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In vivo time-lapse Raman imaging reveals highly dynamic and
concerted changes in concentration and distribution of phospho-
lipids and proteins during and after cell division of a single living
Schizosaccharomyces pombe cell.

The cell cycle is central to the reproduction of all living organisms.
In cell division, the final phase of the cell cycle, vital cellular
components including nucleic acids, proteins, membranes and
organelles are duplicated accurately and inherited equally by the
two daughter cells. This process is exceedingly dynamic in nature
in the sense that molecular composition and distribution change
continuously before, during and after the cell division. A variety
of biochemical and bioanalytical approaches have been developed
and employed to elucidate underlying molecular mechanisms of
the cell cycle (particularly those of the cell-cycle control®?).
However, these methods lack time and space specificity and as
a result, the information yielded by those methods is inevitably
time- and space-averaged. In fact, quantitative understanding of
the dynamic behaviour of molecular composition and distribution
in single cells is one of the challenging goals in biological sciences.
Here we use Raman microspectroscopy and imaging with a lateral
space resolution of 0.3 um and a time resolution of ~ 18 min to
trace the cell division of a single living Schizosaccharomyces pombe
cell, in vivo and at the molecular level. Multimode Raman images
that cover the so-called fingerprint region (800~1800 cm™") reveal
that the concentration and distribution of the two major cellular
components, phospholipids and proteins, evolve in a concerted
fashion during and after the division of the S. pombe cell. Our
results demonstrate the potential of the Raman method as a
unique tool in single-cell studies including single-cell proteomics™’
and metabolomics.®®

Raman spectroscopy, both linear and nonlinear, has been
extensively used for studying diverse biological systems in vivo
under the microscope, because of its noninvasive, nondestructive
and label-free characteristics. Living cell systems studied so far
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include bacteria,” !
tissues.!” ! Among these, a series of meticulous Raman micro-
spectroscopic studies by our group on single budding/fission yeast
cells as model organisms have advanced the molecular view of the
cellular activities such as cell division'? and starving cell death.
We first observed space-resolved Raman spectra of single living
S. pombe cells in different cell-cycle phases and kept track of
molecular composition changes at the centre of a S. pombe cell as
it underwent mitosis and cytokinesis.'> Due to the low sensitivity
of the apparatus at the time, we were unable to perform Raman
imaging experiments on a dividing cell. We then developed
supercontinuum light source-based coherent anti-Stokes Raman
scattering (CARS) microscopy,?' allowing us to acquire CARS
images of a dividing S. pombe cell.'® This method achieved higher
time resolution (<5 min per image containing two yeast cells'®)
than spontaneous Raman imaging, but only the CARS images of
the CH stretching vibrations were obtainable. We have recently
developed a high-sensitivity confocal Raman microspectrometer
that enables us to carry out Raman imaging measurements for the
fingerprint region with sufficiently low laser power (1 mW) and
exposure time (1.5 s per pixel in the present case) and to visualize
the time course of molecular distributions relevant to the cell-
cycle events with high molecular specificity (Fig. S1; see ESIT for
details).

! yeasts,lz’I4 blood cells'">'® and human

Time-lapse Raman images of nine vibrational bands of a

dividing S. pombe cell over 15 h are presented in Fig. 1, together
with the bright-field optical images. The nine Raman images
at each time were obtained simultaneously from one two-
dimensional scan of the sample. To reduce noise in the Raman
spectra recorded with an exposure time of 1.5 s (Fig. S2, ESI{), we
employed a numerical post-treatment''%** based on singular
value decomposition (SVD; see ESIf, Fig. S3). Because Raman
intensities are proportional to the concentration of the molecule,
the image of a Raman band directly visualizes the concen-
tration distribution of the molecular species that gives rise to
the Raman band.

First, we discuss the cell-cycle stage at which each Raman

imaging measurement is performed on the basis of the cell
morphology captured by the optical images (Fig. 1a). When we
start the measurement, the target cell chosen randomly is in either
the late G, phase or the beginning of the M phase (0.5 h,
Fig. la—1). This is confirmed by the Raman image of a DNA
band, which shows the nucleus located around the centre of the
cell (Fig. S4, ESIY). By 3 h (Fig. 1a-2), mitosis completes and a
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Fig. 1 Time-lapse multimode Raman imaging of a single S. pombe cell during its cell cycle. (a) Bright-field optical images of the selected S. pombe cell
0.5(1),3(2),3.5@3),6(4), 12 (5) and 15 (6) h after we started the Raman imaging experiment. Scale bar = 2 um. (b—j) Images of the Raman bands at
1440 (b), 1301 (c), 1003 (d), 852 (e), 1655 (f), 1602 (g), 1340 (h), 1260 (i) and 1154 (j) cm ™" in a rainbow colour scale with red showing the highest intensity
and purple the lowest. Full details of the construction of Raman images are given in ESI.¥ An exposure time of 1.5 s per pixel was used, resulting in a
maximum acquisition time of ~ 18 min for scanning a 11.5 x 16 um? area (23 x 32 pixels). The effective spatial resolution was determined by the step in
the scan, i.e., 0.5 pm. The nine Raman images are classified into three groups. Group 1 (b.c), phospholipid Raman images; group 2 (d.e), protein images;
and group 3 (f), Raman images arising from admixtures of lipids, proteins and other molecular species. Scale bar = 2 pm.

primary septum is formed from plasma membrane to segregate
the cell into two compartments, indicating that the cell is in the G,
or S phase. It is known that S. pombe has a very short G; phase
under normal vegetative conditions, making it difficult to
distinguish between the G; and S phases in our experiment. At
3.5 h (Fig. 1a-3), cytoplasmic division takes place and the cell
splits into two daughter cells. There is no apparent morphological
change observed in the G, phase (6, 12 and 15 h, Fig. 1a—4-6),
where the new cells are thought to grow and duplicate their
organelles to prepare for the next division. Note that, although
the cell cycle of the selected cell was considerably slowed down
compared to the other neighbouring cells, the selected cell showed
no noticeable morphological and spectral changes indicative of
lethal cellular damage and remained alive throughout and after
the experiment.

Next, we discuss the time-lapse Raman images of the dividing
S. pombe cell (Fig. 1bj), with the help of the average Raman
spectra obtained from the lower end of the cell (Fig. 2a). These
Raman images are grouped into three®® according to mode
assignments, intensity distribution patterns and time evolution.
Detailed mode assignments'>?* for both the phospholipid and
protein vibrations can be found as Table S1, ESIt. The Raman
images of group 1 (Fig. 1b,c) are attributed solely to phos-
pholipids. These images exhibit highly localized distributions.
Protein bands constitute the Raman images of group 2
(Fig. 1d.e), showing less heterogeneous distributions that spread
over the entire cell(s). Four images in group 3 except for that of
1602 cm™! (Fig. 1f,h—j) consist of the images to which both
phospholipid and protein bands possibly contribute (Table S1,
ESI¥). The band located at 1602 cm™! is an interesting band
whose intensity sharply reflects the metabolic activity of yeast
cells.">?* Although its origin is yet to be clarified, the 1602 cm™"
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Fig. 2 (a) Time-lapse Raman spectra of the yellow-circled region of
the cells (see the optical images in the inset). Each spectrum is an
average of 25 spectra that were recorded at different positions inside
the circled region. (b) Time dependences of the integrated Raman
intensities, S, of the bands at 1301 (plot 1) and 1003 (plot 2) cm™'. The
Raman intensity of each band (area under the band profile) is summed
up over the whole cell(s) (both of the daughter cells for 3.5, 6, 12 and
15 h), then divided by the total number of pixels, N, that define the
shape of the cell and finally normalized to unity at 0.5 h. That is,
S = XI;/N, where I;is the Raman intensity at the ith pixel in the cell(s).
For reference, the time dependences obtained in an independent
experiment are also plotted for the two bands (plots 3 and 4).

band has been shown to arise exclusively from mitochondria in
yeast cells.'?> As manifested by the primary septum seen in
Fig. 1h—-2, polysaccharides seem to also contaminate these three
Raman images. The images at 1655 and 1260 cm™' (Fig. 1f,i)
display quite similar patterns and time evolution to the lipid
images of group I, strongly indicating that the contribution of
phospholipids is dominant in those overlapping Raman bands. In
sharp contrast, the images at 1340 and 1154 cm™' (Fig. 1h,j)
resemble the protein images of group 2.
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The method with which we constructed the nine Raman images
is based on a univariate analysis. We have adopted this approach
because it is simple and intuitive, but it does not allow us to fully
extract chemical information from complex Raman spectra of the
cell. More detailed analysis using multivariate approaches is now
under way and will be reported in a separate publication. Here, in
order to avoid uncertainties inherent to the univariate analysis, we
shall confine the following discussion to groups 1 and 2, for which
the Raman images are unambiguously assigned to phospholipids
and proteins, respectively.

How do the molecular composition and distribution within the
S. pombe cell change as cell division proceeds? At 0.5 h, both
phospholipids and proteins appear to be more or less localized
near the two ends of the cell. Because the red (high-intensity)
patterns in the phospholipid Raman images at this stage
(Fig. 1b-1,1c-1) coincide with the mitochondrial distribution
reflected by the image of the 1602 cm™' band (Fig. 1g-1), we
conclude that the localized pattern can be attributed to high
concentrations of phospholipids in mitochondria. The rest of the
cell contains phospholipids at lower concentrations than in
the mitochondria, as well as other organelles and cytoplasm,
resulting in the green (moderate-intensity) pattern. Consistent
with the fact that the synthesized biomolecules and organelles are
divided equally into the two compartments of the cell, the
molecular distribution patterns at 0.5 h are symmetric with
respect to the centre of the S. pombe cell. At 3 h, when cell
division commences, the intensities of the phospholipid bands
decrease suddenly from yellow and red to green, whereas those
of the protein bands concertedly increase with more even
distributions in the cell (compare, for example, Fig. 1b-2 and
1d-2). In the subsequent interphase (3.5-15 h), the intensities of
both phospholipids and proteins increase. These findings are
fully consistent with the time course of the average Raman
spectra (Fig. 2a): the phospholipid-dominant spectrum is seen
at the early stages, but after the cell division, the spectrum has
more contributions from proteins. To best see this, examine the
spectral change in the 1300-1350 cm™' region on going from
0.5 to 15 h. Furthermore, the Raman intensities at 1301 and 1003
cm ™! integrated over the whole cell as a function of time (Fig. 2b)
provide quantitative information on this concerted behaviour.
We have found that the intensity of the phospholipid band
(Fig. 2b, plot 1) drops by approximately 20% within the first
few hours and rises gradually, synchronously with the continuous
increase of that of the protein band by 10-30% (Fig. 2b, plot 2).
The other phospholipid and protein bands studied have similar
time dependence. The overall trend is reproducible, as demon-
strated by plots 3 and 4, which represent the results on another
dividing S. pombe cell obtained in an independent experiment.
The observed concerted behaviour may well indicate that some
organelles like mitochondria occur as two different types,
namely, phospholipid-rich and protein-rich, depending on the
cell-cycle stage.

The highly dynamic and concerted nature of molecular
composition and distribution changes in a dividing yeast cell
has been revealed for the first time in the present study. It
demands that biological investigations now need be done
not only at the single-cell level but also with time and space
specificity. Recently, mass spectrometry has emerged as a

promising label-free method in single-cell analysis.”>>® Despite
the ability to identify and quantify molecular species in target
cells, mass spectrometry-based methods are destructive, so that it
cannot perform time-lapse measurements on one particular cell.
In addition, the space resolution of imaging mass spectrometry>°
is still not high enough (typically of the order of 1 um). Bearing
many advantages over mass spectrometry and other biochemical
methods, Raman microspectroscopy and imaging should be a
valuable, complementary approach for understanding both
quantitatively and dynamically the molecular processes that
underlie the single-cell activities.
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