032-14036, doi: 10.1523/
JNEUROSCL.3162-11.2011 (2011).

SCIENTIFIC REPORTS | 5:13659 | DOI: 10.1038/srep13659 7


http://opig.stats.ox.ac.uk/webapps/medeller/
http://enm.lobos.nih.gov/
http://www.ebi.ac.uk/Tools/structure/maxsprout/
http://www.ebi.ac.uk/Tools/structure/maxsprout/
http://sysbio.rnet.missouri.edu/3Drefine/

www.nature.com/scientificreports/

24. Tong, J., Borbat, P. P, Freed, J. H. & Shin, Y. K. A scissors mechanism for stimulation of SNARE-mediated lipid mixing by
cholesterol. P Natl Acad Sci USA 106, 5141-5146, doi: 10.1073/pnas.0813138106 (2009).

25. Laage, R. & Langosch, D. Dimerization of the synaptic vesicle protein synaptobrevin (vesicle-associated membrane protein) II
depends on specific residues within the transmembrane segment. Eur | Biochem 249, 540-546 (1997).

26. Maeda, S. et al. Structure of the connexin 26 gap junction channel at 3.5 A resolution. Nature 458, 597-602, doi: 10.1038/
nature07869 (2009).

27. Ellena, J. E. et al. Dynamic structure of lipid-bound synaptobrevin suggests a nucleation-propagation mechanism for trans-
SNARE complex formation. P Natl Acad Sci USA 106, 20306-20311, doi: 10.1073/pnas.0908317106 (2009).

28. Tarpey, P. S. et al. A systematic, large-scale resequencing screen of X-chromosome coding exons in mental retardation. Nat Genet
41, 535-543, doi: 10.1038/ng.367 (2009).

29. Gordon, S. L. & Cousin, M. A. X-linked intellectual disability-associated mutations in synaptophysin disrupt synaptobrevin II
retrieval. The Journal of neuroscience: the official journal of the Society for Neuroscience 33, 13695-13700, doi: 10.1523/
JNEUROSCL0636-13.2013 (2013).

30. Cho, W. ], Jeremic, A., Jin, H., Ren, G. & Jena, B. P. Neuronal fusion pore assembly requires membrane cholesterol. Cell biology
international 31, 1301-1308, doi: 10.1016/j.cellbi.2007.06.011 (2007).

31. Murray, D. H. & Tamm, L. K. Molecular mechanism of cholesterol- and polyphosphoinositide-mediated syntaxin clustering.
Biochemistry 50, 9014-9022, doi: 10.1021/bi201307u (2011).

32. Sieber, J. J. et al. Anatomy and dynamics of a supramolecular membrane protein cluster. Science 317, 1072-1076, doi: 10.1126/
science.1141727 (2007).

33. Galli, T., McPherson, P. S. & De Camilli, P. The VO sector of the V-ATPase, synaptobrevin, and synaptophysin are associated on synaptic
vesicles in a Triton X-100-resistant, freeze-thawing sensitive, complex. The Journal of biological chemistry 271, 2193-2198 (1996).

34. Kiessling, V. et al. Rapid fusion of synaptic vesicles with reconstituted target SNARE membranes. Biophysical journal 104,
1950-1958, doi: 10.1016/j.bpj.2013.03.038 (2013).

35. van den Bogaart, G. et al. One SNARE complex is sufficient for membrane fusion. Nat Struct Mol Biol 17, 358-364, doi: 10.1038/
nsmb.1748 (2010).

36. Domanska, M. K., Kiessling, V., Stein, A., Fasshauer, D. & Tamm, L. K. Single vesicle millisecond fusion kinetics reveals number
of SNARE complexes optimal for fast SNARE-mediated membrane fusion. The Journal of biological chemistry 284, 32158-32166,
doi: 10.1074/jbc.M109.047381 (2009).

37. Karatekin, E. et al. A fast, single-vesicle fusion assay mimics physiological SNARE requirements. P Natl Acad Sci USA 107,
3517-3521, doi: 10.1073/pnas.0914723107 (2010).

38. Mohrmann, R., de Wit, H., Verhage, M., Neher, E. & Sorensen, J. B. Fast vesicle fusion in living cells requires at least three SNARE
complexes. Science 330, 502-505, doi: 10.1126/science.1193134 (2010).

39. Zampighi, G. A. et al. Conical electron tomography of a chemical synapse: vesicles docked to the active zone are hemi-fused.
Biophysical journal 91, 2910-2918, doi: 10.1529/biophysj.106.084814 (2006).

40. Szule, J. A. et al. Regulation of synaptic vesicle docking by different classes of macromolecules in active zone material. PLoS One
7, 33333, doi: 10.1371/journal.pone.0033333 (2012).

41. Gincel, D. & Shoshan-Barmatz, V. The synaptic vesicle protein synaptophysin: purification and characterization of its channel
activity. Biophysical journal 83, 3223-3229, doi: 10.1016/S0006-3495(02)75324-1 (2002).

42. He, L., Wu, X. S., Mohan, R. & Wu, L. G. Two modes of fusion pore opening revealed by cell-attached recordings at a synapse.
Nature 444, 102-105 (2006).

43. Sabatini, B. L. & Regehr, W. G. Timing of neurotransmission at fast synapses in the mammalian brain. Nature 384, 170-172,
doi: 10.1038/384170a0 (1996).

44. Fukuda, M. Vesicle-associated membrane protein-2/synaptobrevin binding to synaptotagmin I promotes O-glycosylation of
synaptotagmin L. J Biol Chem 277, 30351-30358 (2002).

45. Smith, P. K. et al. Measurement of Protein Using Bicinchoninic Acid. Analytical Biochemistry 150, 76-85, doi: 10.1016/0003-
2697(85)90442-7 (1985).

46. Hoenger, A. & Aebi, U. 3-D Reconstructions from Ice-Embedded and Negatively Stained Biomacromolecular Assemblies: A
Critical Comparison. Journal of Structural Biology 117, 99-116 (1996).

47. Ludtke, S. J., Baldwin, P. R. & Chiu, W. EMAN: semiautomated software for high-resolution single-particle reconstructions. J
Struct Biol 128, 82-97 (1999).

Acknowledgements

We thank our colleagues at the University of Colorado for helpful comments and criticisms. This work
was supported in part by an NIH EUREKA award (M.H.B.S.) an HHMI CIA award (M.H.B.S.), a
Corden Pharma Fellowship (D.J.A.) and a NIH (T32 GM065103)/CU Molecular Biophysics Predoctoral
Traineeship (D.J.A.). Molecular graphics images were produced using the UCSF Chimera package from
the Resource for Biocomputing, Visualization, and Informatics at the University of California, San
Francisco (supported by NIH-P41RR001081). Electron microscopy was performed in the Lab for 3D
Electron Microscopy of Cells at the University of Colorado (supported by NIH-P41GM103431-42).

Author Contributions

Experiments where conceived and designed by D.J.A., C.P.A. and M.H.B.S. Manuscript was written and
edited by D.J.A. and M.H.B.S. Isolation, imaging and 3D map refinement of native SYP/VAMP2 complex
was performed by C.P.A. and D.J.A. Hydropathy sequence alignments, model building and refinements
were performed by D.J.A. and M.H.B.S.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Adams, D. J. et al. Architecture of the Synaptophysin/Synaptobrevin Complex:
Structural Evidence for an Entropic Clustering Function at the Synapse. Sci. Rep. 5, 13659;
doi: 10.1038/srep13659 (2015).

SCIENTIFIC REPORTS | 5:13659 | DOI: 10.1038/srep13659 8



www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:13659 | DOI: 10.1038/srep13659 9


http://creativecommons.org/licenses/by/4.0/

	Architecture of the Synaptophysin/Synaptobrevin Complex: Structural Evidence for an Entropic Clustering Function at the Syn ...
	Results

	VAMP2 and SYP form a cholesterol dependent 2:1 complex. 
	The SYP/VAMP2 Complex is Hexameric with 6 SYP and 6 VAMP2 dimers. 
	Atomic model of the SYP/VAMP2 complex. 

	Discussion

	Methods

	SV preparation. 
	SYP/VAMP2 purification. 
	Densitometry. 
	Alignments. 
	Electron microscopy. 
	Image processing. 
	Structural alignment and density fitting. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ SYP family protein sequence conservation.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ SYP/VAMP purification, stoichiometry and hexameric structure.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Synaptophysin clusters 6 VAMP2 dimers.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Proposed model of synaptophysin as an entropic catalyst.



 
    
       
          application/pdf
          
             
                Architecture of the Synaptophysin/Synaptobrevin Complex: Structural Evidence for an Entropic Clustering Function at the Synapse
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13659
            
         
          
             
                Daniel J. Adams
                Christopher P. Arthur
                Michael H. B. Stowell
            
         
          doi:10.1038/srep13659
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep13659
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep13659
            
         
      
       
          
          
          
             
                doi:10.1038/srep13659
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13659
            
         
          
          
      
       
       
          True
      
   




