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During growth of Propionibacterium acnes on Eagles medium protoporphyrin was accumulated
inside the cells and coproporphyrin, both as a free base as metalcontaining, outside the cells. The
photochemical processes in the endogenous porphyrins were studied by fluorescence spectroscopy
during continuous irradiation of Propionibacterium acnes in suspension. The irradiation caused
initially an increase in the content of protoporphyrin in the cells in comparison to that which had
been accumulated during growth. Maximum light induced protoporphyrin production was
achieved in 5 days old cultures. In old cultures where there was practically no initial protoporphy-
rin release, the fluorescence intensities from all the porphyrins present in the culture vanished
exponentially with the irradiation time. The metal containing form of fluorescent coproporphyrin,
with a maximum emission at 580 nm, was photobleached about ten times faster than the free base
forms of coproporphyrin and protoporphyrin. Among these three fluorescent substances in the
cell culture only the free base forms of the porphyrins have longer lifetimes than the cells
themselves irradiated at the same conditions.

Introduction In the micelle experiments 25 mg of sodium
dodecyl sulphate (SDS) was dissolved in 2 ml distill-
ed water and the concentration of added porphyrin
was 1077 M. The porphyrins were from Porphyrin
Product (Utah) and the purity of the samples was
greater than 97%. The pH changes was brought
about by adding small amounts of HCI. The pH val-
ue of the solution was measured by a Philips
miniaturized pH electrode (type C14/02) in the
cuvette.

The fluorescence spectra were recorded by a Spex
Fluorolog 222. The emission spectra are uncor-
rected, however, the photomultiplier sensitivity is
rather constant over the actual spectral range. The
excitation part of this instrument, equipped with a
450 W Xenon lamp, was also used in the photo-
bleaching experiments. The cells were irradiated at
400 nm and the intensity of the light was
65 mW -cm ™2 with a bandwidth of 9 nm. The intensi-
ty of the lamp was constant during the irradiation
experiments so that the actual fluence was simply the
product of the intensity given above and the irradia-
tion time (in seconds).

Porphyrins are produced and accumulated in cul-
tures of Propionibacterium acnes (P. acnes) growing
at semianaerobic conditions [1]. It is established that
in vivo fluorescence spectroscopy can be used to
identify and quantify the amount of porphyrins in
cell cultures [2, 3]. These endogenous porphyrins are
involved in blue light photodestruction processes of
P. acnes [4, 5] and these porphyrins will themselves
be photooxidized by the irradiation [6]. In this paper
the photooxydation of P. acnes porphyrins will be
investigated and discussed in relation to photodes-
truction of P. acnes.

Methods and Materials

A laboratory culture, growing on blood agar, of
P. acnes (serotype 2, CN 6278) was used. Eagles
medium of pH=6.7 was inoculated and the cells to
be used in the experiments were growing at 37 °C in
darkness in a semianaerobic atmosphere (about 2%
O,). Before the experiments the cells were harvested
and suspended in phosphate buffered saline (PBS)
with a pH=6.7. The optical densities of the cell sus-
pensions, in standard cuvettes, were always lower
than 0.3 in order to ensure a nearly constant irradia-
tion intensity in the cuvette.

Experiments
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Reprint requests to Dr. Th. B. Melg.

Verlag der Zeitschrift fiir Naturforschung, D-7400 Tiibingen
0341-0382/86/0900—0867 $ 01.30/0

In order to identify the porphyrin in the bacteria
(which will be studied below) with a fluorescence
maximum at 612 nm, coproporphyrin III (CP III)

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fiir Naturforschung
@ @ @ in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
BY ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz veréffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*“) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



868

and protophorphyrin IX (PP IX) were incorporated
into anionic detergent micelles which solubilize both
the free base and the monobase form of the porphy-
rin [7]. In this system there is a rapid exchange of
both porphyrin forms between the water and the
lipid phase and the relative amount of the free base
to the monobase in the lipid phase, where both these
forms of the porphyrin are fluorescent, will depend
upon the pH of the water phase [7]. In Fig. 1 the
fluorescence spectra for CP III and PP IX in SDS-
micelles are shown where both the free bases and the
monobases were present. A pH titration of this sys-
tem was done, and in Fig. 2 the fluorescence inten-
sities of the monobase and the free base form are
plotted as a function of pH. The pK values obtained
from these experiments were 6.5 for both CP III and
PP IX (see Fig. 2), which are somewhat higher than
those values obtained by Dempsey [7] on the corre-
sponding fully esterified prophyrins (5.9 for CP and
4.9 for PP).

Another transition in the fluorescence spectra
from one form to another occurred during the pH
titration experiments. For both CP III and PP IX the
positions of the free base fluorescence maxima were
shifted by 5 nm towards shorter wavelengths for a
small increment in pH at 7. In Figs. 2A and 2B the
relative amounts of each of these free base forms
(denoted free base 1 and 2) are plotted as a function
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Fig. 1. The fluorescence spectra from coproporphyrin III
and protoporphyrin IX in sodium dodecyl sulphate micel-
les. The pH of the micelle solution was chosen so that both
the monobase and the free base porphyrin were present
(5.6 for PP and 6.1 for CP). The free base porphyrin had
emission maximum at longer wavelength compared to the
monobase.
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Fig. 2. A pH-titration of coproporphyrin III (2A) and
protoporphyrin IX (2B) in sodium dodecyl sulphate micel-
les. The pK values of the monobases were close to 6.5 in
both cases. At about pH =7 the positions of the free base
fluorescence maxima were shifted by 5 nm to shorter
wavelengths indicating another transition in the system.

of pH. A possible explanation for the change in the
free base fluorescence properties may be that the
carboxylic acid side chain of the porphyrin becomes
ionized at this pH value.

Fluorescence spectra from bacterial suspensions

The fluorescence spectra from a 2, 4 and 6 days old
cell culture are shown in Fig. 3. The fluorescence
spectrum from the 6 days old culture is mainly due to
PP IX free base in hydrophobic environments, since
the emission maximum is at 634 nm. The spectrum
with an emission maximum at 612 nm from the
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Fig. 3. The fluorescence spectra from a 2, 4 and 6 days old
cell culture of Propionibacterium acnes. The cells were
grown semianaerobically at 37 °C in darkness. During
measurements the cells were suspended in phosphate-buff-
ered saline with a pH of 6.7. The young cells contained
mainly coproporphyrin III, which had peak fluorescence at
612 nm. Protoporphyrin IX, with fluorescence maximum at
634 nm, was the dominant porphyrin in old cell cultures.
The fluorescence spectrum of the supernatant was equal to
that of the 2 days old culture.

2 days old culture is due to a porphyrin located out-
side the cells because the same spectrum is obtained
from supernatants of the cell suspensions (Fig. 3).
According to the micelle experiments above, an
emission with a maximum at 612 nm may either be
due to CP III free base or to the PP IX monobase,
since only these species have fluorescence maxima at
approximately this wavelength (Fig. 1). A pH titra-
tion of the 2 days old culture in suspension showed
that a change in the base form of the present porphy-
rin took place in the pH range between 5 and 6 (see
Fig. 4), where transitions between free bases and
monobases are known to take place. This observa-
tion excludes the PP IX monobase, mentioned
above, as a candidate responsible for the bacterial
fluorescence at 612 nm, since no monobase-dibase
transition occurs in this pH-interval [7]. The 612 nm
fluorescence from the bacteria must therefore be due
to the free base form of CP III. The monobase
fluorescence of CP III in this case was, however, not
fluorescent as in the micelles, since no CP III mono-
base fluorescence appeared as the pH was lowered.

In the spectra presented here, as well as in previ-
ously published ones [3], a third fluorescent compo-
nent emitting maximally at 580 nm, was present. The
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Fig. 4. A pH-titration of a 3 days old cell suspension. The
pK value of this system was 5.8 and no monobase fluores-
cence appeared.
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Fig. 5. The fluorescence spectra from a 5 days old cell cul-
ture recorded 10 min (—) and 3 h (---) after transfer to
PBS-suspension from Eagles medium. The sample was
kept in darkness. During that time interval the 612 nm
peak had decreased and the 580 nm peak increased.

fluorescence intensity of this component and that of
CP III changed in an antiparallell way when the sus-
pensions were kept in darkness (Fig. 5). This indi-
cated that the substance fluorescent at 580 nm is a
derivative of CP III.

In Fig. 6 the amounts of CP III and PP IX, meas-
ured as the fluorescence intensities at 612 nm and
634 nm, are plotted as a function of the age of the
culture.
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Fig. 6. The amounts of coproporphyrin IIT and protophor-
phyrin IX in the culture as a function of age. The fluores-
cence intensities were divided by the optical density of the
suspensions in order to correct for varying cell densities.

Photobleaching of P. acnes porphyrins

Cell cultures of different ages were suspended in
PBS and continuously irradiated. The spectrum with
the peak at 612 nm then decayed exponentially with
time (see Fig. 7). The irradiation caused an initial
increase in the 634 nm spectrum which indicates that
some PP was released by the light (see Fig. 8). Max-
imum increase in PP fluorescence was achieved in
5 days old cultures. Prolonged illumination caused
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Fig. 7. Logarithmic plot of the various peaks in the
fluorescence spectrum from a cell suspension as a function
of irradiation time a) decay at 611 nm peak in darkness, b)
the 634 nm peak in an old culture, c) the 611 nm peak. The
irradiation conditions were in all cases the same.
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Fig. 8. The amount of fluorescent PP in the cells versus
irradiation time for a 5 and 11 days old cell culture.

also a photodecomposition of the lightinduced PP
and in old cultures, where there was practically no
initial photorelease of PP, the amount of PP decayed
exponentially with time (see Fig. 7). The 580 nm
peak, investigated in an earlier paper [3], was under
these irradiation conditions reduced to a fraction of
one to ten in 20 min (see Fig. 7).

Discussion

Protoporphyrin was constantly produced and ac-
cumulated in cultures of P. acnes during growth (see
Fig. 6). In the lag phase and early exponential phase
CP III was predominantly produced. There was a
leakage of synthesized CP III out of the cells and the
free base form was bound to SDS-like structures in
the cell surroundings. Upon a pH-lowering the free
base fluorescence disappeared as in anionic deter-
gent systems, but the monobase fluorescence did,
however, not appear, which indicates that the mono-
base remains in the water phase.

The incorporation of a metal ion in the center of
the porphyrin molecule may explain the changes in
the fluorescence properties of CP III during dark-
ness. The metal ion increases the probability for in-
tersystem crossing and hence photooxydation as well
as removes the degeneracy in the energy levels which
explains the shift in the emission maximum from
612 nm to 580 nm [8, 9].

The relation between the light induced production
of fluorescent PP and irradiation time has a sigmoi-
dal character (see Fig. 8). The initial delay between
produced PP and irradiation time may either indicate
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that two or more reaction steps are involved in this
photoproduction process or that a diffusion step is
involved. A related phenomenon was observed in
erythrocytes where PP bound to hemoglobin subse-
quent to a photorelease migrated out of the cells
[10]. In our case the photooxydation may probably
release PP bound to the production site in the cells
and free PP can diffuse towards the lipid membrane
where it becomes highly fluorescent.

The photodecompositions were for all the three
porphyrins purely exponential, showing that these
reactions are unimolecular. This involves that the
singlet oxygen produced by the irradiation attacks
the same porphyrin molecule as in which the absorp-
tion took place. The participation of oxygen in the
photodecomposition has been shown earlier 3, 4].
The reactions leading from absorption to photooxy-
dation of a porphyrin are the following:

ka kisc kt o
hv + P — 'P* = °P* + 30, > P + 'O — PO.,.

The processes are: absorption, intersystem cross-
ing, energy transfer and oxydation. The rate con-
stants for these processes are denoted; k,, ki, ki,
respectively, and the probability for oxygenation is
a.

Singlet oxygen produced in this way may, alterna-
tively, attack a target molecule denoted T in the cell
and the effect of this oxygenation is lethal [4]:

T+ '03 —B—> TO,.

The probability for this process to occur may be
denoted (.

From earlier experiments it is known [4] that the
fraction of surviving P. acnes cells is exponentially
related to the blue light irradiation dose. An expo-
nential dependence is typical of a one hit case, which
here means that only one photooxygenation of a spe-
cial target molecule is necessary to kill the cell.

From the first of these equations it is seen that the
amount of non-bleached porphyrin will be:

P(t) = Py - e,

where P, is the initial amount of porphyrin and &
denotes the product of the various rate constants in-
volved including the intensity of the exciting light.

When the amount of porphyrin in the cell de-
creases, because of photooxydation, the probability
pr. unit time for photodestruction of a target
molecule also decreases. According to the second of
the above equations one has:

dNro, (1)/dt = B - 'Of = B/y - kla - Py - e7¥,

where v is the total rate constant for singlet oxygen
quenching including a and 3. The average number of
oxygenated target molecules after a time T of irradia-
tion will be:

Nro, (T) = | dN1o, () = Bla- v - Py (L-exp(~kT)).

It is seen from this relation that in order to have a
number greater than one (necessary to kill the cell)
the initial concentration of the porphyrin must ex-
ceed a critical value, even for infinite irradiation
times:

p/la-y)-Po =1

or, for a fixed concentration, that the ratio between
the probabilities for porphyrin oxydation to target
cell oxydations must be less than a critical value.
Furthermore, a deviation form pure exponential sur-
vival curves can be predicted for small BPy/(ay) val-
ues, and if the concentration is below this critical
value only a partial bleaching of the culture is ob-
tained.

The measured lifetime of P. acnes cells is greater
than that of the endogenous CP III fluorescent at
580 nm irradiated at the same conditions. It is there-
fore little likely that CP III in this form participates
in the photodestruction process of the cells. This sub-
stance is simply bleached out before the lethal hit
would occur. The two remaining porphyrins can,
judged from their bleaching rates compared to rate
of cell destruction, may be responsible for the cell
killing. Other experiments to be published establish
a linear relationship between the intensity of the
634 nm fluorescence and the slope of the survival
curves. Such a relation is in line with the simple mod-
el outlined above when the amount of porphyrin ex-
ceeds a critical value. Furthermore, the existence of
a linear relation between the angular slope of the
survival curve and the amount of fluorescent PP in
each cell confirms that the probability for lethal ac-
tion (P) is independent of PP concentration. In other
words, the migration distance of a singlet oxygen
molecule from the creation site to the target is inde-
pendent of the density of PP entities. This will be the
case when the absorbing molecules are located in the
cell membrane and that the target molecule is inside
the cell so that the migration distance is approxi-
mately equal for all singlet oxygen molecules created
in the membrane.
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