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ABSTRACT: Saccharomyces cerevisiae yeast cells were studied from the point of view of
their metabolic activity related to radiation damage produced by soft X-ray. Experiments were
performed at Rutherford Appleton Laboratories. Oscillatory effects in CO: production were
measured under different conditions and for different chiral nutrients. Penetration depth of the
soft X-ray (0.9-1.2 keV) used permits to evidence that radiation damage did not interfere with
the inner parts of the cell, but only with the structures of the wall-membrane-cytoplasm

configuration.
KEY WORDS: soft X-ray, yeast fermentation, chirality, CO: oscillations.

RIASSUNTO: Sono state studiate cellule di lievito del ceppo Saccharomyces cerevisiae dal
punto di vista della loro attivita metabolica in risposta ai danni prodotti da raggi X molli. Gli
esperimenti sono stati effettuati al Rutherford Appleton Laboratory. Gli effetti oscillatori nella
produzione di CO: sono stati misurati in condizioni differenti e per nutrienti a diversa chiralita.
La profondita di penetrazione dei raggi X (0.9-1.2 keV) utilizzati pemette di evidenziare che il
danno da radiazione non interferisce sulla struttura interna della cellula, ma solo sull'insieme

parete-membrana-citoplasma.

PAROLE CHIAVE: raggi X molli, lievito e fermentazione, chiralita, oscillazioni di CO:.
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Soft X-ray radiation on yeast

INTRODUCTION

In this paper we present the general philosophy and
the preliminary results of an experiment involving soft X-
ray irradiation of yeast cells that had its focal point in a
three week irradiation procedure at Rutherford Appleton
Laboratories (Didcot, U. K.).

Aims of the investigation were in different fields:

BIOLOGY

Selective damaging of enzyme metabolic activity at
the membrane level (responsible for fermentation)
without interfering with respiration (taking place in mito-

chondria).

TECHNOLOGY

Easy non-invasive on-line monitoring of metabolism in
yeast cells (performed by using semiconductor pressure
Sensors).

BIOPHYSICS

Search for oscillations of enzymatic cycle and its re-
gulatory mechanisms with a physical probe on line, that
is active on many cells, and can give quantitative infor-
mation in a continuous way.

The system has many interesting features from the
physical point of view being the glycalytic cycle a model
system for nonlinear science (1).

BIOENGINEERING

Techniques are made available for increasing respira-
tion rate (by damping fermentation ability); thus biomass
production is increased without damaging the biomole-
cules that are produced inside the cell. A feature cer-
tainly interesting for biotechnology and gene-technology
industry.

All the investigated processes are linked to replication
of cells being driven by ATP-ADP basic energetic cycle.
In order to decouple glycolysis, and respiratory cycles
from replication it is important to irradiate the biological
target with X-rays that, because of wavelength and do-
se, damage selectively cellular compartments, such as
the membrane or cytoplasmatic structures, without gi-
ving rise to significant DNA damage.

MEDICINE

The energy of X-rays is mainly stopped in the mem-
brane, involving typical signal transduction units, typical
of the immune and recognition response. Therefore we

are facing a novel technique to interfere with immune
system being on the other hand sure that X-rays in use
are not lethal to mammalian cells (2).

EDUCATION

Training of graduate and postgraduate students in
Physics and Biology. Some students have actively
taken part in the experiment on which their thesis work
will be based.

DIAGNOSTIC

The control of physical parameters has forced us to
improve the analysis of the atmosphere in which biologi-
cal activity of yeasts take place and to investigate cells
by means of the innovative X-ray microscopy (3).

SOFT X-RAYS RADIATION SELECTIVE AC-
TION ON YEAST CELLS

Yeast, the biological target: the reasons of a choice

1. Yeast cells have many fundamental characteristics
of higher eukaryotic cells, whilst being relatively sim-
ple objects in the kingdom of living beings (4,5).
Yeast is also viewed as a microorganism of major
economic and social significance. In fact, not only it
provides fermentation for most breads and alcoholic
beverages, but it is increasingly used in the new bio-
technology to produce heterologous proteins and
other molecules mainly, but not exclusively, for
pharmaceutical use (6).

2. Glycolysis and oxidative phosphorilation are among
the most widely exploited biochemical pathways,
but the spatio-temporal regulation of their interac-
tions in vivo is not yet completely understood, and
may enlighten mechanisms peculiar of cancer cells.
In fact rapidly growing tumours are found to exhibit a
capacity to utilise more glucose than normal tissues,
and seem to obtain significant amount of ATP from
sources involving both mitochondrial (glycolytic)
reactions and mitochondrial oxidative phosphorila-
tion (7).

3. Saccharomyces cerevisiae yeast cells have recently
permitted to evidence the role played by AMP inthe ho-
meostatic mechanism which is responsible of the ca-
pacity exhibited by cells to activate a recovery mecha-
nism after insults (8). Furthermore, yeast has permitted
rapid progress in the problem of damaged DNA (9).

4. Genetic analysis of aging in yeast has revealed that
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a protein complex, known to play an essential role in
transcriptional silencing at mating-type loci and telo-
mers, also controls aging and stress resistance (10).

5. The vacuole of yeast Saccharomyces cerevisiae is
functionally equivalent to the mammalian lysosome.
Protein transport to the yeast vacuole provides new
insight into the mechanisms involved in vacuolar
protein localisation (11).

6. Pheromones produced by mating types in yeast has
been used to elucidate the fundamental compo-
nents of the molecular machinery controlling
morphogenesis in eukaryotic cells (12). The proven
capacity of yeast to permit genetic manipulation has
greatly improved the understanding of fundamental
mechanisms of intra-cellular signal transduction as-
sociated with cellular division and differentiation
(13).

7. Interest in the assembly of the yeast cell wall has
been recently growing from pharmaceutical point of
view. In fact, since the extracellular matrix of mam-
malian cells strongly differs from the cell wall of yea-
st, the assembly of the wall represents in principle
an ideal target for new antifungal agents (14).

8. Yeast has recently permitted to identify prions, a ty-
pe of infectious protein responsible for causing se-
veral neurodegenerative disorders in mammals.
The propagation of prion phenotype in yeast invol-
ves pathways related to control of nitrogen cataboli-
sm (15).

9. Yeast has been found to be useful to a better under-
standing of electropermeabilisation, which is gene-
rally utilised for incorporation of drugs, DNA, etc. in-
to cells for gene engineering, but which is a mecha-
nism not yet completely established (16).

10. Yeast has proven to be a useful tool to elucidate the
mechanism of transduction of stimulatory signals
from the cell surface to cytoplasmic nuclear targets.
Such a mechanism is seen as a cascade involving a
series of protein kinase (MAP, mitogen activated
protein) which are present in eukaryotic cells from
yeast to mammals (17).

Cell Structure

In order to establish typical parameters of soft X-ray ir-
radiation (photon energy and flux) and calculate the ab-
sorbed doses, yeast cell parameters must be known
with sufficient precision. Hence, we were interested in
the generation of autonomous information on structural

cellular parameters owing to the excessively large
spread in the reported observation about wall and mem-
brane of yeast. Cells have then been analysed with: op-
tical microscopy, SEM microscopy, TEM microscopy, X-
relly microscopy (3), Coulter Counter. Typical measured
sizes are:

Average radius 3 microns
Membrane thickness 200 nm
Nucleus size 2 microns

These parameters are fundamental in order to deter-
mine the amount of energy deposited by X-rays. Also,
unlike most of the work done in X-ray dosimetry (which
assumes average density and absorption coefficient),
we can calculate the doses absorbed by each of the
main cell “compartments” in which we have divided the
cell (membrane and wall, cytoplasm, nucleus). This gi-
ves a reliable insight into the cell activity that can under-
go a consequent damage.

In figure 1 a simple scheme of yeast cell is given to-
gether with the different ranges of penetration of X-rays
of various wavelength. The sake of simplicity, we have
calculated doses by using a “cubic cell” model of equi-
valent volume. This approximation can be easily remo-
ved but doesn't introduce large errors.

In figures 2 a, b, ¢ pictures of yeast cells taken at tran-
smission electron microscope (TEM) at different magni-

X-RAYS: Biological Damages:

~Membrane and Cytoskeleton:

N . Anaerobic Fermentation
Very g Transport into cell
Soft F .
Mitochor;?n‘a:
o |~ Aerobic Respiration

Soft .

g

& Nucleus:
Harder A .4 DNA Genetic Damages
\——/

Filters: 30 cm He at aimospheric pressure
2 ym mylar + 0.1 ym Al on both sides
2 ym mylar

Figure 1. Scheme of typical penetration depths of X-rays of different
energies with reference to a yeast cell size.

fications are shown. It is possible to see the cell nucleus
and some vacuola and measure the wall thickness that
is about 150-200 nm. SEM pictures have also been

taken (Figg. 3 a, b).
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Figure 3a. Scanning electron microscope pictures of yeast cells used

Figure 2a. Transmission electron microscope pictures of yeast cells
in the experiment magnification 1 cm = 1.7 microns.

used in the experiment magnification 6000.
Y R e =y * .. “ )

In figures 4 pictures of yeast cells obtained using the
technique of Soft X-Ray Contact microscopy, with a la-
ser plasma source are shown. Such new technique al-
lows “micro-radiographies” of the cells to be recorded by
using soft X-rays in the energy range between 280 and
530 eV, called “Water Window”. Here the absorption of
Oxygen is much lower than that of Carbon, which the
cellular structures are rich in. This creates a natural con-
trast in a cell, so that it is possible, with the contact te-
chnigue, to “print” good images onto a photoresist to be
analysed with an atomic force microscope. It is then
possible to obtain images of thin biological samples
(max 10 microns) with a resolution better than 100 nm.
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Figure 2c, Transmission electron microscope pictures of yeast cells
used in the experiment magnification 50000.

¥

Figure 3b. Scanning electron microscope pictures of yeast cells used
in the experiment cell undergoing division.
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Figure 4a. Soft X-ray contact microscopy pictures of yeast cells used
in the experiment.

The best feature of this technique is that it is pos-
sible to get images of the samples taken in their li-
ving environment, because there is no need of pre-
paration, which can change or destroy some cell
structures. Moreover, unlike in TEM, yeast cells are

T

4

Figure 4c.

Figure 4b.

imaged without the need of preparing a thin slice, so
that the cell diameter can be directly measured on
the pictures.

This information have been complemented by data
obtained via Coulter counter standard technique.
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Typical metabolic pathways: fermentation and re-
spiration

Glycolysis is the pathway by which glucose is conver-
ted via fructose-1,6-diphosphate to pyruvate with the
generation of 2 ATP/mol of glucose.

Under aerobic conditions, the pyruvate formed by gly-
colysis is further oxidised by the citric acid cycle and oxi-
dative phosphorilation to CO: and water. Under anaero-
bic conditions, however, the pyruvate is instead conver-
ted to a reduced end product, which is lactate in muscle
and ethanol + CO: in yeast (alcoholic fermentation).

Aeraobic metabolism of glucose:

CgH120g + 38ADP + 38P; + 605 — 6CO, + 44H,0 + 38ATP
Anaerobic metabolism of glucose:
CgH120g + 2P; + 2ADP + 2H*—2CoH50H + 2C0p + 2ATP + 2H0

Fermentation results in the production of 2 ATPs per
glucose, whereas oxidative phosphorylation yields 38AT-
Ps per glucose. Pasteur observed that when yeast is ex-
posed to aerobic conditions, glucose consumption and
ethanol production drops precipitously (Pasteur effect).
However, the rate of ATP production by anaerabic gly-
colysis can be up to 100 times faster than that of oxidati-
ve phosphorylation (18,19). The glycolysis consists of a
complex chain of a dozen enzyme- catalysed transforma-
tions of a six carbon sugar. The four most important ones
are the PFK, PGK, GAPDH and PK. However the rate at
which glycolysis runs to maintain the above cited balance
between ADP and ATP is managed mainly by one enzy-
me, the phosphofructokinase PFK, which shows an allo-
steric behaviour (Fig. 5) (18). In this experiment CO: pro-
duction is monitored by pressure measurements. Details
of the experimental technique are given in (20).

Preparation of the biological samples

The biological target is made of yeast cells (Saccha-
romyces cerevisiae). The cells are commercial dry ones
(ABOCA) that are hydrated about half a hour before the
irradiation procedure.

A suspension (= 2x107 cells/ml is the typical concen-
tration) is obtained by adding deionized water. Then the
suspension is filtered in a Venturi tube and the cells are
deposited on a paper filter giving rise to a monolayer.
Filters that have been used are Whatman standard cel-
lulose filter papers of grade 1.

PFK:
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Figure 5. Scheme of glucose metabolism in yeast. (Modified from
figure 2 p. 287 ref. (18)).

After a short period for drying the filters, they are de-
posited onto a Hostaphan film so that yeast cells were
hosted in a sandwich made of Hostaphan from one side
and paper filter on the other.

The sandwiches are then deposited into an automatic
handling robot (21,22) (the Hostaphan film facing the X-
ray source in order to filter unwanted X-rays) and the X-
ray dose could be delivered. The thickness of the ho-
staphan filter (whose composition is analogous to mylar)
was 1 micron.

The radiation source

The basic experimental arrangement is the one de-
scribed in (23,2) able to generate X-rays by laser-pla-
sma interaction and sketched in figure 6. In this set-up a
high power laser beam produced from a picosecond ex-
cimer laser system is shined onto a solid target. A hot
and dense plasma is then created which emits a pulse
of soft X-rays because of its high temperature (of the or-
der of a few hundred eV). In our set-up, trains of laser
pulses are created by spatial and temporal multiplexing
of the laser pulse coming from the oscillator and ampli-
fied in the final KrF amplifier, so that the energy is ex-
tracted more efficiently from the amplifier. The main
characteristics of the laser system are: wavelength
0.248 micron, the pulse train was composed by about
16 pulses of duration 7 psec each separated by 2 nsec.
The total energy delivered by one pulse train was about
300 mJ and the laser firing repetition frequency was 20
Hz. The duration of each X-ray pulse was a few tents
psec. The beam was focused with a f = 9 cm lens to gi-
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