






trypan blue (TB) (6, 11) (Fig. 1D).We used 1 mM
TB in most experiments, guided by the concen-
tration dependence of TB quenching of Qdots
(FTB/F0) (Fig. 1E). Neither the quencher nor
loading with antibody-conjugated Qdots affected
vesicle dynamics, as assessed by uptake and
destaining of FM 4-64 (fig. S2).

We analyzed 3D positions over time, calculat-
ing the momentary radial distance to the eventual
location of fusion (R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DX 2 þ DY 2 þ DZ2
p

). In
one example (Fig. 1F), a tracked vesicle was mo-

bile for the first 18 s of imaging but then remained
stationary at the fusion site (R ≈ 0) for another 15 s
before undergoing fusion (t= 0). The fluorescence
trace included a blinking event (–24 s), which
confirmed that the signal arose from a single Qdot,
and displayed a sharp drop 14 s after the onset of
field stimulation, which corresponded to com-
plete equilibration of the vesicle lumen with the
quencher-containing external solution. Similar
traces were obtained from g-aminobutyric acid
(GABA)–releasing (GABAergic) terminals, by

using Qdots conjugated to biotinylated antibodies
against the luminal domain of vesicular GABA
transporter (VGAT) (fig. S3A).

Single vesicles displayed three patterns of
movement before exocytosis—intersynaptic, in-
traboutonic, and minimal (residing very close to
the fusion site for the entire observation period).
Intersynaptic movement was categorized by a
net displacement of >1 mm (Fig. 1, C and G3),
consistent with vesicle sharing between nearby
synapses (12), and was the least prevalent [3 out
of 81 (4%)] (Fig. 1H). Intraboutonic movement,
defined by net displacements between 0.1 mm
and 1 mm (Fig. 1G2), was the most abundant
pattern [56 out of 81 (69%)], presumably because
it typifies the bulk of recycling vesicles. Net
movements of <0.1 mm before exocytosis (Fig.
1G1), categorized as minimal, were observed in
22 of 81 (27%) of cases.

Next, we tested whether proximity to release
sites is a critical determinant of vesicle-release
probability (Fig. 2). This long-held assumption
(1, 13) predicts that, on average, a vesicle start-
ing off close to its ultimate release site will fuse
earlier than one located further away. According-
ly, we directly determined the net 3D displace-
ment from the starting position of vesicles to their
fusion sites, information unobtainable from static
electron microscopy (EM) images. The net dis-
placement to fusion site proved to be a strong
predictor of the latency to fusion (P < 0.005) (fig.
S4). Vesicles with relatively high release proba-
bility (high Pr/v) were defined by a brief latency
to release (<20 s after onset of stimulation),
whereas vesicles with relatively low Pr/v were
discerned by long latency (>50 s after onset of

Fig. 2. Influence of dis-
tance traveled on latency
to fusion. (A) Net displace-
ments of early-releasing
vesicles and late-releasing
vesicles were significant-
ly different (P < 0.001,
K-S test). (B) Vesicles lo-
cated near fusion sites
fused significantly ear-
lier than those located
farther away (P < 0.0005,
K-S test). (C) Schematic
representation of possi-
ble locations of recycled
RRP vesicles after FCF and
retrieval, wherein recy-
cled RRP vesicles return
to (1) positions close to
the plasma membrane or
(2) away from the plas-
ma membrane. The protocols for loading RRP or TRP vesicles used 10-Hz stimulation for 1 s or 120 s.
(D) Recycled RRP vesicles took up Qdots and repositioned nearer to ultimate fusion sites than recycled
TRP vesicles (P < 0.05, K-S test).

Fig. 3. Detection of K&R by partial quench-
ing and relation of fusion mode to prior
motion. (A) Images taken before fusion
(40 s), after partial quenching (50 s), and
before (54 s) and after full quenching (60 s).
The intersection of the perpendicular lines
marked the position before the first fusion.
Bar, 0.8 mm. (B) 3D position and fluores-
cence of Qdot-loaded vesicle in (A). Red
arrow, K&R; black arrow, final FCF event.
(C) Relation of fusion mode to final dwell
time and average displacement preceding
final dwell. (D) Traces exemplifying three
categorized groups. Blue arrows, stimula-
tion initiation. Bar, 1 mm. (E) Average
displacements before final dwell were sig-
nificantly smaller with K&R (average, 105 T
10.8 nm, n = 22) than with FCF (average,
278 T 34.2 nm, n = 48) (P < 0.005, K-S
test). (F) Dwell times at the final position
were significantly longer with K&R (aver-
age, 30.3 T 7.01 s) than with FCF (average,
10.7 T 1.55 s) (P < 0.001, K-S test).
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stimulation). The high Pr/v vesicles traveled a
shorter distance to fusion sites (median, 125 nm,
n = 15) than low Pr/v vesicles (median, 310 nm,
n = 19) [P < 0.001, Kolmogorov–Smirnov (K-S)
test] (Fig. 2A). Likewise, vesicles starting near
fusion sites (<150 nm) underwent exocytosis ear-
lier (median, 18 s; average, 31 T 6.2 s; n= 21) than
those starting further away (>300 nm) (median,
71 s; average, 73 T 7.4 s; n = 13) (P < 0.0005,
K-S test) (Fig. 2B). Thus, proximity is a key fac-
tor in determining vesicle release probability
even for vesicles not already docked to their re-
lease site.

To determine whether a vesicle’s pool of
origin influences its eventual position after FCF
and retrieval or if vesicles become randomly
dispersed (Fig. 2C), we investigated the positions
of the readily releasable pool (RRP) and total
recycling pool (TRP) of vesicles after recycling,
in experiments akin to those in previous EM
studies (14, 15). Labeling of vesicles was either
sharply restricted to vesicles from the RRP
{10 Hz for 1 s [10 action potential (AP) stimu-
lation]} or spread across the TRP (1200 APs).
Vesicles originating from the RRP relocated at
positions significantly closer to the fusion sites
(median 100 nm, n = 21) (Fig. 2D) than vesicles
derived from the TRP (median 160 nm, n = 49)

(K-S test, P < 0.05) [see also (15)]. The observed
difference in spatial distribution was remarkable,
becauseQdots (unlike FMdye) can only be taken
up after FCF and clathrin-mediated retrieval (Fig.
2C) (5). Nevertheless, vesicles with a high prob-
ability of release in a first round of exocytosis
behaved detectably differently compared with re-
cycling vesicles as a whole, consistent with a
role for molecular determinants as contributors
to pool identity (14). Such determinants may ap-
ply to RRP vesicles that reside far enough from
the fusion site to be strictly undocked (1, 13, 14).

The degree of quenching of Qdot fluores-
cence by TB distinguished FCF and K&R. TB
should completely equilibrate after FCF but only
partially equilibrate during a brief fusion pore
opening of K&R. Partial quenching of a single
Qdot due to K&R is illustrated in Fig. 3A (see
detailed analyses in SOM and fig. S5). The fluo-
rescence trace showed a sudden, irreversible, but
only partial, drop (red arrow), falling from an ini-
tial level (defined as 1.0) to a partially quenched
level (FTB/F0 = 0.312), significantly larger than
expected for Qdots steadily exposed to 1 mM TB
[0.137 T 0.003 (SEM), n = 3]. After a sojourn of
~5 s, the fluorescence dropped further (black
arrow), to a level of virtually zero, presumably in
association with Qdot movement out of the region

of interest after full fusion. Similar two-step losses
of fluorescence, apparently K&R and FCF events
in succession, were observed with single vesicles
in inhibitory nerve terminals, tracked with VGAT-
antibody–conjugatedQdots (fig. S3B).We verified
that partial quenching denoted K&R fusion by
using a lower quencher concentration and observ-
ing amilder degree of partial quenching (fig. S6A).

On many occasions, the Qdot-labeled vesicle
remained stationary before undergoing K&R
(Fig. 3B), which raised the question of whether
the fusion mode is influenced by prior motion.
To investigate this, we determined the final dwell
time before fusion and the average displacement
before that final dwell. These parameters varied
between the two fusion modes (Fig. 3C; specif-
ic examples in Fig. 3D). Vesicles located close
(<300 nm) to their fusion sites with dwell times
longer than 35 s (pink shading) invariably under-
went K&R. In contrast, vesicles that approached
from a long distance (>300 nm) before the final
dwell time (gray shading) consistently underwent
FCF. Vesicles characterized by both a brief dwell
time and previously close proximity to fusion
sites showed mixed results (yellow shading).
Analysis of pooled data (Fig. 3, E and F) con-
firmed that vesicles undergoing K&R traveled
shorter distances to reach fusion sites than those
undergoing FCF (P < 0.005, K-S test), whereas
vesicles undergoing K&R remained stationary at
fusion sites for longer than those undergoing FCF
(P < 0.001, K-S test). Thus, determination of
fusion mode is not a strictly stochastic decision at
the time of exocytosis but is strongly dependent
on the prior history of vesicle position.

Next, we pinpointed the locus of fusion rel-
ative to pre- and postsynaptic markers (Fig. 4, A
and B): FM 4-64–stained presynaptic vesicles
(red) and postsynaptic density protein PSD-95
fused to green fluorescent protein (PSD-95–GFP)
(green). The “synaptic axis,” defined by a vector
connecting centroids of pre- and postsynaptic
markers (→, Fig. 4, A and C), was presumed to
pass roughly through the center of the active
zone. The angle (q, Fig. 4A) between the syn-
aptic axis and the z axis of the microscope was
122° in Fig. 4B (average, 126 T 3.3°, n = 31). The
pre- and postsynaptic landmarks provided a
spatial context for the pre-exocytosis motion of
Qdot-labeled vesicles (Fig. 4C). The trajectory of
an exemplar vesicle began near the center of FM
4-64 staining but ended at a site of exocytosis
near the centroid labeled with PSD-95–GFP. Just
before fusion by FCF (55.7 s) (black circle, Fig.
4C), the vesicle was 314 nm away from the syn-
aptic axis (r = 314 nm). Collectively, FCF events
appeared evenly distributed over a disc centered
on the synaptic axis, the cumulative distribu-
tion of events increasing with the square of dis-
tance (r2) (dashed line, Fig. 4D) [coefficient of
determination (R2) = 0.94; rmedian = 295 nm;
n = 22]. In contrast, K&R events occurred closer
to the synaptic axis (P < 0.001, K-S test), with
rmedian = 109 nm, as if kept within a smaller zone
(R2 = 0.87 for parabolic fit, n = 9). The con-

Fig. 4. Relation between fusion mode and proximity to synaptic axis (r). (A) Synaptic axis (→) defined as
a vector connecting centroids of FM 4-64 (+) and PSD-95–GFP (+), pre- and postsynaptic markers. r
defined as orthogonal distance from fusion site to synaptic axis. (B) Images of FM 4-64, PSD-95–GFP,
and Qdot in the same plane, taken initially (0 s, surrounded by dashed black line) and just before
fusion (55.7 s). Images of Qdot are marked by a red-outlined rectangle. The intersection of the
perpendicular lines marked the last position before fusion. Bar, 0.8 mm. (C) 3D trajectory of the vesicle
in (B) relative to FM 4-64 and PSD-95–GFP centroids. Color bar, elapsed time; 10-Hz stimulation
starting at 20 s. Black circle, the last position before fusion. (D) Differing cumulative distributions of r
for two fusion modes. Dashed line shows parabolic fit, corresponding to uniform distribution. Circle
indicates the vesicle in Fig. 4, B and C.
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finement of K&R events near the center of the
presynaptic terminal would put glutamate release
by K&R in alignment with N-methyl-D-aspartate
receptors (NMDARs) located close to the center
of the postsynaptic density but in less direct
apposition with most of the fast a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptors (AMPARs), which appear dominant
over NMDARs at the periphery (fig. S7) [(16, 17)
but see also (18)]. Differences in alignment are
important because (i) lateral spread of neuro-
transmitter causes rapid dilution of peak [gluta-
mate] (19),with a lateral space constant of ~125 nm
(20) and (ii) AMPARs require millimolar [gluta-
mate] for activation (21). Thus, our findings pre-
dict that exocytosis by K&R should strongly
activate NMDARs but cause uneven activation
of AMPARs, whereas both receptor types should
be robustly activated by FCF, as recently found
[(4), see also (22)].

Our real-time 3D tracking of single synaptic
vesicles in living hippocampal nerve terminals
enabled direct observation of themotion of single
vesicles toward their fusion sites. It also revealed
unexpected relations between the trajectory of
vesicles, the location of fusion, and their mode of
exocytosis.
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Decoding in the Absence of a
Codon by tmRNA and SmpB
in the Ribosome
Cajetan Neubauer,1* Reynald Gillet,2 Ann C. Kelley,1 V. Ramakrishnan1†

In bacteria, ribosomes stalled at the end of truncated messages are rescued by transfer-messenger
RNA (tmRNA), a bifunctional molecule that acts as both a transfer RNA (tRNA) and a messenger
RNA (mRNA), and SmpB, a small protein that works in concert with tmRNA. Here, we present
the crystal structure of a tmRNA fragment, SmpB and elongation factor Tu bound to the ribosome
at 3.2 angstroms resolution. The structure shows how SmpB plays the role of both the anticodon
loop of tRNA and portions of mRNA to facilitate decoding in the absence of an mRNA codon in
the A site of the ribosome and explains why the tmRNA-SmpB system does not interfere with
normal translation.

Transfer-messenger RNA (tmRNA), also
known as 10S RNA or SsrA, is a highly
structured RNA that combines properties

of transfer RNA (tRNA) and mRNA in one mol-
ecule about 350 nucleotides long (Fig. 1A) (1, 2).
The tRNA-like domain (TLD) of tmRNA lacks an

anticodon stem loop but contains an acceptor arm
(3) that can be aminoacylated at its 3′ end by the
same alanyl tRNA synthetase that aminoacylates
tRNAAla. A different region of tmRNA contains
a short internal open reading frame (ORF) that
acts as an mRNA template. In addition, tmRNA
contains several pseudoknots and helices.

Ribosomes that reach the end of prematurely
truncated or defective messages are stalled be-
cause the absence of a complete codon in the A
site prevents either elongation or normal termi-
nation. In bacteria, they are rescued by tmRNA in
a process called trans-translation because it
involves continuing translation by changing the
mRNA template. In this process, elongation fac-
tor Tu (EF-Tu) delivers tmRNA to the A site of

the stalled ribosome. The nascent polypeptide
chain is transferred to the alanine on the TLD. Sub-
sequently, translocation brings the first codon of
the ORF into the A site of the ribosome, and trans-
lation resumes with the ORF as the mRNA (2).
The short sequence coded by the ORF thus added
to the C terminus of the partially synthesized pro-
tein acts as a degradation tag (4). Therefore, tmRNA
acts both to rescue ribosomes and to target incom-
pletely synthesized proteins for degradation.

The binding of tmRNA to stalled ribosomes
requires the protein SmpB (5), which can bind to
tmRNA simultaneously with EF-Tu (6). Crystal
structures of SmpB in complex with the TLD
suggest that the protein substitutes for themissing
anticodon stem inside the ribosome (7, 8), which
was supported by electron microscopy (EM)
studies at ~15 Å resolution (9, 10). A previous
EM study found two molecules of SmpB with
tmRNA in the ribosome, with the C terminus of
one of them near the decoding center of the 30S
ribosomal subunit (11). The observed proxim-
ity to the decoding center agrees with hydroxyl
radical and chemical probing experiments that
show protection of 16S ribosomal RNA (rRNA)
bases A1492, A1493, and G530 at the decoding
center upon binding of the tmRNA-SmpB com-
plex to the ribosome (Escherichia coli num-
bering used for rRNA throughout) (12, 13).
However, mutations at these positions do not
reduce SmpB binding to the decoding site (13)
or reduce the rate of peptidyl transfer onto
tmRNA (14). The mechanism by which tmRNA
and SmpB acting in concert can facilitate “de-
coding” in the absence of codon-anticodon base
pairing has remained unclear.
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