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The polyphosphate component in MP NMR spectra of the Gram-positive Propionibacterium 
acnes increased after hyperthermia treatment. The cells were exposed to temperatures in the 
interval from 15 °C to 45 °C. The amount of polyphosphate increased with increasing tempera­
ture. There were no temperature induced changes in the other phosphorous components seen in 
the spectra with exception of a decrease in ATP for higher temperatures. The increase in poly­
phosphates was less than that obtained from cells irradiated by near ultra-violet light.

Introduction

Polyphosphates have been found in several m icro­
organism s [1], Q uite often it is p roposed that they 
simply constitute a high energy source for the cell [ 1 ], 
But it has also been suggested that polyphosphates 
can function as so-called “alarm ones” in stress situa­
tions, as after heat-shocks [2 ], and trigger defense 
m echanisms in the cells. H ypertherm ia has induced 
increased am ount of polyphosphates both in m am ­
m alian [3], yeast [4] and procaryotic cells [2]. The 
m ain m echanism might be that the heat treatm ent 
induces oxidative stress [5].

In the G ram -positive bacterium  Propionibacterium  
acnes (P. acnes) polyphosphates can be observed by 
31P N M R [6 ]. Exposures to near ultra-violet irrad ia­
tion have shown to increase the am ount of polyphos­
phate [6 ], T reatm ent with red light in the presence of 
hem atoporphyrin derivative, an exogenous sensitizer 
frequently  used in cancer therapy [7], did also induce 
increased am ount of polyphosphates in P. acnes [8 ]. 
The sensitivity of m icroorganism s tow ards near u ltra­
violet light o r photodynam ic trea tm en t is due to ab ­
sorption in chrom ophores that generate  oxygen radi­
cals or singlet oxygen [9]. The m entioned light trea t­
m ents of P. acnes m ean, the refo re , a large oxidative 
stress to the cells [1 0 ], in turn  causing the increased 
polyphosphate levels.

It was of in terest to investigate w hether hyperther­
mia would induce polyphosphate increases in P. acnes 
in the same way as did near ultra-violet irradiation
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and photodynam ic treatm ent. 'P  N M R m easure­
m ents were perform ed to study several phosphorous 
com ponents in the cells. It was of interest to follow 
not only the polyphosphate levels in P. acnes cells 
during hypertherm ia, but also, e.g., the A TP con­
centrations. In this way one could check if the A TP 
level changed during and after the hypertherm ia 
treatm ent as is known to be the case in protozoa and 
fungi but not in m am m alian cells [3],

Methods

P. acnes were grown sem ianaerobically on syn thet­
ic Eagles m edium for 5 days [11] or on a com plex 
bactoagar medium  with trypton and yeast extract for
2 days. The cells were harvested im m ediately before 
an experim ent and dissolved in buffer containing an 
equal volume of 10 mM N a2H P 0 4/10 mM K H 2P 0 4/ 
85 mM NaCl/60 mM Mes/100 mM Pipes, including 
10% D 20 .  The cell suspension (1.5 ml) was m ade so 
dense that the cell pellet constituted 30—40% of the 
total sample volume as described in [6 ],

The N M R instrum ent was a B ruker W M -400 spec­
trom eter operating at 161.98 M Hz or in some experi­
ments a B ruker AM  500 operating at 212.5 M Hz in 
the pulsed Fourier m ode. D 20  was used for the lock­
ing m ode and w ithout p roton coupling. The cell sam ­
ples were studied in a 10 mm diam eter tube. All 
chemical shifts were m easured with respect to 85% 
orr/jo-phosphoric acid (0 . 0  ppm ), using a reference 
capillary with 50 mM m ethylphosphonate purchased 
from Sigma ( 6  =  29.4 ppm) as an external standard. 
Pulses with a flip angle of 60° (20 jxsec) and a repeti­
tion rate of 1.0 sec were used. The probe head did 
not spin throughout the accum ulation in o rder to
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avoid inhom ogeneous distribution of the cells. The 
num ber of accum ulations varied from 360 to 720 (cor­
responding to 6  — 1 2  min recording tim e).

In the experim ents where phosphorous com po­
nents were followed during hypertherm ia treatm ent, 
the N M R  sam ple was heated  in the NM R instrum ent 
to  the desirable tem perature . The sample was kept in 
the instrum ent for 30 min before the accum ulations 
w ere perform ed. The long tim e needed to achieve a 
stable tem peratu re  was a disadvantage. To avoid the 
slow heating procedure m ost of the experim ents 
were therefore perform ed by heating the NM R sam ­
ple tubes with the cells in a tem perature controlled 
w ater bath. The suspension acquired steady state 
tem peratu re  quite rapidly and was kept in the water 
bath for 15 min. The tube was then placed in the 
N M R  probe head, kept at 22 °C and accum ulations 
were perform ed. In these experim ents we could fol­
low reactions in the cells after hypertherm ia. Then 
the sam ple was again placed in the w ater bath, the 
tem peratu re  increased 5 °C and the procedure re­
peated .

Results

Identification of the different peaks observed in 
the N M R  spectra of P. acnes was done as in [6 ]. The 
peak at —14.3 ppm  could not be identified. Spectra 
w ere recorded both from cells grown on Eagles or 
bactoagar m edium  as described above. Cells grown 
on Eagles m edium  contain m ore polyphosphate than 
cells grown on bactoagar m edium , as m entioned in
[1]. W hen cells were exposed to tem peratures chang­
ing successively from  15 °C to  45 °C in steps of 5 °C, 
an increased am ount of detectable polyphosphates 
could be observed in cells grown on Eagles m edium. 
This is dem onstrated  in Fig. 1. Cells grown on bacto­
agar m edium  did not show the same increase, as was 
also the case after near U V  trea tm en t [6 ].

Few changes could be observed in the o ther phos­
phorous peaks after hypertherm ia. There was a small 
decrease in A TP. As long as A T P was present in the 
cells at room  tem peratu re  it could also be observed 
at 35 °C, but as soon as the tem perature was in­
creased the A TP decreased, but A D P was still pres­
ent. F or unknow n reasons a pronounced A TP signal 
could not be observed in all cell suspensions. The 
N A D P H  peak, how ever, stayed constant independ­
en t of tem peratu re as has also been reported  to be 
the case after near ultra-violet light treatm ent [6 ]. In

Fig. 2 the ratio betw een the integrals of the poly­
phosphate and the N A D P H  peaks is plotted as a 
function of tem peratu re . The ratio reflects the 
changes in the detectab le polyphosphates as a func­
tion of hypertherm ia. The most obvious concentra­
tion changes occurred in the tem perature interval 
from  25 °C and 35 °C. Increasing the tem perature 
above this level, caused a slight reduction in the 
am ount of polyphosphates.

D uring the tem peratu re  increase from 15 °C to 
40 °C we can observe an approxim ately three times 
increase in polyphosphate. This treatm ent induces 
90% cell death in the suspension (data not shown).

The stability of the phosphorous com ponents at a 
constant tem perature was investigated continuously 
within the sample in the N M R equipm ent. The tem ­
peratu re in probe head was changed from  22 °C to 
35 °C and 40 °C, respectively. The production of 
polyphosphates was com pleted and steady state peak 
height was achieved w ithin 2 0  min, which is also the 
tim e needed to heat the probe head. No further 
changes occurred as long as the tem peratu re  was 
constant. This was checked for 90 min. Bringing the 
cells back to room  tem peratu re  did not give any 
changes in the spectra, which means that changes 
detected  were irreversible.

The pure handling o r transfer to the tem perature 
bath did not change any details in the spectra.

Results from o ther stress treatm ents were also 
achieved. 1 0 % ethanol trea tm en t for 1 0  min did not 
increase the polyphosphate level as observed in the 
N M R spectra. Cold shock trea tm en t, a tem perature 
decrease from  15 °C to  0 °C for 15 min, gave a slight 
increase in the polyphosphate level.

Discussion

H ypertherm ia trea tm en t of P. acnes influenced 
mainly the polyphosphate com ponent observed by 
?1P N M R. It increased with increasing tem perature in 
the physiological range tested .

The fact that not all phosphate com partm ents 
within a cell are “visible” in (liquid phase) NM R
[12], m akes it impossible from  31P NM R experim ents 
alone to deduce the total am ount of phosphate in the 
cells or a possible effect of tem perature on the total 
polyphosphate pool. In the case of P. acnes, the bac­
teria contain granules in which the polyphosphates 
are rigidly bond and the relaxation  time are too  short 
to allow the polyphosphates to  be seen by N M R



Pi
4 ^

-10 - 2 0

ppm
Fig. 1. 161,8 MHz 31P NMR spectra of P. acnes, grown on Eagles medium, suspended in buffer with 30—40% cell volume 
and kept 15 min at different temperatures (indicated). Spectra were recorded at 22 °C immediately after the temperature 
treatment. Chemical shifts are referred to 85% orf/zo-phosphoric acid. SP, sugar phosphate; PH inorganic ortho-phos­
phate; UDPG, uridine diphosphoglucose (right of the two peaks, the left one unidentified); PP, polyphosphates.
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Fig. 2. Ratio between integral values of PP and NADPH  
peaks as a function of temperature. The curve represent a 
mean of two complete series of experiments.
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(work to  be published). For com parison in Propioni­
bacterium shermanii at least 70% of the polyphos­
phates are found as long chain polyphosphates in 
granules, while the rest is found in o ther not rigidly 
bound structures [13]. The changes in the polyphos­
phate com ponent in P. acnes as observed by *P 
N M R m ight, therefore, reflect one part of an equilib­
rium betw een long chained “invisible” polyphos­
phates in granules and short chain “free” polyphos­
phates in the cytoplasm . T em perature increases 
might change this equilibrium  tow ards higher con­
centrations of cytoplasmically dissolved polyphos­
phates. This would be in accordance with results on 
P. shermanii, where m ore short length polyphos­
phates are synthesized at 30 °C than at 20 °C [14]. It 
is, how ever, difficult to explain why the increase 
stabilizes when lethal tem peratures of 40—45 °C are 
reached.

A n increase in cytoplasmically dissolved polyphos­
phates after hypertherm ia as found in the present 
study, might be due to production of te tra- or penta- 
polyphosphates. Such phosphates have been found 
in bacteria , fungi and algae after heat shocks [15]. 
The possibility tha t they act as so-called “alarm ones” 
for the production  of “heat pro teins” are discussed in 
the literatu re , but the mechanisms have not been

elucidated [16]. O ne explanation might be, as m en­
tioned in the in troduction , that hypertherm ic trea t­
m ent induces oxidative “stress” in the cells which in 
turn  increases the am ount of polyphosphate [5].

In P. acnes the increase in polyphosphates after a 
hypertherm ia trea tm en t which gives 1 0 % survival, is 
not as large as can be seen after trea tm en t with lethal 
doses ( 1 0 % survival) of near ultra-violet light [6 ] or 
photodynam ic therapy  [8 ]. This shows that there is 
not a direct relationship between the degree of cell 
death and the am ount of accum ulated polyphos­
phates visible by ’’P N M R , as has been reported  
after cadmium trea tm en t of yeasts [4],

The production of polyphosphates in o ther cells 
are not only induced by heat shocks, but also by 
o ther stress factors as ethanol treatm ent [2 ] or oxida­
tive stress induced by chem icals [5]. We could, how­
ever, not find an increased polyphosphate level after 
ethanol treatm ent.
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