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The soluble N-ethylmaleimide-sensitive
fusion protein attachment protein recep-
tor (SNARE) complex (Sollner et al., 1993)
plays a central role in the process of exocy-
tosis whereby vesicles fuse with the plasma
membrane to release their cargo of trans-
mitter molecules into the extracellular space.
In the majority of neurons, this complex is
composed of the vesicular protein synapto-
brevin 2 (Sb2), and two proteins located at
the plasma membrane, syntaxin (Sx) and
synaptosome-associated protein of 25 kDa
(SNAP25). The energetics of (dis)assembly
of the ternary SNARE complex is critical
for understanding of exocytosis, in par-
ticular to their role in mediating vesicular
fusions to and/or pinching off the plasma
membrane.

The energy required for disassembly
of the ternary SNARE complex has been
recently assessed by two different groups
(Lietal, 2007; Liu etal., 2009). In both
studies SNARE proteins were immobilized

to surfaces. One surface contained a Sx-
SNAP25 binary complex, while the other
Sb2. These surfaces were brought into
contact allowing for the formation of the
ternary complex, before the surfaces were
pulled apart to dismantle the complex.
Using surface force apparatus (SFA), Liet al.
(2007) revealed a change in free, presumably
Gibbs (AG), energy of 21 kcal mol™ (35 k,T)
assigned to a disassembly of single SNARE
complex. Liu et al. (2009) using Atomic Force
Microscopy (AFM) in force spectroscopy
mode reported the enthalpic changes (AH)
of 25.7 kcal mol™" (43 k,T), as well changes
in free energy (AG) of 13.8-18.0 kcal mol™
(23-30 k,T) and entropy (—TAS) for a dis-
assembly of single ternary SNARE complex
(Table 1). Both SFA and AFM approaches,
however, could not be used to measure the
energetics of the assembly of the complex.
Wiederhold and Fasshauer (2009) investi-
gated the ternary SNARE complex assembly
by isothermal titration calorimetry (ITC).
Various combinations of SNARE proteins
were put in a thermally insulated cell and
syringe, and then were mixed by injection
from the syringe to the cell, while meas-
uring the thermodynamic properties. To
avoid formation of the Sx1-SNAP25 binary
complex with 2:1 stoichiometry, referred

to as a “dead-end species” (Weninger et al.,
2008) since it does not represent a reac-
tive Sb2 binding site (Pobbati et al., 2006),
SNAP25A was injected into a mixture of
Sx1A (H3 domain) and Sb2 [cytosolic
domain; amino acids (aa) 1-96] to form
the ternary SNARE complex. In these con-
ditions there was extremely large favorable
AH of —112.8 kcal mol™ recorded with the
positive entropy changes (102.4 kcal mol™),
reflecting the major conformation change
during complex assembly, and result-
ing in AG of —10.4 kcal mol™ (-17.4 k,T)
(Table 1).

The ITC measurements above repre-
sent energetics of a non-sequential ter-
nary SNARE complex formation, rather
than the sequential interactions in which
Sb2 binds to a preformed Sx1-SNAP25
binary complex with 1:1 stoichiometry.
To addrsess this issue the authors cleverly
designed experiments using so-called “AN
complex”(Pobbati et al., 2006). Here, the
1:1 Sx-SNAP25 binary complex can be
stabilized by addition of C-terminal frag-
ment of Sb2 SNARE domain (aa 49-96),
and then purified. AN complex was titrated
by injection of the entire cytosolic domain
of Sb2 . which binds to the complex

1-96,
and displaces Sb2 as confirmed by

49-96

Table 1| Energy measurements for (dis)assembly of the ternary SNARE complex.

Disassembly Surface 1 Surface 2 AH -TAS AG
kcal mol™ kcal mol™ kcal mol™
SFA Sx1A_-SNAP25* Sb2 * 21.0+4.2
Eyring Kramers Eyring Kramers
AFM Sx1A_-SNAP25B Sb2 26.7+3.0 -77+33 -11.9+3.3 18.0+45 13.8+4.5
Assembly Cell Syringe
ITC Sx1AH3/Sb2, SNAP25A -112.8+25 102.4 -10.4
AN complex Sb2 -29.9+0.3 18.1 -11.8
AN complex Sb2 -22.7+0.2 12.1 -10.6

1-52

To convert from kcal mol™' to k, T multiply with 1.67. Sb2_, corresponds to its 1-96 amino acids, Sb2, .

cd, cytosolic domain.

*Derived from mouse cDNA; all other protein sequences are based on rat cDNA.
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fluorescence anisotropy measurements in
parallel experiments. There was a favo-
rable AH of —29.9 kcal mol™ (-49.9 k,T)
with AG of —11.8 kcal mol™ (~19.7 k,T),
the former markedly reduced from, while
the latter fairly similar to, measurements
when SNAP25 was injected into Sx/Sb2
mixture (Table 1). One concern with this
approach is how much of the observed
energy is related to the binding of the entire
cytosolic domain Sb2  to the complex as
opposed to the displacement of the Sb2,,
fragment. The authors again used a clever
approach by titrating the AN complex with a
shorter N-terminal fragment of Sb2 SNARE
domain Sb2,  which binds to AN complex,
but does not displace Sb2,, , fragment,
as confirmed by fluorescence anisotropy.
Thus, two overlapping Sb2 fragments bind
at the same time to a Sx-SNAP25 complex,
forming a complex resembling the ternary
SNARE complex. The ITC data were sur-
prisingly similar to those obtained when
a AN complex was titrated by injection of
Sb2 , implicating that binding of the N-
terminal part of Sb2 contributes to most
of energetics in Sb2 binding to the binary
Sx-SNAP25 complex, while C-terminal
Sb2 binding plays a lesser role, which was
confimed in subsequent experiments using
various fragments of Sb2. Taken together
it appears that binding of Sb2 to a pre-
formed Sx-SNAP25 heterodimer generates
~20 k, T of free energy as measured by ITC.
Interestingly, this figure does not differ very

much from the measurements of free energy
for the disassembly of the ternary SNARE
complex using AFM.

The reported amount of energy stored
within a single ternary SNARE complex
could be sufficient to cause hemifusion,
since this process is estimated to require
~13 k,T, while an energy barrier for full
fusion is estimated to be ~46 kT (Markin
and Albanesi, 2002). Thus, if free energy
generated from the formation of ternary
SNARE complexes could be used for vesic-
ular and plasma membranes fusion, this
process would probably require several
ternary SNARE complexes. Alternatively, if
the energy released during the formation
of complexes could not be applied towards
vesicular fusions, but rather is simply con-
sumed in the tethering/docking of vesicles at
the plasma membrane, this would indicate
that there should be an additional source of
mechanical force/energy to drive vesicular
fusions, perhaps from the combined effect
of Ca*-dependent synaptotagmin actions
and its interactions with SNARE proteins.
Of course, these two possibilities account-
ing for enthalpy/Gibbs free energy are not
mutually exclusive.
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