This decrease reflects the fact that the angle
¢ corresponding to the conformational min-
imum of pipecolic acid, while also negative,
has a much greater absolute magnitude than
that observed for Ala at this position (21).
The significantly lower stability of the mu-
tant enzyme containing the isoelectronic hy-
droxy analog of Ala, 3, is surprising because
the NH of Ala is hydrogen-bonded to water
and not to another residue in the protein. In
addition, although ester bonds have lower
barriers to cis-trans isomerization than
amides, they are strongly biased toward the
planar trans conformation (22). The lower
melting temperature may reflect the fact that
the ester carbonyl is a much weaker hydro-
gen-bond acceptor than the analogous am-
ide carbonyl (23).

The stabilities of most of the mutant
enzymes were also evaluated by correlation
of heat and time of inactivation (Fig. 3) (4,
24). Although less accurate than the CD
determination, this method was more con-
venient because the assay could be carried
out directly with the unpurified in vitro
reaction supernatant. Control experiments
demonstrated that protein obtained by in
vitro suppression of the amber 82 mutation
with Pro was approximately 1° to 2°C more
stable than wild-type protein, in agreement
with previous reports (4, 25). Qualitatively,
the results agreed with the relative stabilities
obtained by the CD experiments, with lactic
acid as the least stable mutant. The two
mutant enzymes containing 9 and 11 were
both close in stability to the wild-type en-
zyme. It appears from these and the CD
melting study results that the electronic
properties of substitutions at position 82 of
T4L have a greater effect on protein stability
than the conformational restrictions caused
by substitutions.

We have demonstrated that proteins con-
taining significant modifications to the poly-
peptide backbone can be synthesized and
purified and that their thermal properties
can be characterized. These results suggest
that it should be possible to systematically
survey the effect of a wide range of amino
acids containing backbone and side-chain
perturbations in order to more precisely
evaluate the factors that are important for
protein stability.
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Optical Analysis of Synaptic Vesicle Recycling at the
Frog Neuromuscular Junction

WiLLiaM J. BETZ* AND GUY S. BEWICKT

The fluorescent dyes FM1-43 and RH414 label motor nerve terminals in an activity-
dependent fashion that involves dye uptake by synaptic vesicles that are recycling. This
allows optical monitoring of vesicle recycling in living nerve terminals to determine
how recycled vesicles reenter the vesicle pool. The results suggest that recycled vesicles
mix with the pool morphologically and functionally. One complete cycle of release of
transmitter, recycling of a vesicle, and rerelease of transmitter appears to take about 1

minute.

ECRETION OF ACETYLCHOLINE (ACH)

from motor nerve terminals occurs

through exocytosis of synaptic vesicles at
specific sites (active zones), after which vesicle
membranes are recaptured, refilled with trans-
mitter, and returned to the pool of vesicles
clustered near the active zone. This process,
known as vesicle recycling (1), is common to all
chemically transmitting synapses but is not well
understood. We wanted to determine whether
recycled vesicles freely mix with the vesicle pool
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or are preferentially routed to a specific region
of the pool (Fig. 1A). To study vesicle recy-
cling, we used styryl dyes to label nerve termi-
nals in an activity-dependent fashion; the dyes
mark recycled vesicles (2, 3). Transmitter re-
lease during or just preceding exposure to the
dye must occur for the terminal to be labeled.

The fluorescent labeling pattern in living
frog cutaneus pectoris preparations consists
of a series of discrete spots 1 to 2 pm in
diameter, distributed like beads along the
length of motor nerve terminals (2). The
spots align with postsynaptic ACh receptors
and disappear if the nerve is stimulated in
dye-free medium. The size and number of
spots match the immunocytochemical distri-
bution of synapsin I (4) and ultrastructural
observations of synaptic vesicle clusters.
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These and other observations (2) suggest
that the fluorescent spots consist of clusters
of stained recycled vesicles. We assumed that
the brightness of the spots was proportional
to the number of labeled vesicles and that
destaining was a result of dye loss by exocy-
tosis of labeled vesicles.

To determine how recycling vesicles re-
enter the vesicle pool, we compared the
staining pattern obtained with partial dye
loading to that obtained with full dye load-
ing (Fig. 1B). Terminals were loaded by
exposure to the dye, and partial loading was
produced by shortening the exposure time
(5). If recycled vesicles mix with the entire
vesicle pool, the fluorescent spots in partially
loaded terminals should be as large in diam-
eter as those in fully loaded terminals but
less fluorescent. If, on the other hand, recy-
cled vesicles are sequestered in one part of

Fig. 1. Morphological
mixing of recycled vesi-
cles within the vesicle
pool. (A) Illustration of
how stained, recycled
vesicles (filled circles)
might reenter the vesicle
pool (open circles).
(Left) Reentry at the
back of the pool. (Mid-

P,
Nerve terminal

the pool, the partially loaded spots should
be as fluorescent as those in fully loaded
terminals but smaller in diameter. To obtain
information in three dimensions, we studied
some terminals that lay on the top surface of
the muscle fiber they innervated and others
that lay on the side. The spots in partially
loaded terminals were about the same size
as, but less bright than, those in fully loaded
termiinals, suggesting that the recycled vesi-
cles distributed throughout the vesicle pool.
The experiment was also performed with
two dyes that could be imaged independent-
ly and similar results were obtained (Fig.
1C).

Although there appeared to be no spatial
sequestration of recycled vesicles, recycled
vesicles still might differ functionally from
other vesicles. To determine if the morpho-
logical mixing (Fig. 1) reflected functional

dle) Reentry at the front
of the pool. (Right)
Mixing within the pool.
(B) Images of terminals
acquired after partial and
full dye loading. One
terminal lay on the top
surface of the muscle fi-
ber it innervated (top
three panels) and one lay
on the side (bottom
three  panels). The
brightness of the top
(partial load) and bot-
tom (full load) images in
each set of three panels is
directly comparable
(partially loaded termi-
nals were about one-
fourth as bright as fully
loaded terminals). The
middle image is the par-
tially loaded image digi-
tally enhanced to about
the same brightness as
the fully loaded image.
(C) Two terminals [top
and side views as in (B)]
labeled with RH414
(red) and FMI1-43
(green). These two ter-
minals were first fully
loaded with RH414 and
imaged. They were then
partially loaded with
FM1-43 and reimaged
with optics that excluded

any signal from RH414. The two images were processed independently for optimum contrast and then
superimposed (lowest panel of each set of three). Regions of overlap of the red and green images appear
yellow. It is clear that the spots, whether lightly or heavily stained, overlap with considerable precision.

All scale bars = 5 pm.

10 JANUARY 1992

mixing, we destained fully loaded terminals
in two stages (terminals destained only dur-
ing nerve stimulation) (Fig. 2). The nerve
was stimulated, and after about one-half of
the dye had disappeared, stimulation was
halted for 10 min and then resumed. The
initial rates of destaining during the two
stimulation periods were then compared. If
vesicles recycled functionally to the back of
the pool, the destaining rate during the
second period should be the same as during
the first; if recycled vesicles were preferen-
tially rereleased, there should be a lag in
destaining at the beginning of the second
stimulation period. If recycled vesicles
mixed functionally with the pool, the rate of
destaining should be slowed by a predictable
amount as the pool becomes diluted with
unlabeled vesicles.

The rate of dye loss was slower during the
second stimulation period than during the

Brightness (pixel value)

Time (min)

Brightness (pixel value)

0 0.5 1 1.5 2

Time after start of stimulation (min)
Fig. 2. Functional mixing of recycled vesicles
within the vesicle pool. (A) Terminals were load-
ed with dye and repeatedly imaged. The nerve was
stimulated at 10 Hz during the times indicated.
Images were processed identically and aligned.
The brightness of 15 fluorescently labeled spots
(solid lines) and three background areas (dotted
lines) is plotted against time. (B) To facilitate
comparison of the initial rates of destaining dur-
ing the two stimulation periods, results in (A)
were background-subtracted, averaged, and plot-
ted so that the first point of each stimulation
period coincided. Open squares (mean + SEM)
show first stimulation period. Dotted line shows
predicted brightness during second stimulation
period, assuming that vesicles released during the
first stimulation period lost their dye, recycled,
and mixed randomly with the remaining labeled
vesicles during the 10-min rest period. Filled
squares (mean * SEM) show observed brightness
during second stimulation period.
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first. If we assume that the terminal returned
to its original functional state during the rest
period (so that the excitability state and
number of vesicles returned to initial condi-
tions) and that recycled vesicles mixed ran-
domly with the vesicle pool, the amount of
slowing can be predicted. At the start of the
second stimulation period, the average
brightness had decreased by 42%. Thus, if
random mixing occurred, the initial rate of
dye loss during the second stimulation peri-
od should be 42% lower than during the
first stimulation period (Fig. 2B, dotted
line). The observed rate (Fig. 2B, filled
squares) was only slightly slower than this
and is thus consistent with the hypothesis
that recycled vesicles mixed randomly both
morphologically and functionally with vesi-
cles in the pool.

If terminals did not recover fully during
the rest period and less transmitter was
released during the second stimulation peri-
od (6), then the slower rate of dye loss could
reflect reduced transmitter release. To test
this possibility, we performed two-stage
destaining of fully loaded terminals with
simultaneous monitoring of end plate po-
tentials (EPPs) (Fig. 3A) and fluorescent
spots (Fig. 3B). EPP peak amplitudes were
summed as a measure of cumulative trans-
mitter release, and we scaled them to match
the dye-loss plateau during the rest period
(Fig. 3C, dotted line). The total amount of
destaining during the first stimulation peri-
od was about 32%. If we assume random
recycling of vesicles, the rate of dye loss

during the second period should be about
32% less than the rate of transmitter release.
The solid line (Fig. 3C) is drawn according
to this prediction and fits the observed de-
staining rate well. Figure 3 also shows that
EPPs summed less rapidly during the second
stimulation period than during the first (6),
indicating that transmitter release was
slightly reduced. This could explain why in
Fig. 2B the observed destaining rate was
slightly lower than predicted.

We next measured the time required for
one complete cycle of transmitter release,
vesicle recycling, and rerelease of transmitter
by comparing dye loss and transmitter re-
lease during a single period of uninterrupted
stimulation (Fig. 4). Terminals fully loaded
with dye were stimulated, and the rates of
transmitter release (summed EPPs) and dye
loss were measured as in Fig. 3. After about
1 min, the rate of dye loss fell below that of
transmitter release, which may reflect synap-
tic vesicle recycling. That is, if vesicles lost
their dye during exocytosis and randomly
reentered the vesicle pool, then the rate of
dye loss would begin to lag behind the rate of
transmitter release as second-generation vesi-
cles (unlabeled) began to discharge along
with older (labeled) vesicles. The solid line
(Fig. 4) is drawn according to such a model
(7) and fits the observed rate of dye loss.

We have described our results in terms of
the vesicular hypothesis of transmitter re-
lease although these experiments give no
evidence of individual stained vesicles or
quantization of dye release. Thus, one might

e
o

Fig. 3. Simultaneous measurement
of fluorescence and EPPs. Nerve
stimulation (20 Hz) was applied
for about 50 s, halted for 10 min,
and resumed. (A) EPP amplitudes
during the two stimulation periods.
(B) Brightness of four fluorescent
spots (solid lines) and background
area (dotted line) during destain-
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ing. (C) Squares show average frac- (')
tion of dye lost from spots. The
dotted line shows the summed am-
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plitude of EPPs (corrected for non-
linear summation; corrections were
less than 10%) scaled to match the
average dye loss (32%) after the
end of the first stimulation period.
The solid line is drawn according to
y' =0.68 (y — 0.32) + 0.32 where
y = observed summed EPP ampli-
tude (dotted line), and y’ = pre-
dicted dye loss, assuming that 32%
of vesicles were released during the
first stimulation period, were recy- 2
cled without dye, and were mixed o

0.75]

o
[$)]
T

Fraction of dye lost ()
o
N
[$:]

20 Hz

o 10-min rest

20Hz

c

Summed EPPs (V) ()

- Il 1

randomly with the remaining dye- 0
filled vesicles.

202

1 1 12
Time (min)

o _4 -~
g I 4
8 g
o o
3 &
s =
s ¢
8 £
w (7]
0 L L L I L
0 1 2 3 4 5
Time (min)

Fig. 4. Recycle time is about 1 min. EPPs and
images were recorded during continuous uninter-
rupted nerve stimulation and plotted as in Fig.
3C. The dotted line shows summed EPP ampli-
tudes (corrected for nonlinear summation).
Squares show average dye loss from four spots
(after background was subtracted). The ordinates
were scaled so that the two curves superimposed
at the early times. The solid line is drawn accord-
ing to a model (7) that assumes that a vesicle
requires a fixed amount of time after release (40 s;
arrow) before recycling randomly into the vesicle
pool.

alternatively suppose that the dye is free in
the cytoplasm and escapes from the termi-
nals through an activity-dependent mem-
brane transporter (8). However, for this idea
to be valid, the observed staining pattern
(discrete fluorescent spots) would require
that dye distribution in the cytoplasm be
tightly constrained to regions of synaptic
vesicle clusters, which seems unlikely. More-
over, our results agree well with ultrastruc-
tural studies of vesicle recycling. For exam-
ple, after frog cutaneus pectoris nerve
terminals were stimulated at 10 Hz for 1 min,
total vesicle numbers were reduced by about
35%, and about 10% of the vesicles had
recycled (9). Similarly, we found that stimu-
lation at 10 to 20 Hz for 1 min caused the
loss of 30 to 40% of the dye and produced
only the initial signs of recycled vesicles.
Ultrastructural studies of uptake of horse-
radish peroxidase by frog motor nerve ter-
minals show labeled vesicles mixed with the
population of unlabeled vesicles without
signs of sequestration (6, 9, 10). Our results
are consistent with this morphological ob-
servation and extend it to a functional level.
On the other hand, biochemical studies of
transmitter release show evidence of prefer-
ential release of newly synthesized transmit-
ter (11, 12), which has been interpreted as
reflecting the existence of multiple transmit-
ter-containing compartments with different
turnover rates. Further biochemical evi-
dence has shown that synaptic vesicles are
not uniform but comprise at least two dis-
tinct populations (13). It has been suggested
that one vesicle population is preferentially
released and recycled, whereas another
forms a reserve pool that turns over more
slowly (14). We saw no evidence of a reserve
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pool; although our results do not rule out
the existence of a small reserve pool, our
results can be quantitatively described by a
simple model involving spatially random
recycling into a uniform pool of vesicles.

How could vesicle mixing occur? Vesicles
are clearly constrained at rest in discrete
clusters, and evidence suggests that, within
each cluster, individual vesicles are bound to
a filamentous meshwork consisting, at least
in part, of the protein synapsin I (4, 15). It
has been suggested that during activity ves-
icles detach from synapsin I (16), but the
observation that fluorescent dye spots do
not blur during destaining (2) suggests that
vesicles are still constrained in some way
during activity. If they are actively moved to
the presynaptic membrane (for example, by
a molecular motor linked to the cytoskele-
ton), the present results suggest that recy-
cling vesicles must be able to enter this
queue at any location. This could happen if,
for example, mature vesicles reappeared [for
example, by budding from cisternae and by
the removal of clathrin coats (7)] at random
locations within the cluster.
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Dimerization of a Specific DNA-Binding

Protein on the DNA

BAEx KiMm AND JoHN W. LITTLE

Many specific DNA-binding proteins bind to sites with dyad symmetry, and the bound
form of the protein is a dimer. For some proteins, dimers form in solution and bind to
DNA. LexA repressor of Escherichia coli has been used to test an alternative binding
model in which two monomers bind sequentially. This model predicts that a repressor
monomer should bind with high specificity to an isolated operator half-site. Monomer
binding to a half-site was observed. A second monomer bound to an intact operator far
more tightly than the first monomer; this cooperativity arose from protein-protein

contacts.

HE BINDING SITES FOR MANY SPE-

cific DNA-binding proteins have

dyad symmetry (1, 2), and x-ray
crystallographic studies of several DNA-
protein complexes show that one subunit
of a dimer contacts each half of the opera-
tor (2, 3). For many proteins, these com-
plexes form by binding of preformed di-
mers to their sites. It is not certain,
however, that this is true in all cases.
Indeed, several such proteins do not de-
tectably dimerize in solution (2), or they
dimerize weakly as in the case of LexA, a

B. Kim, Department of Biochemistry, University of
Arizona, Tucson, AZ 85721.

J. W. Little, Departments of Biochemistry and Molecular
and Cellular Biology, University of Arizona, Tucson, AZ
85721.

bacterial transcriptional repressor (4, 5).
LexA, which represses the SOS regulon
(6), 1s similar to the cI repressor of bacteri-
ophage A\, both in the sequence of its
COOH-terminal domain and in its general
organization. Its NH,-terminal domain
binds DNA (7, 8); the COOH-terminal
domain provides most of the contacts for
dimerization, because the in vitro dissocia-
tion constant for dimer formation in solu-
tion (Kyime,) 1s about the same for both the
COOH-terminal domain and intact LexA
(4, 5). However, the value of Ky ..,, =50
uM, is so high that the concentration of
dimers in in vitro experiments is low. This
suggests that the pathway for binding of
dimers to DNA (Fig. 1A, pathway I) cannot
account for the rapid rate at which LexA
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