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Investigation of organelle-specific intracellular
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The study of intracellular water in living cells is a challenge of fundamental importance. While the critical roles of water in
maintaining and propagating life have been widely recognized and accepted, our understanding of water/biomolecule
interactions is surprisingly limited. Using Raman microspectroscopic imaging of a living yeast cell followed by a multivariate
analysis in form of the nonnegative matrix factorization method, we successfully resolve organelle-specific water structures.
The intensities and the band profiles of the segregated water OH stretch spectra yield important and otherwise unobtainable
information on the extensive effect of the water/biomolecule interactions in a given organelle on the hydrogen-bonding
network of water molecules. Copyright © 2012 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Life, as we know it, cannot exist without water."~*! Physiological
processes ranging from cell division™ and osmotic stress
reponse™ to carcinogenesis' have been attributed to intracellu-
lar hydration, which eventually leads to the hypothesis of intra-
cellular water networks (also known as ‘biological water’).!”? Water
molecules inside a living cell are believed to have structural and
chemical properties that are distinct from those of bulk water. It
is now known that the water molecules in the vicinity of a
biomolecule, e.g. on the surface of a protein molecule, form a
characteristic network which differs substantially from bulk
water.®'% However, the extension of such studies from in vitro
solutions to living cells has been challenging. For example, the
results based on NMR T; relaxation times in mitotic Hela cells
have been contradictory’"'?! while inelastic incoherent neutron
scattering studies cannot be extended from the model systems
to living cells."™® Such ambiguities are inevitable since most of
the techniques used to study aqueous biomolecular solutions
are either incompatible with living cell studies or are incapable
of providing label-free detection with adequate spatial and
temporal resolution.

The problem has been solved with the use of Raman micro-
spectroscopy, which is compatible with living cell measurements
and can provide time- and space-resolved molecular information
without the need for any pretreatment.l"*'® The contour of the
OH stretch Raman band of water is known to be sensitive to the
changes in the hydrogen-bonding networks."”'® It can be
modeled as a continuum representing hydrogen-bonding energy
and geometry distributions,”'®’ making it an ideal candidate to
probe interactions among intracellular water molecules.

In the present report, we employ Raman microspectroscopy as
the experimental method coupled with nonnegative matrix
factorization (NMF) to study the intracellular water molecules in
living yeast cells (diploid S. cerevisiae). The NMF analysis of the
OH stretch region (from 3100cm ™" to 3800cm™") for a typical
diploid S. cerevisiae yeast cell resulted in the resolution of five

spectral components, labeled C1 to C5. (See Suppoting Informa-
tion for experimental and analysis details) and rearranged as
per the spatial coordinates of imaging (Fig. 1). The well-defined
spatial distributions of the five components in the pseudocolour
images of H matrix are almost mutually exclusive, indicating that
the resolved components represent physically meaningful spatial
distributions. The most plausible explanation for such well-
defined spatial distributions is that the differences in the
hydrogen-bonding network of water are differentiated by the
multivariate NMF analysis. The results are particularly encourag-
ing since none of the earlier reports employing vibrational
spectroscopy for studying intracellular water could resolve the
intracellular OH band profile to reveal such specific spatial distri-
butions inside living cells.2%!

The average spectra for each of the components C1 to C5
(calculated by employing the coefficients of the H matrix??) in
Fig. 1 show the relative intensities of the OH stretch bands for
the resolved components. The C5 component has a relatively
lower intensity in the lower wavenumber OH stretch region
(3200cm™") as compared to the intensity in the 3400cm ™’
region (/3400//3230 is 0.73 for C5 as compared to 0.82 for C1) indi-
cating a lower proportion of stable hydrogen-bonding network in
component C5 than in bulk water,""® showing that it originates
from an intracellular region with significantly disrupted hydro-
gen-bonding interactions.
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Figure 1. NMF analysis of the OH stretch Raman band. (a) Optical im-
age of the yeast cell chosen for Raman imaging. The spatial coefficients
obtained from the H matrix (rearranged according to spatial coordinates
to generate pseudocolour Raman images) and the average spectra in
the 3100 to 3800cm™' region, representing the components C1 to C5
(determined from the clustering of the original data based on the coeffi-
cients in the H matrix) - (b) component C1; (b) component C2; (d) compo-
nent C3; (e) component C4 and (f) component C5. The average spectra for
components C2 - C5 superimposed with the average spectrum for C1
component (bulk water spectrum depicted in red) for comparison.

The lack of consensus associated with the spectral assignment
of the OH stretch region in aqueous solutions in the past!®*
and limited knowledge of actual water structures in living cells
impedes further interpretation of the results. In order to
overcome this difficulty, information from the fingerprint region
(400 to 1800cm ") is highly useful. It is observed that the
average spectrum corresponding to each provides critical infor-
mation on the molecular composition corresponding to each
component (Fig. 2).
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Figure 2. ldentification of resolved components: (a—€) Average finger-
print region spectra (400 to 1800 cm '), representing the components C1
to C5. The average spectra are determined from the clustering of the orig-
inal data based on the coefficients in the H matrix. (f) Univariate Raman
mapping of the 1584 cm™" resonance Raman band of cytochrome (top),
compared to the pseudocolour image of C3 (bottom). (g) Univariate
Raman mapping of the 720 cm ™' band of nucleic acids (top), compared
to the pseudocolour image of C4 (bottom). (h) Correspondence between
the univariate Raman mapping of the 1744 cm ™" band from phospholipid
esters (top) and the pseudocolour image of component C5 (bottom).
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The average fingerprint spectrum corresponding to the C1
component consists of no major Raman peaks except for a weak
Raman signals at 1630cm™" (v, bending mode of water) and
980cm ' (phosphate), thus confirming that component C1 origi-
nates exclusively from the bulk water in the extracellular region.
In the C2 average fingerprint spectrum, a broad Raman peak at
890cm ™' (CO stretch of glycosides), a feature signal between
1050 and 1150cm " (terminal CH bend of reducing pyranose
rings) and a band at 1462cm™' (terminal CH bend of
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nonreducing pyranose rings) are observed indicating that the C2
component originates primarily from the cell wall. Since the yeast
cell wall makes up 25% of the dry matter and contains more than
85% of the total carbohydrates in the cell, the C2 OH stretch
signal can be assumed to originate from the carbohydrate
OH-stretch in addition to the water molecules in the vicinity.
Despite this fact, a multi-component fitting analysis of a typical
cell wall spectrum with standard spectra for water, glucan and
mannan indicates that the contribution of water is more than
90% of the total intensity in the OH stretch region as shown in
Fig.S1 (Supporting Information).

The average fingerprint spectrum representing the component
C3 shows sharp Raman peaks at 1584, 1315, 1129 and 749cm ™' -
the resonance-enhanced Raman bands from different cytochrome
species at 532-nm excitation.**®! Since the cytochromes are
widely distributed throughout the cytoplasm in general and
mitochondria in particular, it can be concluded that the cyto-
plasmic OH stretch has been successfully seggregated, as further
verified by the close correspondence between the pseudocolour
map for C3 and the univariate Raman image for the low-spin heme
band at 1584 cm " (Fig. 2f).

The average fingerprint spectrum for the component C4 contains
Raman bands associated with proteins such as 1665 — 1660 cm ™"
(amide 1), 1250 — 1300cm ™" (amide Ill) and 1003 cm™' (phenyala-
nine residue). In addition, Raman bands of nucleic acids including
728cm™" (dA), 750cm™" (dT), 781, 1093 and 1129 cm™' (backbone
OPO str), 1376 cm ™' (T, A) and 1576 cm ™' (dA and dG ring) are also
observed,™ clearly demonstrating the successful differentiation by
the NMF analysis of the OH signal in the nuclear region. The univar-
iate Raman mapping of the 728cm ™' band is identical to the
pseudocolour image of the component C4 (Fig. 2g).

Finally, the fingerprint spectrum obtained from the coefficients
for the component C5 consists of Raman bands from typical
phospholipids (1062, 1122, 1266, 1303, 1440 and 1744cm ™)'
The univariate mapping of 1744 cm ™' band overlaps perfectly with
the spatial distribution of C5 (Fig. 2h), confirming that C5 originates
exclusively from water molecules around phospholipid-rich
organelles like lipid bodies. The identification of components
corresponding to the extracellular region (C1), cell wall (C2), cyto-
plasm (C3), nucleus (C4) and lipid-rich region (C5) establishes
their physical relevance in terms of the organelle-specific water
structure. It also provides a basis for explaining the variation in
band profiles of the isolated components. For example, lower
number of stable hydrogen bonding interactions and much
lower concentration of water molecules (C5 in Fig. 1) are consis-
tent with the assignment of C5 to water molecules in lipid rich
organelles such as lipid bodies. Water molecules trapped in
multilamellar vesicle had greater orientation disorder, resulting
in a relative decrease in intensity in the 3240 cm ™ region as com-
pared to the 3440 cm ™' region.?”? The lipid - water interactions
impose orientational and density constraints on the strength of
hydrogen bond, resulting in weaker water-water interactions.!®

To summarize, we have successfully established the existence
of organelle-specific water structures in living yeast cells using a

combination of Raman microspectroscopic imaging and a multi-
variate analysis. The results provide direct evidence for the exis-
tence of ‘biological water’ in living cells, indicating how the water
hydrogen-bonding network is likely to provide a highly sensitive
and extensive means of bio-regulation.
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