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SUMMARY 

Paramagnetic resonance of manganese and copper have been observed in a number 
of different bacterial spores. The manganese spectra are aifferent from those of corre- 
sponding vegetative cells and most other plant materials which have been investigated. 
The spectr~, consist of a single broad curve, that  is 46o-51o Gauss wide, with a sextet 
hyperfine pattern superimposed. Upon germination or autoclaving of Bacillus raega- 
terium spores, most of the manganese is relea.~ed and the residual cellular matter  
exhibits only the small sextet hyperfine spectrum. I t  is concluded that  manganese 
in these spores is bonded in at least two different ways. The implications of the 
electron paramagneti¢ re. ~aancc results on the h~o thes i s  of a metai-dipicolinic acid 
complex is consiaered. The electron paramagnetic r e s o n ~ e  spectrum for copper 
in spores is consistent with bonding of copper to protein. Lyophilized clean spores 
do not exhibit a free-radical spectrum on prolonged storage in air. 

INTRODUCTION 

Bacterial spores contain much higher levels of divalent metals than do comparable 
vegetative cells ]. Calcium is usually the most abundant,  and a high calcium content 
is necessary for the formation of heat-resistant spores t-4. Manganese, although 
generally less abundant, is of equal interest because it is essential for sporulation s. 
Spores cat, also accumulate nickel, cobalt, zinc, and coppe#. Most of them divalent 
metals appea: to be interchangeable to a certain extent*. In addition to a high metal 
content, spores are also unique in p e - ~ s i n g  z high concentrati.m ot DPA, aad  there 
is indirect evidence wlfich suggests that  sc-ae of the metals m a y  exist as DPA chelates 
in spores 64. 

In this paper an account is given of an in~ ~tigation of manganese and copper 
in clean spore preparations by means of EPR.  An effort has been made to obtain 
information on the nature of  these metals in .qxzres from the E P R  spectra of dormant 

Abbreviations: EPR electron paramagnetic re~nance: hJ.. hyperhue; DPA. dipicolinic 
acid ; DPPH. diphenylpicrylhydr~yl. 

° A l e _ ~ t o r y  of the Western UtiligatioQ ~ and De~iOl~ent  Divisicm. Agricultural 
Retearch Service. U.S. Departmeat of Agriculture. 
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spores, spores treated in various fashions, and of some a~o~it l compounds. The impli- 
cations of this investigation on the m e t a i - D P A  hypothesis are discussed. 

MATERIALS t AND METHODS 

The E P R  spectra were obtained a t  room temperature utilizing a recording X-band 
spectrometer of our own design. A Varian 6-in electromagnet and z. ioo-kc/sec, 
multipui p,J~ t ~  i ty are used in this instrxment. The first derivative of the absorption 
curve is recorded as a function of the applied magnetic field. The g values were 
measured by  comparison with D P P H  The dry specimens were packed into quartz 
tubes 3 mm internal dia. Wet spores and aqueous solutions were placed in capillary 
1.2-1.5 nun external dia. "~Vhere wet spores were used, the samples wero packed by 
eentrifugation. 

Spores of ,~acillus mega~rium NRKL B-q38, B. cereus Strain T, B. coa£ula,t~ 
NCA Strain 4 3 L  and Closlridium bifermentans (previously designated x-alanine 
No. 4) were prepared as described previously 1°. Spores of B. subtilis vat. globigii were 
obtained from Fort Derrick through the kindness of Mr. N. E. LITTLE. All the above 
spore preparations were treated with a polyeth:,-tene glycol-potassium phosphate 
system to remove vegetative cells and debris l°. B. megattrivm QM B-I55~ w:s ob- 
tained from Dr. H. LEVI~'SON. The lyophilized spore preparaticas were stored at 5 :- 
DPA analyses were performed accordil:g to JANSSEN" eta/. 11. 

Metal analyses wert. carried out by emission spectroscopy and manganese 
ana ly~s  were verified by  periodate oxidation. 

Manganese salts of DPA were prepared as follows: The I : I  complex was made 
by adjusting 0. 3 mmoles DPA (Aldrich Chemical Company) to pH 7.o with i.o N 
NaOH in 5 nfl glass-distilled water. An equimolax amount of a I.O M solution of the 
MnCI t was added slowly while maintaining a constant pH. The resulting crystalline 
precipitate was collected on a membrane filter and dried. The Mn-DPA crystals 
were white elongated, prismatic cD'stals with beveled ends. In polarized light they 
exhibited oblique extinction for all ordinary views. Analysis by periodate oxidation 
showed a 2z % Mn content as compared to a theoretical yield of 2o.1%. 

The 1:2 complex was ~luble  in water and was prepared as above except that  
only half as much manganese was added. The final Mn-(DPA)t  solution had a pale 
green color. 

Germination of B. megaterium and B. cereus was carrieo out in the ~ynthetic 
media described previously ~°. Spor~  were heat-shocked at  6o ~ for 3 ° rain prior to 
addi t ionto  the germination medium. After 15-2o rain at 35 ° with aeration, the spores 
were removed by centrifugation, and the packed sediment examined by EPR. 

In autoclave experiments stx~res were suspended (20 mg/ml) in water, and 
subje~ed to 121 ~ for y h. The,," were then washed once in water, and the packed 
slmres examined by EPR. 

Vegetative cells of B. cereus were gro~'n on medium G It in shake flasks at 3 o°, 
harvested at intervals, washed, and the packed cells examined by EPR. 

• Reft't-~ce to a company or product by n a m e  does  n o t  tmply approv~ ¢~r recommendation 
of  the  lzroduct I~- t h e  I M m e n t  of Agriculture to  the  exc lus ion  of  o t h e ~  that  m a y  be suitable. 
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EXPERIMENTAL RESULTS 

EPR spectra of dxy, lyuphiliz~ed spores of B. megate~i:tm and B. coagulans that  had 
been produced on manganese-rich media are shown in Figs. I a  and 2a. (Metal analyses 
and DPA levels are given m Table I.) The g value of z.oo and characteristic sextet 
hyperfine pattern were considered presumptive evidence of manganese. The chieI 
characteristic of these derivative spectra is the simple, broad curve which varies from 
46o to about 5IO Gauss in width between peaks. When the spores were suspended 
briefly in I N HNOa 13,14 the broad curve was completely converted to the typical 
sextet h.f pattern characteristic of manganous ion (Fig. Ib) thus confirrmng its 
identity. Washed vegetative cells of B. coreus grown on G medium showed only the 
usual gextet h.f. structure for manganese, commonly observed in plant tissues Is, t¢. 

When dry spores were su:pended in water, the spectrum was virtually the same 
as that obtained for dry spores (Fig. 3a), except that  the h.f. pat tern is more pro- 
nounced, relative to the broad curve. B. megat~,ium N R R L  B-938 spores were allowed 
to ger,.-ainate, and were then quickly centrifuged out of the germination medium. 
Their spectra revealed a narrow h.f. pattern (Fig. 3b) ; the broad peak had disappeaxed. 
Emission gpectroscopy confu-med the fact that  at least 85 % of the manganese had 
been released into the medium during germina.tion. The narrow h.f. spectrum had 
a component line width of about IO Gauss and a h.f. interval of 91 Gauss. Autoclaving 
a suspension of B. coagldans (Fig. 2 b) or B. megater'~um for I h also resulted in the 
disappe~_r~_nce of the broad curve. 

The h.f. pattern of the particulate residue had a hyperfine interval of about 
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Fig. I. (a) E P R  spect rum for dry  spore prepa-  
ra t ion of B. megaterium. N R R L  13-938. Modula- 
t ion ampl i tudeo.95 Gauss. The very sharp  ~itbout 
Io  G&uss) sexte t  h.f. pa t t e rn  superimpoeed upon 
the  broad derivat!-.~ curve has  only been ob- 
served for th is  s train.  In  th is  figure and the 
othem g --  a.Oo is indicated by the verti~_~! 
arrow. The D.C. magnet ic  field is incr@amlng to 
the left. The ordinate is dX'ldH, the first de- 
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Fig. z (a) E P R  spec t rum for d ry  spore prepa-  
ra t ion of B. coagulans. A somewha t  broader  
s ~ t e t  h.f. p a t t e rn  than  o l~erved  for B. mega- 
tertk- is superimposed.  Modulat ion amplitude 
0.75 Ga';ss. (b) B. coagulaus alter autoclaving 
for ! h. Only t h e  sex te t  h.f.  p a t t e r n  remains. 
The individual  comlmnea~ are about 58 Ganss 

wide. Modulation amplitude 4.8 Gam~ 

rivsUve of the ~ part of the complex magnetic suJce~b~y. (b) B. ~ tmz iuw spoe~ 
suspended in x N HNO,: sample centrifuged to pack sprees. Ir6U~ent canditior~ sample tube 
diameters, and packing conditions were di~ere~ for dry and wet ~ ~ 8o the~ 

spectra can not be compe~d eat • quanti~ve besis. Modulau~a amlditude t.9 Gsusa 
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95 Gattss, and  the line widths of the h.f. components  average about  58 Gauss. These 
results suggest tha t  the manganese spect rum is composed .of at least two different 
m a n g a n e ~  pat te rns  superimposed and that  the manganese responsible for the br,~od 
curve is associated with those portions of the spore tha t  are released upon germinat ien 
or autoclaving,  whereas, the manganese giving the h.f. pa t te rn  is assc.iate." . . . . .  ' , .  
r~ idue .  

A broad manganese  spect rum devoid of resolvable h.f. s tructure has been ob- 
served for manganese  complexes formed with chele ring agents such as nitrilotriacetic 
acid~L !nasmuch  as DPA is a powerful cko,'.zt'~g agentT, m, the possibility tha t  the 
broad manganese  spectrum is due to a DPA chelate of manganese was investigated. 
The E P R  spectrum o~ ti;e polycrystalline powd.~-, 3!n-~ 'PA,  ~ons i s i  -~ a single 
curve about  IlOO Gauss between points of max imum slope. However, such a broad 
line is to  be expected from anisotropic interact ions in the solid in which the concen- 
t ra t ion of manganese  is of the order of 2o %. A io mM solution of Mn-(DPA)z (Fig. 4) 
gave a smooth curve about  502 Gauss wide which is quite similar in width to the 
spore spectra. When a ~o mM solution of Mn-(DPA)~ was air-dried to yield a poly- 

TABLE I 

DPA A.ffD METAL ANALY'SES OF SPORES AND t, '~SO('IATED .~in EPR LINE WIDTHS 

DPA Ca ?rig Mn Cu W* 
(%)  ± r 5 %  _~ t o %  "t- z5 % ~ 50% ~ 5 aa t t~  

B. megaterium NRRL B-938 9.6 2. I o.92 o.88 o.o) 7 4 ol 
B.  megaterium QM B-135I - - -  4 . 0  I . I  O.O2 0 . 0 2 ( ,  485  
B. ~ereus Strain T 8.2 5.0 0.30 0. 3- o. l,~ 5 °2 
B. sub_tills vat .  globigii 7.0 3.0 0.08 o.2~, o.2¢, 5oz 
B. coag~lans NCA 43P --- 3.0 0.43 t.tS o oi 508 
C. bifermentans at-ala No. 4 io.o 4.5 o 3 ° o oz o.~ - -  

* I¢" is defined as the separat,.on in Gauss between points of maximum and mimm~lm deflection 
on the broad, smooth Mn curves. 
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Fig.  3- Influence of germinat ion on E P R  spec- 
trum of  B. megaft, r/ttm N R R L  13-938. ~a) 
B. mtg, wwrium a ~ d e d  in water.  Modulation 
a m ~ t I K l t  1 .9  G&IelJL (b) After genainat ion.  
Omly tl~ eextet ILL p~ttern remains; the narrow 

ctmrpmum~ are a b o u t  io Gaum wide. 

a--H 

Fig. 4- E P R  spectrum for a to mM solution of 
of Mn--(DPA) a" Moduhttion amplit  ~de 4-8 Gauss,  
In this  and other  Mn chelates  giving similar 
spectra° the line width and t~-parat:-n of the  
Mn h.f. components  are such that the-  mltant  
spectrum is -_. smooth ,  broad curv ~. ~ i t h  no 

a p i ~ r e n t  h. i .  trtru=tnre tt.m. 
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..... - D P A  was observed.  When  crystal l ine powder,  a spec t rum similar  to  tha t  of ~ -  
M n - ( D P A ) ,  was t r ea ted  with ni tr ic  acid the  character is t ic  sextet  h.f. of Mn z+ was 
obtained.  

The E P R  spect ra  of some M n - p r o t e i n  systems were ob ta ined  for comparison.  
Aqueous solutions of egg a lbumin  (zo %), gelat in (9 %), and  lysoz)ane (zo %) at  p H  7 
containing o.oz M MnCI= gave ionic- type spec t ra  s imilar  to  t h o ~  observed in p lan t  
tissuOS, ~s. 

The E P R  spectra  for Cu(II) in spore p repa ra t ions  are  easi ly recognizable from 
the asymmet r ica l  shape of the spectrum,  the  h.f. s t ructure ,  and  g - 'alues. An example  
of such a spec t rum is shov. :  in .wig. 5 for C. biferme~itans. In  thes~ ~l.-.,res the  manganese  
concentrat ion was not so high as to  d i s tor t  or obscure the  Cu signal. A t  in te rmedia te  
1 . . . .  I .  ¢ evadunt a~ ~.~ tnt~ ca~-.~ iu[ ~ew~ of manganese and  copper,  bo th  spect ra  a re  . . . . . . .  B .  ~ubtilis 
var. globigii spores (Fig. 6) and  in B.  cereus Stra in  T and B.  mega~r ium QM B-z55 L 
I t  is no tewor thy  tha t  the  Mn signal observed in this  l a t t e r  spore p repara t ion  is 
essential ly the  same as those previously  described,  in spite  of i ts  ve ry  low manganese  
concentrat ion (see Tabl~ I). When these spores were au toc laved  for t h and  sub- 
sequently washed, no t race  of the Cu signal remained.  
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Fig. 5. EPR spectrum for the dR* spore prepa- 
ration C. bi/ermentans. The spectrum is due 
mainly to Cu(II). The largest peak has its 
absorption maximum at a g valut, of 2.o61 and 
iq doe to line~ centered at gl- The right-hand 
portion of t~-,. q,~ctrum is due to lines centered 
at gli = 2.~3z. The broad shoulder an the lett 
is  due to Mn(II). Modulation ampdtude 

4.8 Gauss. 
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Fig. 0. EPR spectrum for "he dry spore prepa- 
ration B. subtilis var. globigii. This is an ex- 
ample ot a qpectrum in which Mn and Cu a re  
both present in equal amounts. Modulation 

amplitude I.z Gauss. 

DISCUSSI~,'T 

The E P R  spect ra  for Mn in most  p lant  ma te r i a l s  and  bac te r ia l  vege ta t ive  cells consists 
of an a lmost  complete ly  resolved sexte t  h.f. pa t t e rn ,  s imilar  in appea rance  to  Mn s* 
in aqueous solution. The Mn spec t rum of bac ter ia l  spores is comple te ly  different.  
The germina t ion  and  au toc lave  s tudies  descr ibed above  suggest  t ha t  this  is a com- 
posi te  spec t rum consist ing of a single smooth  curve upon which i~ s u p e r i . ~ s e d  



a s~,ali ionic-type spectrum. Smooth, broad Mn curves of the t ~ e  proposed for 
spores have been observed for ~ m e  dilute Mh chc~,t~e solutions such as Mn-nitrilo- 
triacetate and, in tJte present work, Mn-(DPA)t"  ; thus the h3~othesis of a com- 
posite spectrum is shown to be feasible. It  is n c ~ o p o s e d  that  M n -  (DPA) t is present, 
as such in the spore. However, there is considerable indirect evidence wi,;o ~, ,"~.gf' ¢: 
that  Ca and Mn may  be forming some tyT* of D P A - m e t a l  complex in spores. The 
presence of nearly equal molar quantities of Ca and DPAg, tL t2, the mutual replace- 
ability 4 of Ca and Mn, and the virtually simultaneous release of Ca, Mn and DPA 
upon autoclaving e or germination ¢ are particularly relevant to the results of the 
present investigation. The E P R  soectra may  be understood in terms of a DPA-Mn 
chelate which exhibits a broad, smooth curve in the intact spore, and whose spectrum 
~ p p e a r s  foUowillg release of the Mn during germination or autoclaving. Although 
these results do not prove the existence of a DPA-me ta l  chelate in spores, they are 
not inconsistent with such a hypothesis. 

The Mn giving rise to the sextet h.f. pattern superimposed upon the broad signal 
!:ad a h.f. interval which indicates almost complete ionic bonding ~, st. This Mn usually 
remained associated with the sedimentabie particulate mat ter  after germination or 
autoclaving. The main constituent of the autoclaved residue is the proteinaceous 
spore coat is. The persistence of this h.f. spectrum in the washed residue suggests it 
represents Mn ionically bound to coat protein. The h.f. spectrum for B. mega2eeium 
N R R L  13-938 is different from all of the other spores investigated in that  it appears 
to contain a third Ma component. The extreme sharpness and int nsities of the h.f. 
spectrum of this component closely re~e~_b-'.'e~ T.he "powder" spectrum for Mn(II) 
diluted in a diamagnetic solid *a. At present we can offer no h.~3~othesis to account 
for this spectrum in spores. 

The E P R  spectrum for Cu(II) in spores ].~ very similar to the spectra observed 
in frozen solutions of Cu-protein complexe.~ -~'. A compa:lson Uc~'een *he/,, values 
and the h.f. interval (,4 ~ I59 (,a~lss or o.oi5 cm -x) for spores with values for 
Cu-prote in  complexes ~ shows that the values for these parameters for spores art. 
consistent with bonding of Cu to prolein. 

None of the lyophilized spore preparations grox~, and purified at this laboratory 
show free-radical spectra. This fact is noteworthy ctmsidering the development of 
prominent free-radical resonances by lyophilized vegetative cells stored in air ~s.m. 
The total absence of free radicals in clean spores, even after hmg storage in air may, 
perhaps, be considered further evidence of the extreme;v iow lewl ot meta~, i i t  
activity in the dormant spore. 
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