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1 Introduction

Abstract. We report an analysis of four strains of baker’s yeast (Sac-
charomyces cerevisiae) using biocavity laser spectroscopy. The four
strains are grouped in two pairs (wild type and altered), in which one
strain differs genetically at a single locus, affecting mitochondrial
function. In one pair, the wild-type p* and a p° strain differ by com-
plete removal of mitochondrial DNA (mtDNA). In the second pair, the
wild-type p*™ and a p~ strain differ by knock-out of the nuclear gene
encoding Cox4, an essential subunit of cytochrome c oxidase. The
biocavity laser is used to measure the biophysical optic parameter AN\,
a laser wavelength shift relating to the optical density of cell or mito-
chondria that uniquely reflects its size and biomolecular composition.
As such, AN is a powerful parameter that rapidly interrogates the bio-
molecular state of single cells and mitochondria. Wild-type cells and
mitochondria produce Gaussian-like distributions with a single peak.
In contrast, mutant cells and mitochondria produce leptokurtotic dis-
tributions that are asymmetric and highly skewed to the right. These
distribution changes could be self-consistently modeled with a single,
log-normal distribution undergoing a thousand-fold increase in vari-
ance of biomolecular composition. These features reflect a new state
of stressed or diseased cells that we call a reactive biomolecular di-
vergence (RBD) that reflects the vital interdependence of mitochon-

dria and the nucleus. © 2007 Society of Photo-Optical Instrumentation Engineers.
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of determining how closely the yeast cell content of a particu-
lar batch of beer corresponded to the brewery’s standard. The

New light sources derived from semiconductor nanolasers of-
fer efficient new tools for bioanalytical spectroscopy because
they are small, easily integrated with microfluidics, and are
well adapted to flow spectrocytometry and high-speed
analysis." Importantly, no fluorescent probes are needed, so
specimens can be analyzed in minutes with no special prepa-
ration for rapid front-end screening of specimen spectral prop-
erties. In this work, we apply these new tools for high-speed
statistical analysis of yeast cell biomolecular composition. Of
particular interest are the statistical variations of yeast and
mitochondria determined in a biocavity laser. The father of
modern biological statistics was Gossett (1876-1937), who
developeded the Student’s t-test for assessing properties of a
statistically small sample.” He measured the concentration of
yeast cells using a microscope and hemocytometer as a way
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present studies are a modern adaptation of Gossett’s initial
studies some 100 years ago, as the biomolecular composition
and spatial organization are measured in cells and mitochon-
dria with a biocavity laser. The results of this study have
applications for basic cell biology, cell culture, detection of
disease, environmental screening of toxins, pharmaceuticals,
agricultural, and fermentation processes.

The biocavity laser was used to measure A\, a laser wave-
length shift arising from loading a microlaser cavity with a
cell or mitochondrion. This shift arises from the optical den-
sity of a cell or a mitochondrion that is a unique biophysical
property that reflects their physical size and biomolecular
composition (through the refractive index). As such, A\ is a
uniquely powerful parameter that integrates the “omic”
state—genomics, proteomics, lipidomics, glycomics, and
metabolomics—of single cells and mitochondria, and the sub-
cellular organization of these biomolecular structures. For the-
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oretical computation, the laser shift can be viewed as a fre-
quency detuning of the cavity resonance in dimensionless
units as d=AN/N=Aw/w, where \ and w are the fluid-filled
cavity (without cell) resonance wavelength and frequency, re-
spectively. Experimentally, AN is measured in nanometers as
the difference between a longitudinal laser mode of the fluid-
filled cavity and the red-shifted laser wavelength produced by
flowing cells or mitochondria through the cavity. The statisti-
cal variation of AN within each population was studied and
modeled. The population distributions of AN produced by
wild-type and mutant cells and mitochondria showed striking
differences in symmetry and shape, permitting the rapid diag-
nosis of healthy and disease states. Wild-type cells and mito-
chondria produced near-Gaussian distributions with a single
peak and short tails that were nearly symmetric. In contrast,
mutant cells and mitochondria produced leptokurtotic distri-
butions that were asymmetric and highly skewed to the right.
These features reflect a new state of stressed or diseased cells
that have undergone what we call a reactive biomolecular
divergence (RBD), whereby the normally small statistical
variance of AN increased by a thousand-fold! This divergent
state is a biophysical consequence of dramatic changes that
occur in the “omic” state and subcellular organization of
healthy cells under stress, or in disease states that produce
cellular dysfunction. We discovered that all four AN distribu-
tions could be self-consistently modeled with a single, log-
normal distribution function. In addition, we discovered that
the reactive biomolecular divergence of sick and stressed mi-
tochondria cascaded to a parallel RBD in the cell as a whole,
reflecting the vital interdependence of mitochondria and the
nucleus. These results indicate that the biocavity laser is a
uniquely powerful new tool for studying cells and organelles
in health, stress, and disease.

Yeast (Saccharomyces cerevisiae, common and brewers
yeast) are unicellular fungi that multiply as single cells by
budding. Yeast cells are easy to grow and to genetically alter,
and their basic cell mechanics (replication, recombination,
cell division, and metabolism) form a model for human cells.
They are well suited for genetic research, and a genetic code
was completed in 1996.” It reveals some 6000 genes arranged
on 16 chromosomes. Mitochondria are key regulators of the
cellular metabolic network and play a pivotal role in orches-
trating both ultradian cycles and adaptive physiologic changes
with the nucleus through processes that regulate cellular
redox.* Mitochondria help to sense and respond to the physi-
cal and chemical changes produced by changes in environ-
mental conditions by communicating with the nucleus via the
retrograde response.5 This communication allows the cell to
match metabolic supply and demand, and to respond to threats
that endanger health by altering its biophysical state. The bio-
physical state of a cell is a reflection of its “omic” profile,
which in turn results from the sum total of changes in biomo-
lecular composition and subcellular organization of structures
within the cell. It is dictated by changes in the genomics,
proteomics, lipidomics, glycomics, and metabolomics that are
coordinated between the cytoplasm and the nucleus. The bio-
physical state of the cell determines its functionality, health,
fitness, and disease, and entrains dynamic processes such as
apoptosis and cell division. We developed the biocavity laser
to quantify the biophysical state of cells and their isolated
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Fig. 1 Schematic diagram showing (a) the whole yeast cell and the
locus of nuclear and mitochondrial DNA. (b) Case 1 genetic alteration
by complete removal of mitochondrial DNA. (c) Case 2 inactivation
of cytochrome oxidase forming gene in the nucleus. (d) Specimen
designation numbers for the two different cases of genetic alterations
in the yeast cells.

mitochondria. In this work, we report our discovery that the
degree of health or disease at the cellular level can be quan-
tified by biocavity laser spectroscopy.

2 Specimen Preparation

We examined two normal wild-type yeast and their mutants to
assess the effect of fundamental mitochondrial perturbations
by biocavity laser spectroscopy. A schematic of the genetic
changes induced in the two strains is shown in Fig. 1. In case
1, the normal strain 104° is a wild-type (p*) strain of Saccha-
romyces cerevisiae. Strain 110" was derived from strain 104
by removal of its mitochondrial DNA (mtDNA). This was
accomplished by exposing the whole cell to ethidium bro-
mide, which binds to mtDNA such that it cannot replicate and
is entirely eliminated in successive generations of cell growth
[Fig. 1(b)]. Removal of mtDNA causes strain 110 to grow as
a petite (p°), named because it forms small colonies (of fewer
cells because it grows more slowly) on agar plates supple-
mented with a variety of different carbon sources. The ab-
sence of mitochondrial DNA results in the complete loss of all
the mtDNA-encoded proteins and RNAs, and loss of the pig-
mented, heme-containing cytochromes a and b. These cells
have mitochondria, but the mitochondria lack the normal res-
piratory chain complexes 1, 3, 4, and 5. Complex 2 (succinate
dehydrogenase) is preserved because its subunits are encoded
by genes located in nuclear DNA. A second mutant strain
(case 2, strain 117)® was produced from wild-type 111° by
disrupting the nuclear gene for the Cox4 protein [Fig. 1(c)].
This is a less severe modification that eliminates only com-
plex 4 of the respiratory chain. The yeast cells were grown in
liquid media overnight at room temperature to achieve expo-
nential growth, with raffinose as the nonrepressive carbon
source. Cell suspensions were collected for analysis, or the
mitochondria were isolated by cell disruption in a French
press, followed by differential centrifugation. To optimize sta-
tistics, the specimens were concentrated about 10X for mi-
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Fig. 2 Laser scanning micrographs of (a) wild-type yeast cells and (b) isolated mitochondria. The size distributions were measured and recorded in

histograms for (c) cells and (d) mitochondria.

croscopy and diluted 10X for laser spectroscopy to achieve
particle densities of about 10° and 107 particles/ml, respec-
tively.

3 Laser Scanning Microscopy

The size distribution and morphology of wild-type 104 yeast
cell isolated mitochondria are shown in Fig. 2. Figure 2(a)
was obtained by laser scanning Nomarski differential interfer-
ence contrast at 488 nm and 50X objective. The yeast cells
are typically round to oval, and exhibit average diameters that
vary between 4 to 6 um for both strains. The nucleus is evi-
dent in most cell images and has a diameter of about
1.5 to 2 um. Internal granules are also evident in most cells.
Figure 2(b) was recorded with 633-nm excitation of mi-
totracker red probe emitting at 680 nm and a 63X oil immer-
sion objective. Isolated mitochondria are spherical in shape
after removal from the cell.

It is also important to determine how the cells and mito-
chondria are distributed in size, as this provides insight into
the regulation of cell growth and division. Also, it could have
an influence on the laser spectra to follow. Using micrographs
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and custom software implementing machine vision tech-
niques, a number of cells and mitochondria were measured for
size and shape. The results are shown in the histograms in
Figs. 2(c) and 2(d). Note that the average cell diameter is
about 4.7 um with a coefficient of variation of about 17%.
The mitochondria exhibit an average diameter of about
515 nm and coefficient of variation of about 12%. Both dis-
tributions were fit numerically with normal (Gaussian) distrib-
uted random variables [solid lines in Figs. 2(c) and 2(d)]. On
the semilog plots in Fig. 2, these fitting functions are inverted
parabolas with limbs representing the tails of the distribution
that diminished rapidly away from the mean. The relatively
small values for the standard deviations indicate that the cell
and mitochondria sizes are highly regulated, and their varia-
tion will have only a small effect on the spectroscopy to fol-
low.

Detailed images of all cell strains were also obtained by
laser-scanning microscopy using a Zeiss LSM 510 system
with 633-nm excitation. Laser-scanned brightfield, mi-
totracker red fluorescence and composite images are shown in
Figs. 3 and 4 for cases 1 and 2, respectively. For both wild-
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Fig. 3 Laser scanning microscope images for the normal (104 wild-type) and case 1 mitochondrial knockout DNA (110), including brightfield,
mitotracker red fluorescence, and composite (brightfield plus fluorescence) images.

type cells in Figs. 3 and 4, the mitotracker red fluorescence is
much more intense and spatially more discrete. Also, the va-
riety of mitochondria morphology is evident. It is thread-like
in wild-type 104, but more ball-like in wild-type 111. In con-
trast, both the 110 and 117 genetically modified cells exhibit
low fluoresence intensity that is spatially much more diffuse,
making it hard to resolve individual mitochondria in these
cells. These images suggest that the mitochondria in the mu-
tant cells are less functional than in the wild-type cells and
have lost metabolic cooperativity.

4 Biocavity Laser Spectroscopy

Biocavity laser spectroscopy employs a flow of single cells or
mitochondria through an intracavity laser region, and gener-
ates spectra that characterize the cell morphology and biomo-
lecular content. It has been described previously.lo’11 The bio-
cavity laser comprises a sophisticated semiconductor wafer
that emits in the near-infrared range, at about 840 nm. The
wafer is integrated with a microfluidic glass chip about the
size of a dime (photograph in Fig. 5) to form a closed cavity
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Fig. 4 Laser scanning microscope images for the normal (111 wild-type) and case 2 (117) inactivation of cytochrome oxidase subunit 4 (Cox4) in
nucleus, including brightfield, mitotracker red fluorescence, and composite (brightfield plus fluorescence) images.
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Fig. 5 Top photograph: the biocavity laser microfluidic chip. Cells are
introduced and exit via the capillary tubes at the right and left of the
flow chip. Lower diagrams: schematic of the biocavity laser flow chip
and example spectra of eukaryotic and prokaryotic cells. The layers of
the chip are labeled from bottom to top: gallium-arsenide substrate
(gray), semiconductor mirror (light red), optical gain region (red),
fluid cavity (blue), dielectric mirror (pink), and glass substrate (green).
(a) Typical spectrum of a liver cell. (b) Typical spectrum of a mito-
chondrion. (Color online only.)

with high-quality optical resonance required for lasing. The
cavity is formed between reflective multilayers in the semi-
conductor and dielectric mirror on the glass (Fig. 5). The cav-
ity spacing is on the order of the cell or mitochondrion size,
and is formed by dry etching channels into the glass substrate.
The microfluidic chip comprises inlet and outlet ports, reser-
voirs, and microchannels to entrain cells to flow one at a time
through the lasing region where they are analyzed. When a
cell flows through this cavity, it acts as an internal waveguide,
permitting light to bounce between the mirrors, and permit-
ting the cell to be sampled hundreds of times during its course
through the chamber. The waveguiding of the rays of light
reflected back through the cell establishes an image of the
transverse cell modes within the semiconductor gain region.
Because the refractive index of the cell is higher than that of
the bare fluid, the spectrum is red shifted with respect to the
bare fluid spectral peak [top arrow in Fig. 5(a)] and comprises
a series of spectral peaks from the cytoplasmic and nuclear
modes [Fig. 5(a)]. Peak spacing, intensity, and the spectral
shift are sensitively dependent on the cell size, shape, and
biochemistry (protein packing and membrane complexity), re-
spectively. The laser also works with smaller bacterial cells or
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mitochondria, in a process where light is “nano-squeezed”
through the organelle and a single lasing mode is supported.
This results in a discrete band of laser light produced [Fig.
5(b)] and a simpler spectrum to analyze compared to whole
cells. The band is red shifted by AN from the bare fluid ref-
erence peak [Fig. 5(b)].

Experiments were performed to demonstrate the utility of
biocavity laser spectroscopy to rapidly measure the effect of
genetic disturbances in mitochondrial function. Cells and mi-
tochondria were suspended in phosphate buffered saline
(PBS) without calcium or magnesium and flowed through the
biocavity laser. Spectra were collected and the resulting laser
peak shifts AN (relative to fluid only) were analyzed. Delta N
is measured in nanometers as the difference between the ref-
erence wavelength of the biocavity laser, and the wavelength
of red-shifted laser light that cells or mitochondria emit as
they flow through the biocavity laser. It is a function of the
refractive index difference between the cells or mitochondria,
and the surrounding aqueous medium (PBS) and particle size.
Since refractive index is a function of biomolecular composi-
tion and concentration, and subcellular organization, cells and
mitochondria that contain more densely packed proteins, es-
pecially cytochromes, will show greater peak shifts.

Figure 6 shows histograms of laser wavelength shifts for
whole yeast cells. Figures 6(a) and 6(b) show the frequency
distributions of intact cells from wild-type (104 p*) yeast on
linear and semilog plots. Figure 6(a) shows that the distribu-
tion is peaked similar to a normal Gaussian distribution. How-
ever, the semilog plot in Fig. 6(b), shown to scrutinize the
shape of the distribution in greater detail, reveals a long ex-
ponential tail falling at a rate of 0.50 decade/nm (Table 1) to
higher wavelengths. A normal distribution would exhibit a
more dramatic cutoff as an inverted parabolic profile, not a
linear fall, as viewed on a semilog plot. Thus, A\ is not nec-
essarily a normally distributed parameter in living cells and
mitochondria. Figures 6(c) and 6(d) show the results for yeast
that lack mitochondrial DNA (110 p°). In contrast to Fig. 6(a),
the petite cell exhibits a highly skewed distribution with low
average laser wavelength shift. Interestingly, this distribution
has an even longer exponential tail that falls at
0.27 decade/nm (Table 1). Figure 7 shows corresponding
histograms of laser wavelength shifts for isolated mitochon-
dria. Figures 7(a) and 7(b) show the frequency distributions of
mitochondria isolated from wild-type (104 p*) cells on linear
and semilog plots. Figures 7(c) and 7(d) show the results for
mitochondria that lack mtDNA (110 p°). These distributions
are self-similar to those in Fig. 6, though they are scaled to
lower wavelength by a factor of about 2.5. Strikingly, these
distributions also exhibit long exponential tails. The fall rate
for the 110p* strain mitochondria is 1.20 decade/nm (Table
1). On the other hand, the rate for the 110p° strain mitochon-
dria is 0.58 decade/nm (Table 1). All distributions in Figs. 6
and 7 exhibit tails that grow ~2X with removal of mtDNA.
Also, the similar shapes of the distributions between mito-
chondria and cells suggest that the statistics of the isolated
mitochondria are similar to the statistics of the whole cell.
This indicates that changes in the biomolecular composition
of mitochondria have a cascading effect on the biomolecular
composition of the whole cell. The AN distribution shows that
changes in mitochondrial function produce a cascade of reac-
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Fig. 6 Histograms of laser wavelength shifts for whole yeast cells. (a) and (b) show the frequency distributions of intact cells from wild-type (104
p*) yeast on linear and semilog plots. (c) and (d) show the results for yeast that lack mitochondrial DNA (110 p°).

tive changes in the biochemistry of the cell. We call this phe-
nomenon reactive biomolecular divergence (RBD) for reasons
to be described later in the text.

The same flow experiments were repeated for the second
pair of yeast strains. The mutant 117p~ was derived from the
wild-type 111p* by insertional interruption of the Cox4 gene
in the nucleus. The data and statistics here are more limited,
and isolated mitochondria were not studied. In Fig. 8(a), the
frequency distribution for the wild type 111 p* exhibits a
Gaussian-like peak centered near 5 nm, but the tail was not
studied in detail to confirm the distribution type. The mutant
117 p~ specimen exhibits a bimodal distribution with peaks
near 3.8 and 6.8 nm, and the overall mean is near 5.5 nm,
close to that of the wild type. The presence of two peaks
suggests a heterogeneous distribution of cells. This separation
of peaks arises because the yeast cells are slightly larger and

the buds smaller (as observed in microscopy), such that they
can be resolved in the latter distribution.

5 Interpreting the A\ Distributions

To measure the distributions of biomolecules, we have em-
ployed a biocavity laser technique to measure the parameter
AN. Delta A is a function of the refraction index, a quantity
that is closely related to the cell biomolecular composition,
concentration, and particle size. Although the technique has
been described previously,'™'? it is discussed in some detail
here. The laser spectra are basically Maxwell’s equations
solved for the case of an internal semiconductor light source
within a planar microcavity."* The emitted light is an oscilla-
tory function of the parameter k=2/\, where \ is the wave-
length of light. The transmittance spectra of the microcavity

Table 1 Descriptive statistics. Right tail slope is quantified by least squares regression analysis of right-skewed tail in the A population distribution,
plotted as the log of the frequency in the y axis and A in nanometers in the x axis.

Specimen Mean Median Max SD cv Skewness Kurtosis N SEM R Tail Slope
104 Cells 3.26 3.63 8.44 1.70 52.1% -0.31 0.277 359 0.197 -0.50+/-0.01
104 Mito 1.54 1.50 4.17 0.49 31.8% 0.367 3.24 4230 0.0081 -1.20+/-0.002
110 Cells 2.86 2.72 9.13 1.30 45.5% 1.47 7.02 208 0.0904 -0.27+/-0.005
110 Mito 1.15 0.87 5.00 0.73 75.6% 1.70 2.98 1298 0.0201 -0.58+/-0.001
111 Cells 5.82 6.22 10.0 1.78 30.6% -0.796 3.26 336 0.0971

117 Cells 5.46 5.28 18.7 2.25 41.2% 1.76 12.16 293 0.132
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Fig. 7 Histograms of laser wavelength shifts for isolated mitochondria. (a) and (b) show the frequency distributions of mitochondria from wild-type
(104 p*) cells on linear and semilog plots. (c) and (d) show the results for mitochondria that lack DNA (110 p°).

exhibit a series of narrow longitudinal transmittance modes.
Also, the spectral band of spontaneous emission from the
semiconductor overlaps a few of these modes, thereby allow-
ing lasing at these wavelengths. When the internal refractive
index is increased (say, by the addition of a cell to the micro-
cavity), the emitted light mode will experience a red shift in
proportion to the index change. The red shift is a function of
the cell and cavity geometry and optical parameters, and the
general 3-D case can be analyzed by finite element methods.
The mitochondrion in the cavity was approximated by a
sphere centered in a rectangular box with boundary conditions
chosen to simulate the laser cavity. The frequency of the fun-

damental mode was computed by finite element methods as a
function of sphere diameter, refractive index, and cavity
length. The results show that the red shift is given approxi-
mately by AN=T",,AndN/nL, where An is the refractive index
difference of the cell relative to the index n of the fluid, d is
the cell diameter, N\ the laser wavelength, L is the effective
cavity length, and I',,~0.33 is an electromagnetic volume
fraction for mitochondria determined by the finite element
calculations.'* Thus, the red shift is proportional to An, which
in turn is a sum over biomolecule contributions. In the experi-
ments the AN induced by a yeast cell or isolated mitochon-
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Fig. 8 Histograms of laser wavelength shifts for whole yeast cells in the biocavity laser. The frequency distributions of intact cells from wild-type
(117 p*) yeast are on the left and yeast that lack the cytochrome oxydase gene in the nucleus (111 p7) are on the right side.
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drion was studied as population distributions shown in Figs. 6
and 7. The laser technique has two important features. First, it
is sensitive to very small changes in biomolecular composi-
tion of cells. Tiny changes in laser wavelength can be de-
tected, since the laser linewidth is very narrow, on the order of
0.02 nm. So, we expect to be able to detect small biomolecu-
lar changes that occur with genetic manipulation. Second, the
laser is sensitive to very small objects like mitochondria, and
exploits a newly discovered nano-optical transduction
method." Basically, this ultrasensitive detection of submicron
particles uses “nano-squeezing” of light into photon modes
imposed by ultrasmall dimensions in a submicron laser cavity.
The condition for nano-squeezing is that the organelle must be
approximately smaller than the wavelength of light. This is a
critical advantage of the biocavity laser. Because the mito-
chondria are so tiny (about 500 nm in diameter), it has been
difficult to study them using standard light microscope or flow
cytometry techniques. And, electron or atomic force mi-
croscopies are limited to nonviable fixed organelles, so they
cannot reproduce physiologic measurements. Thus, the bio-
cavity laser is an ideal tool for studying biomolecular changes
in metabolically active mitochondria.

6 Refractive Index and Biomolecules

The speed of light through a biofluid or biological cell is
inversely related to the biomolecular concentration. By flow-
ing a fluid or cells through a semiconductor microcavity laser,
these decreases in light speed can be observed as small wave-
length red shifts in the emitted laser output spectrum. Barer'®
has shown a linear relationship between the refractive index
and the biomolecular concentration as n=ny+ aC, where ny is
the index of the solvent, « is the specific refractive increment
of the molecule, and C is the concentration in grams per
100 ml. A change in index An=aAC arises from a change in
concentration in a particular molecular species. In general, the
refractive index n is related to the molecular absorption coef-
ficient B=eM, where ¢ is the molecular extinction coefficient
and M is the molecular concentration, by the Kramers-Kronig
relationship,”’18

_ he [T B(e")de’
n(s)—l—ZWZP . PR (1)

where P is the principle value of the complex integral over
photon energy &', h is Planck’s constant, and c is the speed of
light. To illustrate these ideas, we have calculated the refrac-
tive index change as a function of wavelength for a cyto-
chrome ¢ molecule absorbing near 550 nm with a peak width
of 10 nm. The index change (in units of Bhc/2m per eV) is
shown in Fig. 9. The plot exhibits a divergence near the peak
wavelength that is limited to finite values by a damping factor.
The change near 840 nm is about 0.04 units due to a single
cytochrome c¢ specie. Summing all of the cytochromes in
Table 2 and converting to refractive index gives a change in
index of about 0.007, about 10% of the dry weight contribu-
tion in mitochondria.

We have repeated this calculation to estimate the refractive
changes for other biomolecules. The change in the refractive
index at 840 nm (in units of Bhc/27 per eV) for a 10-nm
absorption peak located at different spectral positions span-
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Fig. 9 Computed refractive index change for a cytochrome absorption
peak near 550 nm with bandwidth of 10 nm, in units of hc/272.

ning the ultraviolet to near-infrared was computed from Eq.
(1) and is shown in Fig. 10. The shaded bands represent re-
gions where proteins, nucleic acids, and cytochromes absorb.
Because of its spectral proximity to the measured wavelength,
the spectral weighting of the cytochromes is about ten times
higher than that from other biomolecular species like proteins
and DNA.

The refractive properties of biomolecules originate in the
electronic structure of their internal chemical bonds. Protein
molecules possess covalent bonds that absorb strongly in the
ultraviolet, but are transparent in the visible and near-infrared
region where most semiconductor materials emit. For proteins
in general, the 7r-electron systems are the main origin of ab-
sorption in the 190 to 800-nm region. In small 7r-electron
systems of proteins, the absorption maximum occurs in the
range 190 to 280 nm. The larger r-electron systems of the
nucleic acid base units absorb near 260 nm and longer. The
more extended larger -electron systems of SB-carotene ab-
sorb between 400 and 500 nm. Absorption beyond 400 nm
occurs in the very large 7r-electron system of the porphyrin
rings, important in natural pigments like chlorophyll, heme,
and cytochrome oxidase found in mitochondria. Previous ex-
periments have shown that cytochrome complexes play an
important role in the absorption spectra of cells and solubi-
lized mitochondria in the visible'>*" and near-infrared.*"*
These complexes comprise metal porphyrin rings and large
bonds that delocalize electrons, lowering optical transition en-
ergies into the visible range, between 500 to 700 nm. We
have measured and confirmed the existence of this absorption
in isolated and solubilized yeast mitochondria.”

Whole cells comprise a complex milieu of thousands of
molecule types, including the cyclical molecular complexes
and metal-containing porphyrin rings. A detailed listing of the
major classes of biomolecules in mitochondria are presented
in Table 2. The table includes spectral absorption properties of
biomolecular species and estimated concentration in mito-
chondria. The metal content of cells and mitochondria is
found principally in the cytochrome complexes responsible
for the respiratory chain. The large 7 systems of cytochrome
complexes play an important role in determining the refrac-
tive index near 840 nm, where the biocavity laser operates.
And, each of the cytochrome molecules contributes to the
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Table 2 Summary of abundance and optical absorption of biomolecules in mitochondria.

Relative
Primary Oscillator Estimated
uv/vIs Peak Molecular ~ MW of Strength Contribution
Absorption bandwidth ~extinction ~ Monomer  (10%eV ~ Molar % to Refractive
Biomolecule Peak (nm) (nm) (M~Tem™")  (Daltons)  M-Tcm™") Concentration  Weight Index
Water 90 50 20,000 18 150 251030 M 50 0.333
Protein 19010280 101020 5,000to  5,000to 51010 3to20mM 30 0.06 t0 0.08
85,000 500,000
Lipids: phospholipid, 23010280 10 10,000 300 5 10
cardiolipin,
cholesterol, quinones 930 50 100 0.01 <0.005
Carbohydrates: 170 10to 15 10,000 180 6 20 mM 0.3103 <0.002
glucose, inositol,
galactose, mannose,
fucose, fructose
Intermediary metabolites ~ Organic acid 0.1t0 10 2.5 <0.001
(<2000 amu): pyruvate,  salts nM
acetylCoA, lactate,
alanine, aspartate, n—m 1000 to 250
succinate, citrate, 260 to 280 2000
oxaloacetate, taurine,
choline, glutamine T 20,000
170 1o 190
Salts/metals: Na, K, Ca, 12010 160 15 10,000 50 to 100 0.1to 140 2.5 <0.001
Mg, Cl, HCO3, mM
HPO,,Fe,Cu,Zn,Mn
RNA 260 2 0.004
DNA 260 15 20,000 10 1 0.002
Cholesterol 280 20 18,000 400 10 0.5 0.001
Cyto- B ox 530 70 8,000 250,000 0.3 0.94 0.003
chromes
B red 530 50 10,000
C ox 550 15 17,000 12,327 0.04 6x10°¢
C red 550 10 28,000
aa3 ox 600 25 20,000 200,000 0.6 0.004
aa3 red 600 25 45,000
Hb /HbO, 560 70 50,000 64,500 15 0.0
for comparison
Creatine 220 23,000 149 25 mM 0.3 <0.0005
Ribonucleosides 350 2 to mM 0.08 <0.0001
NAD(P)H 340 60 14,100 665 10 1 mM 0.07 <0.0001
ATP 370 1 mM 0.04 <0.00001
Deoxyribonucleosides 325 10 uM 0.0004 <0.000001
FADH, 450 90 11,700 786 6 1to 10 UM 10310 104  <0.000001
Journal of Biomedical Optics 054003-9 September/October 2007 = Vol. 12(5)



Gourley et al.: Reactive biomolecular divergence in genetically altered yeast...

0.1

001 F

MUCLEIC
ACIDS

FROTEIN

NADH FaD

HO CYTOCHROMES

0001 L uppbs

CONTRIBUTION TO INDEX (units of phcRaf pereV)

400 500 600 700

VW AVELEN GTH {nm)

100 200 300 g00

Fig. 10 Change in the refractive index at 840 nm (in units of
Bhc/2m? per eV) for a 10-nm absorption peak located at different
spectral positions spanning the ultraviolet to near-infrared. The shaded
bands represent regions where proteins, nucleic acids, and cyto-
chromes absorb.

refractive index at this laser wavelength, making it a sensitive
measure of total cytochrome content. When certain genes are
deleted or altered in mitochondria, fundamental changes occur
in cytochrome content and other pigmented molecules, lead-
ing to changes in the refractive index that can be quantified by
the lasing spectra.

The refractive index contribution from a biomolecule in-
creases as the product of the spectral weighting due to absorp-
tion in Eq. (1), and its concentration or biomolecular abun-
dance in the mitochondrion. To connect spectral properties
with biomolecular abundance, we have composed Fig. 11 to
estimate the spectral weight of a biomolecule (determined
from Fig. 10 as it contributes to the near-IR refractive index at
840 nm) as a function of the weight fraction in the mitochon-
drion as a whole. The latter quantity is taken from literature
values or best estimates and includes a range of uncertainty
(represented by the horizontal error bars). Some structural
biomolecules and osmolytes are tightly regulated by homeo-
stasis, i.e., total water, protein, lipids, and salt concentration,
and exhibit very small uncertainty in abundance. These bio-
molecules form the basic cell structure and chemistry, and if
altered radically, preclude cell viability. On the other hand,
metabolic enzymes and metabolites exhibit a larger variation
in abundance due to the existence of a wide dynamic range in
respiratory states of the mitochondrion. Some of these bio-
molecules vary several orders of magnitude in concentration
without changing the basic structure or viability of the cell.
This is reasonable because they occur in much lower abun-
dance than the structural biomolecules.

Molecules with high spectral weight and abundance yield
the highest optical density. In Fig. 11, we have also plotted
isoclines of constant optical density (inclined dashed lines)
that increase in value to the upper right-hand side of the dia-
gram. Most of the functional structural molecules have high
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Fig. 11 Spectral weight versus fractional composition in organelle for biomolecules in mitochondria. The dashed lines are optical density (product
of spectral weight and weight fraction) and are labeled in relative orders of magnitude.
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concentration but low spectral weight. On the other hand, res-
piratory enzymes containing pigmented biomolecules like cy-
tochrome ¢, FADH,, and NAD(P)H have high spectral weight
but low abundance. Water is the primary contributor to the
refractive index (accounting for 0.333), followed by structural
proteins (about 0.06 to 0.08), cytochromes (about 0.007), and
lipids (<0.005) and carbohydrates (<<0.0002). The cyto-
chromes stand out as unusual biomolecules because they are
present in lower abundance but have the highest spectral
weight for the refractive index at the laser wavelength of
840 nm.

7 Thermodynamics and Statistical Distributions
in Cells and Mitochondria

A basic biological function of the cell membrane is the selec-
tive uptake of ions or molecules from the environment to
concentrate them in the interior and assemble them into new
biomolecules for increasing the cell functionality. A variety of
passive and active mechanisms are used to establish these
concentration differences, which in turn produce a differential
pressure across the membrane. In the present case, we con-
sider the small differential pressure arising from biomolecules
in a cell placed in a phosphate-buffered salt solution (PBS). In
thermodynamic terms, we can define a function W that is the
probability of finding a cell with a given biomolecular con-
centration C at a temperature 7 surrounded by a solution of
concentration Cy. We can use the theory of dilute solutions to
illustrate this model. The osmotic pressure, here used loosely
for any molecule enclosed by a semipermeable boundary, is
P=(C—-Cy)kT, which is the well known van’t Hoff relation.**
The net energy to raise the concentration from C to C against
the diffusive force is PV, where V is the cell volume. If an
ensemble of cells was treated in analogy to a population of
particles in thermal equilibrium, the chemical potentials of the
cytosols of each cell would be equal to the chemical potential
of the exterior solution. In this case, the differential probabil-
ity of finding a cell with energy E is proportional to
exp(—E/kT). The probability distribution would take the form
Q(AC)exp(-ACV)=Q(N)exp(-N), where N is the number
of molecules. () is the number of accessible states, a rapidly
increasing function of N conspiring with the exponential to
produce a sharply peaked function in N. These arguments
apply to precursor molecules and to biomolecules assembled
from them.

Statistical physics™ shows that we can describe this
peaked function as the fluctuations in N similar to fluctuations
of particles in a gas or solutes in a dilute solution. The distri-
bution in a fixed volume is

W(N) = (1/\2m)exp[- (N = N)/2N], )

where N is the total number of solute particles and N is the
mean value of N. This distribution assumes that the volume of
the cell is sufficiently large, so that the deviation N—N is
small compared with N. This is the case for large cells that
contain the order of ~10'° molecules, like hemoglobin pro-
teins in a red blood cell. There may be additional homeostatic
regulatory mechanisms that place other restrictions on the de-
viations. On the other hand, there may be cells or organelles
of much smaller volume, such that the deviation is large com-
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pared to the mean. In this case, the distribution is given by
Poisson’s formula,

W(N) = N exp(— N)/N! (3)

In this case, the distribution exhibits an asymmetric shape
with a cutoff near low N and a long tail for high values of N.
In the present study, mitochondria have volume ~107'3 cm?
with the number of biomolecules of a given prevalent type
(from Fig. 11) ranging from 10% to 10°. Yeast cells have vol-
ume ~107!% cm? and biomolecules numbers some 3 orders of
magnitude higher.

8 Distribution Functions for Isolated
Mitochondria

At first glance, Figs. 6 and 7 suggest that wild-type mitochon-
dria and cells exhibit a Gaussian distribution and that the mu-
tant mitochondria and cells exhibit a Poisson-like distribution.
However, the distributions of Egs. (2) and (3) do not fit the
data, especially the long exponential tails extending to longer
wavelengths. The actual distribution is more complicated, be-
cause the measured variable AN depends on the product of the
particle diameter d and index difference An as AN=kdAn,
where k=I",,A/nL and I, is an electromagnetic volume fac-
tor for mitochondria.'* Thus, we expect A to be the product of
two independent and randomly distributed variables, the mi-
tochondrial size and its refractive index. We have already seen
that d (and hence the volume V~ d?) is a normally distributed
variable in Fig. 2. Using Fig. 11 to estimate the refractive
index of cells and mitochondria, we can derive the following
equation,

A"::Eaicz': 2 . Cei+ 2 a,Cpi+ E a;Cy;
i

cytochromes proteins lipids
+ o, 4)

where «; is the specific refractive increment for biomolecule i
(relative contributions vary, as shown in Figs. 10 and 11) and
C; is its concentration, and the sum is over all biomolecules.
If the C; are normally distributed variables (since V and N
from Eq. (2) are), then so is An, with u=Zu; and 0'2=Eof.
The distribution then takes the form of a convolution integral
of variables d (distributed with mean w, and deviation o)
and An=AN/kd (distributed with mean u,, and deviation

O-An)’

]

P(AN) =AJ expl— (d — uy)*/205)exp[— (ANkd

—0

— pan)20%,1dd. (5)

This equation can be simplified by a logarithmic transforma-
tion of AN into a log-normal distribution,26 which takes the
form

f(x) =~ expl- (Inx - )20, 6)
Xo

where x is the fitting variable, and u’ and o’ are the log-
normal fitting parameters. Equation (6) provides the best self-
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Fig. 12 Log-log plots of data (points) for isolated mitochondrial samples 104 (left) and 110 (right) and best-fit log-normal fitting function. Best-fit
parameters are shown tabulated in each figure. Subpopulations (not included in fit) are indicated with arrows. The dotted lines are best fits using
(a) Gaussian and (b) Poissonian.

consistent fitting function to all of these data. The results cients and relatively high abundance of cytochromes in mito-
(solid lines) are shown in Fig. 12 in log-log plots that now chondria (Fig. 11), cytochrome content alone does not ac-
provide an explanation of the shapes of the distribution func- count for the 1000-fold changes observed in the An
tions arising from a physical optics interpretation. The single distribution. If the cytochrome contribution to Eq. (4) were
fitting function of Eq. (6) with only two adjustable shape pa- removed and all other background concentrations remained
rameters describes the data much better than Gaussian or constant, the distribution for An would simply collapse, giv-
Poisson functions (dotted lines in Fig. 12). Using the log- ing a lower mean and lower variance (i.e., the measured vari-
normal transformations u=exp(u’+0'?/2) and o° ance of 104 already includes the variance of the cytochromes
=(exp o’?=1)exp(2u’'+0'?), we find the physical mean, and background). Instead, the background concentrations of
standard deviation, and variance of AN, which are all summa- the terms present to the right in Eq. (4) must increase by
rized in Table 3. orders of magnitude to account for the measured changes.
In Table 3, the most dramatic change occurs in the mito- These myriad changes in the biomolecular composition of
chondrial variance of AN from 0.036 for 104 p* to 27.9 for cells and mitochondria result from a cascading effect of reac-
110 p°. This represents a nearly 1000-fold increase in vari- tive changes that occur with mitochondrial dysfunction. We
ance and suggests a spectacular change in the biomolecular call this reactive biomolecular divergence (RBD). RBD is eas-
composition when mitochondrial function is disturbed! This ily measured in the biocavity laser and correlates with the
far exceeds the meager 10% spread arising from mitochon- massive changes that occur in the “omic” state of cells under
drial diameter contribution to variance (0.12). The explanation stress, which has been described by others.”’
for this dramatic increase is given by large changes in An Finally, we can now describe the AN distributions pro-
given by Eq. (4). Despite the high molar extinction coeffi- duced by whole cells. Figures 6 and 7 reveal the self-

Table 3 Summary of statistical parameters used in fitting data.

Raw Data Log-Normal Fits
Specimen m o a? “ o a?
104 mito 1.54 0.49 0.24 1.30 0.19 0.0361
110 mito 1.15 0.73 0.53 0.88 5.29 27.9
104 cell 3.26 1.70 2.89 3.24 1.10 1.21
110 cell 2.86 1.30 1.69 2.30 2.71 7.34
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Fig. 13 Log-log plots of data (points) for whole yeast cells 104 (left)
and 110 (right) and best-fit log-normal fitting functions (solid lines).
Best-fit log-normal parameters (primed variables) are in the upper left
and transformed standard parameters (mean and standard deviation)
are shown in the upper right of each figure.

similarity of the cell wavelength shift distribution to that of
the individual mitochondrial distribution. Intuition immedi-
ately suggests that the cell distribution is determined by the
organelle distribution. However, a closer inspection shows
that the tails of the cell distributions fall at least 2X slower
than those for the organelle. Further, the volume fraction f
=Vhito/ Veen, Where the organelle volume V,, relative to the
total cell volume V. is much less than 1. This reduces the
organelle contribution to the physical optics of the cell. An
accounting of these effects gives the cell wavelength shift as,

AN, = MfkdAn,, + KDAn,, (7)

where M is the number of mitochondria per yeast cell (de-
scribed by a sparse Poisson distribution with mean between 3
to 6, as estimated from microscopy), An,, is the index of the
mitochondria relative to PBS, K=I'_:\/nL, I' .= 0.5 is another
electromagnetic volume factor for whole cells, D is the di-
ameter of the whole cell, and An, is the index of the whole
cell relative to PBS without mitochondria. The first term is a
product of normally distributed variables M, d, and An,,, and
is log-normally distributed. The second term is a product of
two normally distributed variables D (measured in Fig. 2) and
An,, and is similarly log-normally distributed. Since Eq. (6) is
the sum of two log-normally distributed products, its variance
is likewise the sum of the two component variances. Figure
13 shows that log-normal distribution functions accurately fit
the whole yeast cell data of Fig. 6. The best-fit parameters are
summarized in Table 3.

Our best estimates show that the second term in Eq. (7) is
about ten times larger than the first. Thus, the measured
changes in variance A\, induced by mitochondrial dysfunc-
tion in the whole cell are mostly due to the variance in the
extra-mitochondrial biomolecules. This is evident in Table 3,
as the variance increases about six-fold from the 104 p* cell
to the 110 p° cell. These observations indicate that the reac-
tive biomolecular divergence of stressed mitochondria cas-
caded to a parallel RBD in the cell as a whole, reflecting the
vital interdependence of the mitochondria and nucleus.
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9 Summary

The mitochondrion’s optical properties are a function of its
biomolecular composition. Removal of either mitochondrial
DNA or a nuclear gene required for assembly of cytochrome ¢
oxidase (Cox4) results in radical changes in the measured dis-
tribution of spectral changes in the biophysical optical param-
eter A\,, of mitochondria measured in the biocavity laser.
These changes in mitochondria produced a cascading effect in
the distribution A\., measured for the whole cells containing
those altered mitochondria. The shift from a peaked distribu-
tion [Figs. 7(a) and 7(b)] to a skewed and leptokurtotic [Figs.
7(c) and 7(d)] distribution also implies a fundamental change
in the distribution of the remaining biomolecules in the mito-
chondria. If the dominant cytochromes (high u, low o) are
removed and the less dominant background biomolecules
(low u, high o) remain unchanged in mean concentration and
standard deviation, then both the mean and standard deviation
of the milieu would decrease, the former significantly and the
latter slightly. The experiments show, in fact, that the mean
decreases, but the deviation increases dramatically. This im-
plies that the composition and concentration of the back-
ground molecules are changed significantly, characteristic of
the altered biochemical state of the cell in a stressed condi-
tion. We called this phenomenon, measured in a biocavity
laser, a reactive biomolecular divergence.

These observations also suggest changes in the way that
the cells, and the mitochondria within them, interact during
growth. Correlated growth, of the type that results from cell-
cell communication and metabolic cooperativity, would be
predicted to result in a peaked distribution of the type pro-
duced by wild-type cells that are autocorrelated. Less corre-
lated, more independent growth of both cells and the mito-
chondria within them would be predicted to result in a more
skewed distribution as growth of cells became completely in-
dependent and uncorrelated. Interestingly, we observed a
similar shift from correlated to uncorrelated light scattering in
mitochondria from normal and cancer cells.”®

The biocavity laser represents a unique and powerful new
tool for the rapid analysis of cells and mitochondria. In the
measurements reported here, we discover that mitochondrial
dysfunction resulting from genetic changes in either mtDNA
or nuclear DNA not only reduces the refractive index (prima-
rily a function of protein and cytochrome density) in the mu-
tant cells and mitochondria, but also changes the remaining
biomolecular composition of both the mitochondria and
whole cell. The quantitative reduction in AN magnitude is
expected. However, the striking change in the pattern of the
frequency distributions is not. By studying mitochondria from
cells with genetically and biochemically defined abnormali-
ties, we hope to develop the biocavity laser into a powerful
analytical tool for studying disease in general. The biocavity
laser permits the precise measurement of a powerful new pa-
rameter AN of cells and mitochondria. Unlike any other single
chemical or biophysical measurement, A\ is a measure of the
overall biophysical state of the cell and mitochondria. The
biophysical state of a cell is a reflection of its “omic”
profile—genomics, proteomics, lipidomics, glycomics, and
metabolomics—which in turn results from the sum total of
changes in biomolecular composition and subcellular organi-
zation of structures within the cell. This tool is unique in its
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ability to probe the interface between statistical thermody-
namics and cell growth and respiration, to allow quantitative

. . . 12.
testing of new biophysical models of cells.
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