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Oriented imaging of 3D subcellular structures in bacterial
cells using optical tweezers
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Using oscillating optical tweezers, we show that controlled alignment of rod-shaped bacterial cells allows
imaging fluorescently labeled three-dimensional (3D) subcellular structures from different, optimized viewpoints.
To illustrate our method, we analyze the Z ring of E. coli. We obtain that the radial width of the Z ring in uncon-
stricted cells is about 120 nm. This result suggests that the Z ring consists of an extremely sparse network of FtsZ

filaments.
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Optical microscopy is one of the main tools of cell biol-
ogy. It allows monitoring intracellular processes in both
space and time. To resolve the three-dimensional (3D)
structure of individual cells, confocal microscopy [1],
optical coherence tomography [2], and deconvolution
methods [3] have been developed. These techniques rely
on scanning the object along the optical axis to image the
different z slices. Such slice images are used subse-
quently to reconstruct a 3D representation of the cell.
Since optical resolution along the optical axis, z, is lower
than that in the (x, y) plane, z slicing might not be the best
approach to obtain the 3D structure of thin cells, e.g.,
bacteria. Alternatively, one may view cells from different
angles relative to the optical axis and use the resulting
projections to obtain information about their 3D organi-
zation. This approach is analogous to that of cryo-
electron tomography [4]. Recently, we have shown that
controlled alignment of rod-shaped cells can be achieved
using oscillating optical tweezers [5,6]. In this letter, we
employ the cell alignment technique to image and char-
acterize protein assemblies in individual E. coli cells. In
particular, the study of the Z ring illustrates the advan-
tages of aligned cell imaging.

In bacteria, the cytoskeletal tubulin homolog, FtsZ, is
the central element of the cell division machinery [7]. In
E. coli, FtsZ forms a ring in the constriction plane and
subsequently recruits a series of ~13 additional proteins
to this so-called “Z ring.” However, we still do not un-
derstand the spatial organization of the Z ring. On the
one hand, cryo-electron tomography experiments on
C. crescentus [8] showed that the Z ring consists of a few
FtsZ filaments that, on average, are 120 nm long and are
located at about 16 nm below the cytoplasmic membrane
(CM). On the other hand, photoactivated localization mi-
croscopy (PALM) imaging of the Z ring in E. colz [9] found
significantly higher density of FtsZ than that of Ref. [8]. In
particular, their results indicate that the Z ring is multi-
layered in the radial direction (inward from the CM).
Although the apparent disagreement between the Z ring
structures observed in cryo-electron tomography experi-
ments and in PALM imaging could be attributable to the
differences between the corresponding bacteria, namely,
between C. crescentus and E. coli, it highlights the need
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of additional quantitative information on the radial width
of the Z ring. Here we use a technique that combines os-
cillating optical tweezers with image analysis to measure
the radial width of the Z ring in unconstricted E. coli
cells. Trapped cells can be switched between horizontal
alignment, with the long axis in the plane of view, and
vertical alignment [5,6]. For vertically oriented cells the
Z ring image appears as a symmetrical circular structure
that is significantly easier to analyze than the usual image
obtained in the horizontal orientation. The main advan-
tage of our approach lies in the ability to image a parti-
cular cell in both horizontal and vertical orientations
within several seconds. While the former allows estab-
lishing its stage along the cell cycle and whether there
are other FtsZ structures on the CM aside from the Z ring,
the latter provides an optimal viewpoint on the Z ring.
Imaging was performed on an inverted microscope
(IX70, Olympus) with a CoolSNAP ES? camera (Photo-
metrics). Exposure time was 0.5 s. The pixel size corre-
sponds to a length of 41 nm. A laser beam (SDL,
4 =830 nm) was focused through the 100x objective
(UPLFLN 100XO2PH, 1.3 NA, oil immersion) to give an
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Fig. 1. (Color online) The optical system: M1, M2, and M3-
mirrors, L1, L2-telescope lenses, FCfilter cube. The laser beam
is shown for the case when the galvanometric mirror is at 45°
(solid red line) and for a smaller angle (dashed blue line).
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optical trap (Fig. 1). Since the trapping force is larger in
the (x,y) plane than along the optical axis, the optical
trap will align elongated objects with their long axis in
the z direction (vertical view). Therefore, optical twee-
zers can be used to view rod-shaped E. coli cells along
their long axis (Fig. 2). Our optical system also allows
complementing the vertical image of a cell with a corre-
sponding horizontal image. This is achieved by horizon-
tally oscillating the position of the trap at frequencies of
~100 Hz and amplitudes slightly larger than the cell
length. In this configuration, the cell experiences an ef-
fectively linear trap and therefore aligns horizontally
along the direction of the oscillation. The trap oscillation
is induced by means of a galvanometric mirror (Fig. 1). In
both the horizontal and the vertical orientations we can
image the cell in both phase contrast and fluorescence
(Fig. 2). The switching time between the different ima-
ging modes (few seconds) is shorter than the time scale
of Z ring structural dynamics [10]. Finally, an adjustable
telescope system located along the optical path of the
laser beam allows raising and lowering the trapped cell
relative to the viewing plane. This option enables us to
focus on the Z ring.

For our study, we used E. coli strain EC488 [11]. It con-
tains a chromosomal copy of ftsZ-gfp under control of a
modified #rc promoter. The expression of FtsZ-GFP
was induced by either 40 uM or 500 uM isopropyl-b-D-
thiogalactopyranoside (IPTG). We refer to the former
case as low induction level (LIL) and to the latter as high
induction level (HIL). While in LIL experiments EC488
were found to display normal growth and division beha-

Fig. 2. A trapped unconstricted E. coli cell from a HIL experi-
ment. All images are on the same scale. Bar = 1 ym. Left:
horizontal orientation; Right: vertical orientation. (A) Phase
contrast image, (B) FM4-64 image of the CM (red), (C) GFP
image of the Z-ring (green), (D) overlay of (B) and (C). The
weak red halo around the yellow ring indicates that the CM
is farther from the cell axis than the Z ring.
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vior [12,13], in HIL experiments we observe a slowdown in
the rate of growth. However, the Z-ring structure appears
to be the same at both high and low inductions. Cells were
grown at 37° in Luria broth until optical density ~0.2 in the
exponential regime. The CM was imaged using 1 uM of the
FM4-64 fluorescent stain (molecular probes).

We studied live E. coli cells that expressed FtsZ-GFP
and had their CM stained with FM4-64. We used the hor-
izontal orientation to select cells that (1) had no constric-
tion, (2) displayed a clear Z ring, and (3) showed no FtsZ
structures in addition to the Z ring, e.g., helices [12]. From
the images of the corresponding vertically aligned cells we
computed average radial profiles for both the FtsZ-GFP
and FM4-64 distributions [Fig. 3(a)]. First, we determined
the center of the ring with subpixel precision, finding the
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Fig. 3. (Color online) Average radial profiles. (a) for the cell
of Fig. 2: the profile of the CM (red circles) and the profile of the
Zring (green triangles), 7py =411+ 3 nm (right arrow),
rerp = 356 £ 5 nm (left arrow), and Ar = 54 4+ 6 nm (rgpp de-
notes the position of the FtsZ-GFP I(r) peak). (b) Same as in (a)
but for a model E. coli cell with a cylindrical surface Z ring (see
text) (inset illustrates the corresponding midcell section). The
radius of the model cell is set to 430 nm such that rgy is
the same as in (a). Moreover, 77 = 389 nm and Ar = 21 nm.
(c) Same as in (b) but for a toroidal Z ring (see text). Here,
T74ing = 350 nm and Ar = 61 nm.
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best fitting circle to the maximal intensity contour. Next,
we measured the radial intensity profile along rays that
start at the center of the ring. The fluorescence intensity
was obtained at 20 nm intervals along a ray using linear
interpolation. The interpolation was done between the in-
tensity values in the three nearest neighboring pixels
[14,15]. Radial profiles were measured for 360 rays at
equal angular intervals around the ring. Averaging these
profiles leads to a smooth function, the average radial pro-
file, (r) [Fig. 3(a)l.

We have analyzed seven cells that satisfy the three re-
quirements spelled out above. In addition, the cells were
required to display in both the FM4-64 and FtsZ-GFP ver-
tical images rings with sufficient contrast and circular
symmetry. Cells with good enough contrast levels could
be found only in HIL experiments. However, cells from
LIL experiments with the best contrast levels available
gave results similar to those of the high induction ones
only with a larger spread of values and larger errors.
For the seven analyzed cells we found that the peak of
the FM4-64 I(r) is ~60 nm farther from the cell center
than the one of FtsZ-GFP. Specifically, we found that the
difference in » between the peaks, Ar, was 54 & 11 nm,
58+ 11nm, 55+ 11nm, 62+ 11 nm, 594+ 11 nm,
71 &£ 11 nm, and 58 + 11 nm, while the position of the
FM4-64 peak itself, rpy, varied from 410 nm to
535 nm. Since the outermost layer of the Z ring is at-
tached to the CM [7], the maximal FtsZ-GFP I(r) corre-
sponds to the center of a radially extended FtsZ-GFP
distribution. Accordingly, we propose that Ar is approxi-
mately equal to half the radial width of the Z ring, D.

The errors in the measured values of Ar include experi-
mental errors of three types: (1) the variability among the
nonaveraged radial profiles, (7, 9), (2) the focusing error,
and (3) errors attributable to fluctuations of the trapped
cell. The average error of Ar owing to profile variability
was 7 nm. To calibrate the focusing error, we used cells
that were vertically immobilized in agar. Scanning the fo-
cus within a few micrometer range around the apparent
focal plane allowed estimating the corresponding average
error in Ar at 5 nm. Moreover, the effect of trapped cell
fluctuations on the position of the I(r) peak was tested by
varying the strength of the trap. We find that changing the
laser beam power (at the exit from the objective) between
18 mW and 61 mW (working power was 37 mW) results in
fluctuations of the Ar with a standard deviation of 7 nm.
We have also verified the possibility of experimental arti-
fact attributable to the effect of chromatic aberrations.
Since the emission spectra of GFP and CM bound FM4-
64 are centered at different wavelengths, 507 nm and
615 nm, respectively, there could be a difference in mag-
nification between the corresponding images. To examine
the dependence of magnification on wavelength, we im-
aged pairs of immobilized fluorescein-coated microbeads
using sequentially the GFP and FM4-64 filter sets. We
found that distances between beads were the same in
the two wavelength ranges within the accuracy of the po-
sition-finding algorithm (<10 nm).

Assuming no experimental artifact in measuring Ar,
we considered the option that the FtsZ-GFP I(r) is biased
inward by the unassembled fraction of FtsZ dispersed
throughout the cytoplasm (70% of the total FtsZ in the
cell [10]). To verify this scenario, we simulated the

behavior of I(r) for the corresponding FtsZ-GFP and
FM4-64 configurations. We used a theoretical 3D point
spread function (3D PSF) model appropriately adjusted
for the large NA objective [16]. It was found to be in good
agreement with the measured PSF in the focal plane. To
mimic the FtsZ distribution observed by Zhuo et al. [8],
we considered a cell model where the Z ring is repre-
sented by a cylindrical surface parallel to the CM at
10 nm inward, centered at midcell, and extending 100 nm
along the cell axis. In addition, 70% of the total FtsZ-GFP
in the cell is homogenously distributed throughout the
cytoplasm. Numerically convoluting this cell model with
the 3D PSF leads to Ar = 21 nm, much smaller than the
measured Ar [Fig. 3(b)]. To reproduce the values of Ar
measured in our experiments, a second cell model was
simulated that had the same distribution of FtsZ in the
cytoplasm as before and a toroidal Z ring located at mid-
cell [Fig. 3(c)]. The minor and major radii of the torus
were r; = 60 nm and 7y = 370 nm, respectively, such
that it extended up to the CM. In fact, the toroidal Z-ring
model was proposed by Fu et al. to account for their re-
sults [9]. For this case, we obtained Ar = 61 nm, in good
agreement with experiment. Moreover, while Ar was al-
most independent of 75 and of flattening the torus toward
midcell, it changed rapidly with 7;.

In conclusion, we have used optical tweezers and sub-
pixel image analysis to estimate D, the radial width of the
Z ring in E. coli. We found that D ~ 2Ar ~ 120 nm. This
value is consistent with the observations of Fu et al. [9].
Because the amount of FtsZ in the Z ring is limited [10],
our findings suggest that the Z ring consists of a sparse,
multilayered network of FtsZ filaments.
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