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Intracellular vesicles destined to fuse with the plasma membrane and secrete their contents
must have a mechanism for specifically interacting with the appropriate target membrane.
Such a mechanism is now suggested by the demonstration of specific interaction between
vesicular proteins and plasma membrane proteins. The vesicle-associated membrane
proteins (VAMPs) 1 and 2 specifically bind the acceptor membrane proteins syntaxin 1A
and 4 but not syntaxin 2 or 3. The binding site is within amino acids 194 to 267 of syntaxin
1A, and the approximate equilibrium dissociation constantis 4.7 x 10~¢ molar. These data

suggest a physical basis for the specificity of intracellular vesicular transport.

The secretory pathway of eukaryotic cells
consists of distinct compartments with
unique membrane and cargo compositions.
This organization is believed to arise from
the sorting of restricted sets of molecules
into particular transport vesicles, followed
by the targeting of these vesicles to the
appropriate acceptor compartment. After
vesicle targeting, fusion of the lipid bilayers
results in the transfer of the vesicle mem-
brane and cargo to the acceptor compart-
ment. The specificity of this targeting and
fusion reaction likely involves an interac-
tion between molecules on transport vesi-
cles and target (acceptor) membranes.

The most completely characterized trans-
port vesicle is the synaptic vesicle of neurons
(I-3). VAMP 1 and 2 (4, 5), also called
synaptobrevin (6, 7), are proteins of the
synaptic vesicle membrane that have been
proposed to participate in vesicle docking and
fusion. The neuron-specific plasma membrane
proteins syntaxin 1A and 1B have been hy-
pothesized to be plasma membrane receptors
for synaptic vesicles (8). Their role in the
docking and fusion of synaptic vesicles is
further supported by the fact that they are
each targets of clostridial neurotoxins that
block neurotransmitter release (9). The pos-
sibility that VAMPs and syntaxins are in-
volved more broadly in membrane trafficking
is supported by the existence of multiple
members of the VAMP and syntaxin gene
families (10, 11), the broad tissue expression
of these genes (10-12), and their homology to
yeast proteins known to participate in secre-
tion (13-17). Furthermore, VAMP and syn-
taxin are part of a membrane protein complex
that interacts with the soluble proteins
N-ethylmaleimide—sensitive factor (NSF)
and soluble NSF attachment proteins
(SNAPs), which regulate the fusion of
membranes (18, 19).

We investigated the possibility that an
interaction between VAMP and syntaxin pro-
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teins contributes to the specificity of vesicle
targeting. Epitope-tagged forms of VAMP 2
(FLAG epitope) and syntaxin 1A, 2, and 4
[hemagglutinin (HA) epitope] were expressed
in COS cells. Each of the three syntaxin
constructs was individually cotransfected with
the VAMP 2 construct. To examine a poten-
tial interaction between the transfected gene
products, we subjected detergent-solubilized
lysates of the transfected cells to immunopre-
cipitation with antibody to the FLAG epitope

Fig. 1. Syntaxin 1A and 4 form complexes with VAMP Total
2. COS cells were transiently transfected with DEAE-
dextran as described (77). Each plasmid encoding
full-length syntaxin isoforms tagged with the HA epi-
tope (1A, 2, or 4) was cotransfected with a plasmid
encoding full-length VAMP 2 tagged with the FLAG

(VAMP 2) or the HA epitope (syntaxins).
The amount of precipitated VAMP 2 and
syntaxin was determined by Western blot
analysis (Fig. 1). Although the immunopre-
cipitation of syntaxin 1A and syntaxin 4
resulted in the coprecipitation of VAMP 2,
immunoprecipitation of syntaxin 2 did not.
Consistent with this analysis, immunoprecip-
itation of VAMP 2 resulted in the coprecipi-
tation of syntaxin 1A and 4 but not syntaxin
2. These data suggest that VAMP 2 can form
specific complexes with certain syntaxins.
To determine whether this coprecipitation
reflects a direct interaction between VAMP
and syntaxin, we performed binding experi-
ments with bacterially expressed recombinant
proteins. Glutathione-S-transferase (GST)
fusion proteins containing the cytoplasmic
domains, an amino-terminal portion of the
cytoplasmic domains, or a carboxyl-terminal
portion of the cytoplasmic domains of syn-
taxin 1A, 2, 3, and 4 were synthesized and
bound to glutathione agarose (Fig. 2A). The
recombinant portions of GST fusion proteins
containing the cytoplasmic domains of
VAMP 1 and 2 were purified and incubated
with the syntaxin-containing beads. The
binding of VAMP to the syntaxin-agarose
beads was detected by Western blot analysis

Anti-HA  Anti-FLAG
a4 a4 122 4

wsron S I SIS
FLAG-VAMP i e S ng m

epitope (35). At a time of 36 hours after transfection, the cells were lysed in 10 mM Hepes-KOH (pH
7.5), 140 mM potassium acetate, 1 mM MgCl,, 0.1 mM EGTA with 2% Triton X-100. The lysates were
immunoprecipitated with monoclonal antibodies against HA (12CAS5) (36) or FLAG (M2, interna-
tional Biotechnologies). After three washes, the immunoprecipitate was eluted with SDS sample
buffer and analyzed by SDS—polyacrylamide gel electrophoresis (PAGE) and Western blotting; the
first panel is 10% of the total material incubated in each immunoprecipitation. Syntaxin and VAMP
2 were visualized with antibodies to HA and VAMP (12), respectively.

Fig. 2. Interaction of recombinant VAMP with syntaxin 1A and A
4. (A) Coomassie blue—stained polyacrylamide gel of GST- 100-
syntaxin fusion proteins (37) after affinity chromatography =
with glutathione agarose. For (A) to (C): lane 1, GST alone; 8-
lanes 2 to 5, GST with the cytoplasmic domain of syntaxin 1A 29—
(amino acids 4 to 267), 2 (4 to 264), 3 (4 to 264), or 4 (5 to 18-
274), respectively; lanes 6 to 9, GST with an amino-terminal

portion of the cytoplasmic domain of syntaxin 1A (4 to 193),

2 (4 to 191), 3 (4 to 187), or 4 (5 to 196), respectively; lanes E
10 to 13, GST with a carboxyl-terminal portion of the cyto-
plasmic domain of syntaxin 1A (194 to 267), 2 (192 to 264), 3
(188 to 264), or 4 (197 to 274), respectively. (B) Immunoblot c
analysis of VAMP 2 binding. Purified cytoplasmic fragment of 12345678910111213
VAMP 2 (amino acids 1 to 94) (38) was added in equal - - e 4
amounts to GST-syntaxin fusion proteins bound to glu-

tathione agarose. After a 2-hour incubation at 4°C in 10 mM Hepes (pH 7.4), 150 mM NaCl, 0.05%
Tween-20 (HBS-T20) with excess bovine serum albumin and gelatin (1 mg mi=! each), the beads
were washed three times with HBS-T20, and the bound protein was eluted with SDS sample buffer
and analyzed by SDS-PAGE and Western biot analysis with affinity-purified antibodies to VAMP
(72). Approximately 0.6 mol of VAMP 2 bound per mole of cytoplasmic syntaxin 1A and 4 and 0.4
mol of VAMP 2 bound per mole of carboxyl domain of syntaxin 1A and 4. (C) Immunoblot analysis
of VAMP 1 binding, as described above, but with the purified cytoplasmic fragment of VAMP 1
(amino acids 1 to 96). '
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(Fig. 2B). Consistent with the COS cell
results, VAMP 1 and 2 bound the cytoplasmic
domain of syntaxin 1A and 4. VAMP 1 and 2
did not interact with syntaxin 2, syntaxin 3,
or a GST control. The amino-terminal do-
mains of all four syntaxins failed to bind either
VAMP 1 or 2, whereas the carboxyl-terminal
domains of syntaxin 1A and 4, but not of
syntaxin 2 or 3, bound both VAMP 1 and 2.
These data suggest that the formation of
complexes between the vesicular VAMPs and
the plasma membrane syntaxins arises from a
direct interaction between these molecules.
The observation that VAMPs interact with
some syntaxins but not with others suggests
that at least one component of the specificity
of vesicular trafficking may be encoded in
these interactions.

To understand further the binding of
VAMP and syntaxin, we studied their in-
teractions by using surface plasmon reso-
nance (SPR) detection (20-22). This tech-
nique measures the real-time association
and dissociation of molecules on a sensor
surface and allows estimates of kinetic bind-
ing constants. The purified recombinant
proteins used in this assay are shown in Fig.
3. The cytoplasmic domain of VAMP 2 was
immobilized to the flow cell of the sensor
surface. The cytoplasmic, amino-, and car-
boxyl-terminal domains of syntaxin 1A
were examined for their ability to bind the
immobilized VAMP 2. The carboxyl-termi-
nal domain of syntaxin 1A interacted with
the VAMP 2. No binding was observed
with either the cytoplasmic or amino-ter-
minal domains of syntaxin 1A (Fig. 4A), a
GST control preparation, bovine serum
albumin, or cytochrome c. Concentration-
dependent binding of the carboxyl-terminal
syntaxin 1A fragment was observed and
used to calculate kinetic rate constants
(Fig. 4, Band C) (23, 24). The association
rate constant, k,, was 470 = 50 M1 57!
(SEM) (n 13). The dissociation rate
constant, ky, was 2.2 X 1073 + 0.3 x 1073

s~! (SEM) (n = 6). From these data, the
Fig. 3. Purified recombi- L[ T
nant VAMP 2 and syn- i

taxin 1A protein frag- oy

ments. Coomassie blue—

stained polyacrylamide o

gel of the following &= =
samples: lane 1, syn-

taxin 1A cytoplasmic do- By =

main (amino acids 4 to 15 — —

267); lane 2, syntaxin 1A
amino-terminal  domain
(4 to 193); lane 3, syn-
taxin 1A carboxyl-terminal domain (194 to 267);
and lane 4, VAMP 2 cytoplasmic domain (1 to 94)
(37, 38). Although the amino-terminal domain of
syntaxin 1A is a single fusion protein (see Fig. 2A),
three bands are reproducibly observed after
thrombin cleavage that is required to isolate the
recombinant fragment (lane 2).

calculated dissociation equilibrium con-
stant (K = ky/k,) is 4.7 uM.

To investigate the absence of binding
between the cytoplasmic domain of syn-
taxin 1A and VAMP 2, we mixed the

amino- and carboxyl-terminal fragments of

syntaxin 1A before injection into the
VAMP 2 flow cell. The inclusion of the
amino-terminal fragment caused a dose-
dependent inhibition of the binding of the
carboxyl-terminal fragment to the immobi-
lized VAMP 2 (Fig. 5A). The amino-

Fig. 4. Real-time SPR detection of the VAMP 2 and
syntaxin 1A interaction. (A) Resonance units (RU) are
plotted as a function of time (sensorgrams) for repre-
sentative experiments: The carboxyl domain (9 uM)
(top trace), the cytoplasmic domain (3 wM) (middle
trace), and the amino-terminal domain (8 pM) (bottom
trace) of syntaxin 1A were injected into a flow cell
containing the immobilized cytoplasmic domain of
VAMP 2. No interaction was seen with the cytoplasmic
or amino-terminal domains at any concentration test-
ed, up to 30 pM. The sharp vertical rise in RU at the
beginning and end of the sample injection corre-
sponds to the refractive index change between the
sample and the flow buffer (39). (B) Sensorgrams of
the carboxyl-terminal domain of syntaxin 1A binding to
VAMP 2 (concentrations of syntaxin 1A are given to
the right of each trace in micromolarity). A total of 2400
RU of VAMP 2 cytoplasmic domain was immobilized to
the flow cell (39). The flow rate was 5 pl min=* during
the association phase and 30 wl min~' during the
dissociation phase. The higher flow rate during disso-
ciation was chosen to minimize the possibility of
analyte rebinding to the immobilized ligand. (C) Plot of
In (R/R) as a function of At, a linearizing transforma-
tion of the dissociation phase of the carboxyl-terminal
domain of syntaxin 1A (5.5 uM) binding to VAMP 2 in
the experiment in Fig. 4B (R, = initial response, R, =
resonance units at time At, the time after the start of
dissociation phase). The dissociation rate was ob-

tained by averaging the slopes obtained from such an analysis of six experiments.

Fig. 5. Amino- and carboxyl-terminal domains
of syntaxin 1A interact and prevent VAMP 2
binding. (A) Sensorgrams of syntaxin 1A car-
boxyl-terminal domain (5.5 pM) binding to im-
mobilized VAMP 2 cytoplasmic domain in the
presence of increasing amounts of syntaxin 1A
amino-terminal domain [in (A) and (B), concen-
trations are given to the right of each trace in
micromolarity]. The data are derived by sub-
traction of the values obtained from the binding
of syntaxin 1A to VAMP 2 from that of syntaxin
1A binding to a negative control surface, which
removes the RU change due to the refractive
index of the injected sample. The spikes at the
start of dissociation are an artifact created by
the subtraction, because the injection pulses
were not exactly coincident between experi-
ments. The inhibitory constant (IC,,) of the
amino-terminal syntaxin 1A in this experiment is
approximately 3 pM. A total of 2400 RU of
VAMP 2 cytoplasmic domain was immobilized
on the flow cell. The control surface was an
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identical immobilization of a lysate expressing GST only, which was prepared exactly as was the
VAMP 2 lysate. The samples were preincubated on ice for 2 hours. The injection was 15 wl min=’
at room temperature. A control preparation (lysate expressing only GST) when added to the
syntaxin 1A carboxyl-terminal domain under identical conditions did not inhibit the binding to VAMP
2, nor did the addition of the syntaxin 1A amino-terminal domain block the interaction of rabbit
immunoglobulin G with immobilized protein A. (B) Sensorgrams of syntaxin 1A carboxyl-terminal
domain binding to immobilized syntaxin 1A amino-terminal domain. A total of 11,000 RU of syntaxin
1A amino-terminal domain was immobilized. The injection was 15 wl min=' at room temperature.
Kinetic rate constants (23) were k, = 2.2 x 10% = 0.7 x 103M~1s~! (SEM), n = 8; and k, = 9 X

1073 £ 0.8 x 1073 s~ (SEM), n = 8. The K, was 4.1 uM.
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terminal fragment of syntaxin 1A may bind
the carboxyl-terminal fragment and thereby
prevent the interaction with VAMP 2. To
test this hypothesis, the amino-terminal frag-
ment of syntaxin 1A was immobilized to the
flow cell and the carboxyl-terminal fragment
of syntaxin 1A was examined for binding
activity. A dose-dependent binding of amino-
terminal to carboxyl-terminal fragments of
syntaxin 1A was observed (Fig. 5B). These
data suggest that under the conditions of the
SPR analysis, the cytoplasmic domain of syn-
taxin 1A is folded so that the amino-terminal
region binds a domain in the carboxyl-termi-
nal region of the protein and that this folding
inhibits binding to VAMP 2. There are sev-
eral experimental conditions of the SPR anal-
ysis that differ from those of the COS cell
transfection studies and GST-syntaxin chro-
matography experiments that could account
for a difference in the ability to detect an
interaction between VAMP and the full cy-
toplasmic portion of syntaxin. These condi-
tions include the duration of exposure of
VAMP to syntaxin (minutes versus hours),
the temperature of the assay (25° versus 4°C),
the protein that was immobilized, and the
method of immobilization. Each of these fac-
tors could significantly alter the prevalence of
a particular syntaxin conformational state.
Perhaps the syntaxin protein exists in vivo in
a series of conformations that regulate VAMP
binding and therefore vesicle targeting.

In this report, we demonstrate that
VAMP and the plasma membrane-localized
syntaxin directly bind each other in vitro.
VAMP 2 interacts both in COS cells and in
vitro with syntaxin 1A and 4 but not syn-
taxin 2. We extended the analysis in vitro to
show that VAMP 1 and 2 interact similarly
with these syntaxins and do not bind to
syntaxin 3. These data support the hypoth-
esis that selective combinatorial associations
of VAMPs and syntaxins may lend specific-
ity to intracellular vesicular trafficking
events. Only membrane compartments with
correct combinations of these molecules
should dock or fuse with each other.

Because a GST-VAMP 2 fusion protein
containing only the central, highly con-
served domain of VAMP is sufficient to
bind syntaxin 1A (25), it is not surprising
that the two VAMPs in this study behave
similarly. More divergent VAMP proteins
that could interact with the other syntaxins
may have yet to be identified. Although
syntaxin 1A is more closely related to syn-
taxin 2 and 3 than to syntaxin 4 (I1),
VAMP binds syntaxin 1A and 4. Thus, the
specificity of these protein-protein interac-
tions cannot be predicted from sequence
similarities alone. Both VAMPs and syn-
taxins are predicted to have a high proba-
bility of forming coiled-coil protein struc-
tures (26—28). If these molecules interact
by way of such structures, only one or a few
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amino acids may be critical for the binding.

The micromolar affinity for the interac-
tion between VAMP 2 and syntaxin 1A is
similar to that of other protein-protein in-
teractions (29-31). Furthermore, synaptic
vesicles have been suggested to be at micro-
molar concentrations in the brain (32).
Thus, VAMP may be at a concentration of
up to 10 uM, consistent with the measured
affinity. In addition, the affinity reported
here was determined with bacterially ex-
pressed soluble protein fragments. Native
VAMP and syntaxin may have a higher
affinity for each other. Finally, other com-
ponents in the docking complexes (18) may
contribute to the stability of the docked
state.

A number of additional components,
many of which are likely to be specific for
particular steps in secretion (33, 34), are
required to achieve the highly ordered pro-
cess of vesicle targeting and fusion with
acceptor membranes. Studies in yeast,
mammalian cells, and the nervous system
are in progress to define further the molec-
ular basis of vesicular trafficking.
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Adult liver has the unusual ability to fully regenerate after injury. Although regeneration is
accomplished by the division of mature hepatocytes, the replicative potential of these cells
is unknown. Here, the replicative capacity of adult liver cells and their medical usefulness
as donor cells for transplantation were investigated by transfer of adult mouse liver cells
into transgenic mice that display an endogenous defect in hepatic growth potential and
function. The transplanted liver cell populations replaced up to 80 percent of the diseased
recipient liver. These findings demonstrate the enormous growth potential of adult hepa-
tocytes, indicating the feasibility of liver cell transplantation as a method to replace lost or

diseased hepatic parenchyma.

Despite its highly specialized function, the
liver is unique in its capacity to regenerate,
even within the adult organism. The pri-
mary model of this process, two-thirds par-
tial hepatectomy in the rat, has allowed
investigation of molecular events that un-
derlie the regenerative process (1). While
much has been learned about liver regener-
ation, many questions regarding the prolif-
erative capacity of adult liver cells remain.
After partial hepatectomy, much of the lost
liver mass is restored by the division of fully
differentiated hepatocytes (1, 2). However,
because only one to two rounds of hepato-
cellular division are required to restore the
liver mass after partial hepatectomy, the
extent of the regenerative capacity of hepa-
tocytes is unknown. Certain pathological
processes may reflect a finite capacity for
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hepatocyte replication. In gene therapy pro-
tocols, in which therapeutic genes are deliv-
ered to the liver via genetically modified
hepatocytes, expression of the introduced
gene declines over time (3, 4). This dimi-
nution of gene expression may be due to
gradual loss of the modified cells because of a
limited capacity to divide, either as a result
of an inherent restriction in their replicative
potential or as a result of changes acquired
during their manipulation in culture, and is
an especially serious problem given the very
low colonization of host liver (less than 1%)
that has been achieved in experimental
models using hepatocellular transplantation
(3-5). Finally, in conditions of severe liver
injury, restoration of liver mass may be
primarily accomplished not by hepatocytes
but by the expansion of hepatocyte precur-
sors (stem cells) that subsequently differen-
tiate into hepatocytes. The existence of liver
stem cells, their replicative potential, and
their role in liver regeneration remain con-
troversial (6, 7).

We recently described a model of liver
regeneration in albumin-urokinase (Alb-
uPA) transgenic mice [TgN(AlblPlau)-
144Bri, TgN (Alb1Plau) 145Bri], in which he-
patocyte-targeted expression of a hepatotoxic
transgene creates a functional liver deficit (8)
resulting in a chronic stimulus for liver
growth. Because of the stimulus for liver
growth present in these mice, a small number
of hepatic cells in young mice that stochasti-
cally delete the deleterious transgene are se-
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amines, 1 M ethanolamine (pH 8.5). Data for
BlAcore SPR detection experiments were collect-
ed at 5 Hz. All binding was done in HBS-T20
buffer at room temperature.
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lectively expanded. Each cell gives rise to a
clone of hepatocytes that forms a nodule (8).
By 8 to 12 weeks of age, transgenic mouse
livers have been completely replaced by the
nodular, clonal growth of these transgene-
deficient cells (referred to as “red nodules”).
The observation that the regenerating nod-
ules in these livers were composed of normal
appearing hepatocytes suggested that mature
hepatocytes may indeed possess considerable
replicative capacity. However, we could not
rule out the possibility that the progenitor
cells of these nodules, instead of being hepa-
tocytes, were actually undifferentiated cells
with a much greater replicative capacity than
the hepatocytes to which they gave rise.
Furthermore, even if nodule progenitor cells
were hepatocytes, they were of fetal or early
postnatal origin; cells at this stage display a
much higher mitotic index than the adult
hepatocytes, which are of greatest interest
biologically and medically.

To determine the replicative capacity of
adult liver cells, we transplanted cells isolat-
ed from adult mouse livers into Alb-uPA
transgenic mice, then studied their growth.
Marking of donor cells at the genetic level
can be accomplished with retroviral trans-
duction of hepatocytes (9), but for our stud-
ies we wished to avoid methods that might
alter the replicative potential of the cells or
mark only subpopulations of liver cells. We
therefore transplanted cells freshly isolated
from two groups of transgenic mice. The
first, EL-myc [TgN(ElalMyc)159Bri], car-
ried the rat elastase enhancer-promoter fused
to the mouse c-myc structural gene (10).
This transgene is not expressed in liver;
however, there are approximately nine cop-
ies per cell, facilitating detection of donor
hepatocyte DNA within recipient livers.
This lineage is congenic in C57BL/6 (B6).
Second, we generated B6 donor transgenic
mouse lines that carried the mouse metal-
lothionein-I gene promoter plus flanking
sequences fused to a modified B-galacto-
sidase (B-gal) structural gene (MT-lacZ)
(11). The protein product of this transgene
is targeted to the cell nucleus as a result of
the presence of the SV40 large T-antigen
nuclear localization signal peptide. The MT
promoter is active in liver of transgenic
mice, and its expression can be induced up
to 10-fold by administration of heavy metal
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