REPORTS

246

doubly dehydrated (6) while still tethered to
the protein. The complex intermediates were
confirmed by the observation of each specific
phosphopantetheinyl ejection ion within 1.5
ppm (/4). These phosphopantetheinyl ejection
ions were further subjected to ion trap frag-
mentation to provide data corroborating their
proposed structures (figs. S5 to S9).

Apart from the relative populations of the
fully extended polyketide intermediates, both
two-part combination reactions gave remarkably
similar outcomes (Fig. 4). Elaboration of only the
hexanoyl-primed ACP, and not the acetyl-primed
(from KS-mediated loss of CO, from malonyl) or
malonyl-primed ACP, supports the notion that the
KS domain exerts control over the selection and
extension of only specific starter units tethered to
the ACP domain (in this case hexanoyl-S-ACP).
These data support the assertion that the PT
domain maintains the correct intramolecular aldol
addition intermediate and promotes its dehydra-
tion, facilitating nonenzymatic release of either the
naphthopyrone 5 or the anthrone 2. Note that
the ACP active-site tryptic peptide with the
doubly dehydrated hexanoate + 7 acetate spe-
cies (6, PT product) showed an absorbance

under single-wavelength analysis (310 nm), in
further support that this species is indeed the
TE/CLC substrate. Combined with the drastic
reduction in the flux to product(s) in the absence
of the tailoring domains (Fig. 2), the mass spec-
trometric data support assignment of the PT
domain as an aromatase/cyclase domain.

The deconstruction approach taken here has
demonstrated the synthetic roles of all recog-
nized domains in an IPKS catalytic cycle, nota-
bly the product template (PT) domain, which
should prove to be general for the broad class of
multidomain IPKSs. The insights afforded by
the catalytic autonomy of these dissected, free-
standing domains enable a rational strategy for
engineering these enzymes to synthesize alter-
native products.
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Video-Rate Far-Field Optical Nanoscopy
Dissects Synaptic Vesicle Movement

Volker Westphal,** Silvio O. Rizzoli,>* Marcel A. Lauterbach, Dirk Kamin,?

Reinhard Jahn,? Stefan W. Hell*t

We present video-rate (28 frames per second) far-field optical imaging with a focal spot size of
62 nanometers in living cells. Fluorescently labeled synaptic vesicles inside the axons of cultured
neurons were recorded with stimulated emission depletion (STED) microscopy in a 2.5-micrometer
by 1.8-micrometer field of view. By reducing the cross-sectional area of the focal spot by about a
factor of 18 below the diffraction limit (260 nanometers), STED allowed us to map and describe the
vesicle mobility within the highly confined space of synaptic boutons. Although restricted within
boutons, the vesicle movement was substantially faster in nonbouton areas, consistent with the
observation that a sizable vesicle pool continuously transits through the axons. Our study
demonstrates the emerging ability of optical microscopy to investigate intracellular

physiological processes on the nanoscale in real time.

any questions in the life sciences could
Mbe answered if lens-based optical mi-

croscopy featured the resolution of elec-
tron microscopy, or if the electron microscope
operated under physiological conditions. How-
ever, for reasons deeply rooted in the working
principles of these systems, nanoscale resolution
and noninvasive cellular imaging seemed mutu-
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ally incompatible. Although widely accepted for
decades, this notion is rapidly changing. Partic-
ularly in fluorescence imaging, far-field optical
concepts have emerged that are no longer limited
by diffraction (/—9). For example, stimulated emis-
sion depletion (STED) microscopy (/, 2) over-
comes the diffraction barrier by producing
fluorescent focal spots smaller than D ~ 200 to
300 nm in diameter. In a typical STED micro-
scope, the focal spot of excitation light is over-
lapped with a doughnut-shaped spot of light of
lower photon energy, quenching excited molecules
in the excitation spot periphery by stimulated emis-
sion. The net result is a subdiffraction-sized fluo-
rescent spot of diameter d ~D/+\/1 + /I, < D,
which, if scanned through the specimen, renders
images of subdiffraction resolution d. / and I

denote the intensity of the STED beam and the
characteristic intensity for the quenching of the
fluorescent dye used, respectively. Adjusting />>
allows one to tune the resolution d, in principle to
the molecular scale.

Until now, the 20- to 70-nm resolution re-
alized with STED has been used to map the
nanoscale distribution of proteins inside cells (3)
and on the plasma membrane (2). However, in all
of these applications, the cells were fixed or
basically static, leaving open the question of
whether nanoscale imaging of fast physiological
phenomena would be possible. Besides, the fast
recording of high-resolution image frames is ques-
tionable given the limited number of photons emitted
during the frame time. To meet these challenges,
we balanced the resolution d, tuning the spot
down to a size at which we were able to collect
just enough photons from the features of interest
to safely discern them from background. This strat-
egy, a special feature of STED microscopy and
related techniques (7), allowed reliable repeated
imaging of rapidly moving small organelles inside
living cells with nanoscale resolution. Specif-
ically, we investigated the movement of synaptic
vesicles in cultured neurons.

Although several steps in synaptic vesicle re-
cycling are well understood (/0), vesicle movement
has been difficult to study, because the ~40-nm-
diameter vesicles are housed in presynaptic nerve
terminals of ~1 pum in diameter, referred to as syn-
aptic boutons. Most current insights have therefore
been gained by sparse vesicle labeling (/7-13),
or by indirect methods, such as fluorescence re-
covery after photobleaching (/4—16) and corre-
lation spectroscopy (17-19).
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Fig. 1. Real-time STED mi-
croscopy resolves single syn-
aptic vesicles in living neurons.
(A) Typical wide-field over-
view of cultured hippocam-
pal neurons whose surface
vesicle pool was labeled with
mouse anti-synaptotagmin
and Atto647N-labeled anti-
mouse Fab fragments. (B) The
labeled pool of vesicles is rap-
idly endocytosed, as observed
by the reduced number of
surface-exposed synaptotag-
min molecules with increasing
time between primary and
secondary antibody labeling
(20). Data are shown as the
mean = SEM, with each data
point representing three to
seven independent neuronal
cultures. The dashed line in-
dicates the background flu-
orescence determined from
unstained preparations. (C)
Images of a short fragment
of a stained axon, in confocal
mode (frame #1) and in
STED mode (frames #2 and
#3). The increased resolu-
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Higher spatial resolution enables the imaging
of a sizable fraction of the vesicles simultaneous-
ly. We labeled cultured hippocampal neurons with
monoclonal mouse antibodies directed against the
intravesicular (lumenal) domain of the synaptic
vesicle protein synaptotagmin (2). The antibodies
were briefly applied to the neurons (on ice), fol-
lowed by an exposure to Fab fragments from
antibodies to mouse (anti-mouse) labeled with the
organic fluorophore Atto 647N featuring /; =10
to 20 MW/cm? at a de-excitation wavelength of
750 nm. This procedure ensured that only vesi-
cles fused to the plasma membrane were labeled
(2), because only these vesicles were exposed to
the outside space [Fig. 1A and (20)]. The labeled
vesicle pool encompassed as much as 10 to 20%
of all vesicles (21); moreover, this pool fully par-
ticipated in active vesicle recycling, as confirmed
by the rapid endocytosis of the label (Fig. 1B).
Two minutes after labeling, only ~18% of the
label still resided on the surface; after 10 min, the
value had dropped to ~8%.

Figure 1C shows that, unlike standard con-
focal imaging, STED microscopy enables the
detection of single synaptic vesicles. Video-rate
imaging was accomplished by scanning the exci-
tation and depletion beam pair in the focal plane
by means of a 16-kHz resonant mirror in one
direction; the perpendicular axis was scanned by
moving the sample with a piezo actuator (22).

tion in the STED image and the reappearance of vesicles in subsequent frames can be seen (three
arrowheads indicate relatively stable vesicles; also, many other spots can be recognized in both
frames). The insers in #1 and #2 indicate the color maps used. (D) Smoothing in confocal mode
does not improve the differentiation of single objects, although this filtering method helps to
identify superresolved vesicles in the STED images. (E) Images of a single stationary vesicle in
confocal and STED mode (summed over 10 and 50 frames, respectively) reveal the cross-section of
the focal spot in each mode. The line profiles through their center demonstrate the reduction in
focal spot area by a factor of 18.

This configuration allowed us to image an 1.8 um
by 2.5 um area within 35 ms, i.e., at 28 frames
per second [movie S1 and (20)]. By imaging the
fluorescence onto a pinhole and acquiring images
rapidly, noise levels were only ~0.1 and 0.02 counts
per pixel inside and outside the axons, respec-
tively (Fig. 1C). Although a single detected pho-

Fig. 2. Characteristics of synaptic vesicle move-
ment. (A) Successive STED frames, filtered (movie
S1). The arrowheads indicate three vesicles, which
were tracked in all frames, localized in a sub-
diffraction space. The inset in frame #26 shows
an intensity profile along the dotted white line.
(B) Example vesicle traces in one movie. Occasional-
ly, vesicles may seem trapped in a small area,
whereas other traces are reminiscent of active
transport (examples in inset). (C to E) Histograms
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of vesicle speeds: (C) based on displacement be- Directional W 02

tween two consecutive frames, (D) mean speed W~ | o 01

per trace, and (E) effective speed determined by Diffusing 0.1 ' ﬂ n
dividing the distance between the end and the « 0 0lm e
origin of the trace by the trace duration. See (20) Stationary 0 2 4 6 0 2 4

Individual speeds (nm/ms) Mean trace speeds (nm/ms)

for details of the analysis. The results are shown

as the mean + SEM, with movies analyzed from E 0.4 FA 3
four independent experiments. Black bars show ' 2
results with normal buffer (53 movies); depolarized o e 2 + *
preparations (Tyrode solution containing 70 mM o 02 IS 'g 9 -+
KCD are shown in gray (75 movies). (F) Number o -
of vesicles (traces) entering the imaged area per 0 0

0 1 2 3 0 10 20 30

second, as a function of the number of vesicles
detected in the first frames of the movie. Results
from four independent experiments, each consist-
ing of a number of movies, are shown. The circle area is proportional to the number of movies analyzed. PDF: probability density function (probability
normalized to unity).
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