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Summary. Growth  of  Microccoccus lysodeikticus in 
the presence of  pantoyl  lactone brings about  bo th  
qualitative and quanti tat ive changes in cell membrane  
lipids. Significant amounts  of  the two major  phospho-  
lipids (phosphat idylglycerol  and diphosphat idylglycer-  
ol) are converted to lyso forms;  the largest conver- 
sion occurs in the phosphatidylglycerol .  In addition, 
amounts  of  several phosphol ipid fatty acids are 
changed. Physical alteration o f  the cell membrane  
can be demonst ra ted  using differential scanning calo- 
rimetry. Al though  growth and t ranspor t  are signifi- 
cantly inhibited when pantoyl  lactone is present, cells 
possessing altered cell membrane  phosphol ipids  and 
phosphol ipid fatty acids, b rough t  about  by growth 
in the presence of  pantoyl  lactone, t ranspor t  D-ala- 
nine, L-glutamic and L-aspartic acid normal ly  when 
washed free of  the pantoyl  lactone. 
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Cell division in bo th  Gram-posi t ive  and Gram-nega-  
tive bacteria is sensitive to a diverse g roup  of  agents 
including several D-amino acids, vancomycin ,  penicil- 
lin, D-cycloserine, mi tomycin  c, aminopterin,  hydr-  
oxylamine and non-ionizing as well as ionizing radia- 
tion. One compound ,  pantoyl  lactone, reverses and/or  
prevents the cell division inhibition regardless of  the 
inducing agent (Grula,  1960; Grula  & Grula,  1962; 
1964; Grula  & King, 1970; 1972; Adler  & Hardigree,  
1965). The positive effects o f  pantoyl  lactone on cell 
division are usually observed within one generat ion 
(about  1 hr). Evidence indicates that  the beneficial 
solvating effects on cell membrane  components  could 
result f rom the hydrogen  and van der Waals  bonding  
abilities of  pantoyl  lactone (Johnson et al., 1978). 

Along with the shor t - term effects on growth and 
division of  Micrococcus lysodeikticus and Erwinia ca- 
rotovora, we have studied the effects of  prolonged 
growth in the presence of  pantoyl  lactone on mem-  
brane components .  P ro found  effects of  pantoyl  lac- 
tone on cell membrane  lipid composi t ion  have been 
observed, and these changes, as well as their conse- 
quences on t ranspor t  in M. lysodeikticus, are the sub- 
ject of  this paper. 

Materials and Methods 

Conditions for growth and handling of M. lysodeikticus disIIp + 
have been described elsewhere (King & Grula, 1972). Pantoyl lac- 
tone was added to the growth medium to a final concentration 
of 0.15 M after 12 hr growth. Cell membranes were isolated accord- 
ing to the procedures of Butler, Smith and Grula (1967), and 
washed once in deionized water before lyophilization. 

Total lipid extractions were performed by the method of Folch, 
Lees and Sloane-Stanley (1957). Phospholipids were fractionated, 
using thin-layer chromatography on glass plates coated with silica 
gel G (EM Reagents, Westbury, N.Y.). After development in a 
solvent system of chloroform methanol water (65:25:4, vol/vol/ 
vol), phosphate-containing lipids were located using FeC13-sulfosa- 
licyclic acid (Wade & Morgan, 1953). Final identifications were 
made by comparing R I values with known standards (Sigma Chem- 
ical Co., St. Louis) and reaction with periodate-Schiff reagent 
(Shaw, 1968). Lysophospholipids were identified in the same man- 
ner except that standards and control cell membrane fractions 
were treated with phospholipase-A 2 (Type I, Sigma Chemical Co., 
St. Louis). The percentage composition of phospholipids were 
determined using labeled lipids obtained after growth in 
100 ml of medium containing 2 gCi each of L-aspartic acid-U-[14C~ 
(154 mCi/mN) and L-glutamic acid-U-[ 1.C] (206 mCi/mN). Phospho- 
lipids used for fatty acid analyses were eluted from the thin-layer 
plates with chloroform/methanol (2:1, vol/vol). 

Fatty acid methylation was accomplished using a modification 
of the procedures of Nelson and Freeman (1960). Methylation 
was carried out in the presence of 2% H2SO 4 and the resulting 
methyl esters were extracted into hexane. Identification of the fatty 
acids was accomplished using mass spectroscopy and gas liquid 
chromatography. Mass spectra were evaluated according to the 
criteria of Rhyage and Stenhagen (1960). The gas-liquid chromato- 
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graph was a Perkin-Elmer 990 equipped with a hydrogen flame 
detector. A glass column (6' • 1/4") packed with 20% diethylene 
glycol succinate on a Chromosorb support was used. Quantitation 
was achieved by comparing extractions of both internal and exter- 
nal standards to samples extracted from membranes and whole 
celts of known dry weight. 

Transport of D-alanine-U-[14C],L-glutamic acid-U-[14C] and 
L-aspartic acid-U-[14C] was measured as previously described 
(Grula & King, 1971). Differential scanning calorimetry of isolated 
membranes and whole cells was accomplished using a Perkin-Elmer 
DSC-2 unit. The sensitivity of the system was 0.2 mcal/sec and 
the heating rate was 5~ All preparations were sealed in stain- 
less steel sample pans (38-40 gl) after centrifugation in ethylene 
glycol-0.85% NaCI (50:50, vol/vol). 

Results 

Fatty Acid Composition of the Total Lipid Extract 

Table 1 shows the fatty acids present  in the chloro- 

fo rm/methano l  extracts f rom control  cells and cells 
grown in the presence of pantoyl  lactone for varying 
lengths of time. Al though the beneficial  effects on 
growth of M. lysodeikticus in the presence of pantoyl  
lactone are observed within 1 hr, no changes can be 
detected in lipid compos i t ion  unt i l  4 hr growth in 
the presence of the c o m p o u n d  and the changes are 

still minimal .  
After 6 hr growth in the presence of pantoyl  lac- 

tone, the a i -15:0 fatty acid, which is the major  fatty 
acid of this organism,  is decreased from 68% (47.3 ~tg/ 
mg cell dry wt) to 49% (27.9 gg/mg cell dry wt), 
whereas the i16:0 and 16 : 1 fatty acid are increased 
from 13% (8.9 ~tg/mg cell dry wt) to 27% (15.7 gg/mg 
cell dry wt) and 1% (0.7 ~tg/mg cell dry wt) to 4% 
(2.5 ~tg/mg cell dry wt), respectively. 

After 1 2 h r  growth, the a i -15:0 fatty acid is de- 
creased even fur ther ;  in addit ion,  less than one-half  
of the a m o u n t  of fatty acids found  in control  cells 
is present. These same changes are observed in cells 
grown in the presence of bo th  pantoyl  lactone and 

D-cycloserine; therefore, only data  f rom cells grown 
in the presence of pantoyl  lactone are shown. 

Fatty Acids of Isolated Membranes 

Isolated cell membranes  from cells grown in the pres- 
ence of pantoyl  lactone for 6 hr  exhibit  fatty acid 
composi t ions  very similar to those obta ined  using 
whole cells for extraction (Table 2). A decrease in 
the relative a m o u n t  of the a i -15:0 fatty acid from 
abou t  65% of total  fatty acid in the control  cell mem-  
branes  to 49% of the total  in cell membranes  from 
cells grown in the presence of pantoyl  lactone reflects 
abou t  the same degree of change observed using 
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Table 1. Fatty acids in total lipid extracts from whole cells of 
M. lysodeikticus 

Fatty Control 
acid ~ cells 

(gg/mg cell 
dry wt) 

Pantoyl Control Pantoyl 
lactone-grown c e i l s  lactone-grown 
cells b Q_tg/mg (~tg/mg cells c (gg/mg 
cell dry wt) cell dry wt) cell dry wt) 

18 hr growth 24 hr growth 

/-14:0 1.3 1.0 1.2 1.2 
14:0 1.5 0.5 1.5 0.6 

ai-15:0 47.3 27.9 46.9 13.2 
15:0 0.7 0.6 0.7 0.3 

#16:0 8.9 15.7 8.3 11.4 
16:0 5.9 6.0 6.3 4.0 
16:1 0.7 2.5 0.7 0.9 

ai-17:0 3.7 3.0 3.2 1.3 

Total 70.0 57.2 68.8 32.9 

i = iso configuration ; ai= anteiso configuration (assigned according 
to Rhyage and Stenhagen, 1960). 

Trace amounts (less than 1% of the total) of 12:0, 13:0, 
18:0, 18:1 and ai 19:0 plus an unknown methylester exiting be- 
tween ai 17 : 0 and 18 : 0 are also present. 
b Pantoyl lactone was added after i2hr growth; cells were 
harvested 6 hr later. 
c Pantoyl lactone was added after 12hr growth; cells were 
harvested 12 hr later. 

Table 2. Fatty acid content of cell membranes from M. lysodeikticus 
grown in the presence or absence of pantoyl lactone 

Fatty Control cell % of Pantoyl % of 
acid a membrane total lactone-grown total 

(gg/mg cell cell membrane 
membrane (pg/mg cell 
dry wt) membrane 

dry wt) b 

#14:0 3.9 2.0 2.0 1.8 
14:0 3.9 2.0 1.l 1.0 

ai-i5:0 126.8 65.4 55.8 49.3 
I5:0 3.9 2.0 1.0 1.0 

#16:0 21.0 10.8 28.4 25.0 
I6:0 13.5 6.9 8.0 7.1 
16:1 9.5 4.9 5.1 4.5 

ai-17:0 9.5 4.9 10.6 9.4 

Total 192.0 112.0 

a Designations are the same as given in Table 1. 
b Pantoyl lactone was added after 12 hr growth; cells were 
harvested 6 hr later. 

whole cell extractions. Likewise, the increase in the 
i-16:0 fatty acid f rom abou t  11% of the total  fatty 
acid in control  cell membranes  to abou t  25% of the 
total  in cell membranes  f rom pantoyl  lac tone-grown 
cells is of the same order of magn i tude  as seen using 
whole cells. Variat ions (dry wt basis) in the content  
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of 16:0 (down 41%) and 16:1 (down 47%) are also 
seen. The total fatty acid content of cell membranes 
isolated from cells grown in the presence of pantoyl 
lactone is also decreased. This indicates that the fatty 
acid alterations are not simply due to decreases in 
cellular free fatty acid pools. In addition, leakage 
of lipids into the growth medium does not occur in 
the presence of pantoyl lactone (data not shown). 

Membrane Phospholipids 
and Their Constituent Fatty Acids 

When the phospholipids from control cells and cells 
grown in the presence of pantoyl lactone (and D-cy- 
closerine plus pantoyl lactone) are separated using 
thin-layer chromatography, a change in the phospho- 
lipid spectrum can readily be observed in cells exposed 
to pantoyl lactone (Table 3). In addition to an in- 
crease in diphosphatidylglycerol, significant amounts 
of lysodiphosphatidylglycerol are also present. Fur- 
ther, the amount of phosphatidylglycerol is signifi- 
cantly decreased. Reaction with the periodate-Schiff 
reagent shows that most, if not all, of the phos- 
phatidylglyceroI is present as lysophosphatidylglycer- 
ol. Because the R s value of this compound is very 
close to that of phosphatidylinositol, satisfactory 
quantitation was difficult to accomplish. 

Fatty acids present in each of the phospholipids 
obtained from control and pantoyl lactone-grown 

cells are also shown in Table 3. The fatty acid profiles 
and content of the individual phospholipids are very 
similar to those seen when total extracts from either 
control or pantoyl lactone-grown whole cells or iso- 
lated cell membranes are analyzed (compare with data 
given in Tables 1 and 2). Phosphatidylinositol is an 
exception. Content of palmitic acid in this phospholi- 
pid is significantly greater than that seen in the other 
two phospholipids (control cells). It may be signifi- 
cant that a greater relative amount of this fatty acid 
is always present in phosphatidylinositol isolated 
from cells grown in the presence of pantoyl lactone. 

Another difference noted in the fatty acid content 
of individual phospholipids of pantoyl lactone-grown 
cells relates to the i-16:1 fatty acid. When either whole 
cells or isolated cell membranes are extracted using 
chloroform/methanol, more of this fatty acid is pre- 
sent than is seen when phospholipids are individually 
analyzed. Small amounts of this fatty acid exist free 
in the cell pool and in association with carotenoids; 
however, these amounts are not sufficient to make 
up for the differences observed. 

An unidentified compound which migrates to a 
slightly lower Rz (about 0.7) value than DPTG is 
present only in cells grown in the presence of pantoyl 
lactone. This compound contains no fatty acids, car- 
bohydrate, phosphate, or free amino groups, and 
gives a blue-white fluorescence emission under ultra- 
violet irradiation. It is not pantoyl lactone as judged 
by lactone indicator reagents or R I values. 

Table 3. Fatty acids of  the individual phospholipids in membranes  from control celIs and cells grown in the presence of pantoyl 
lactone a 

Phospholipid % Total lipid gg/mg memb.wt,  i14:0 14:0 ai-15:0 15:0 i16:0 16:0 16:1 ai-17:0 

D P G  

Control 38.7 100.9 1.0 2.0 65.8 2.0 12.1 8.1 2.9 5.9 
PL-grown 52.7 86.3 2.0 4.0 46.3 2.0 21.1 16.1 4.8 2.I 

/ -DPG 
Control Not  detected - 

PL-grown 20.4 33.4 1.0 2.0 43.0 1.0 16.3 26.1 4.9 3.2 

PG 

Control 40.7 106.1 1.0 3.0 61.2 1.0 11.2 10.0 5.7 4.7 
PL-grown trace 

I-PG 
Control Not  detected 

PL-grown 8.5 13.9 1.0 2.0 43.3 1.0 26.1 19.6 4.4 2.0 

PI 

Control 13.6 35.8 2.0 4.0 56.3 1.0 8.2 17.1 5.5 4.8 
PL-grown 11.5 18.8 1.0 2.0 30.6 1.0 17.1 37.9 6.2 2.9 

" Figures are reported as % of total fatty acid present in each phospholipid (fatty acids in trace amounts  are not  included). Pantoyl 
lactone was added at 12 hr, and cells were harvested 6 hr later. Figures are the mean of 3 determinations,  and designations are given 
in Table 1. Abbreviations: DPG, diphosphatidylglycerol; /-DPG, lysodiphosphatidylglycerol; PG, phosphatidylglycerol; /-PG, lysophos- 
phatidylglycerol; PI, phosphatidylinositol.  Free fatty acid and carotenoids are not  given and account for 7% of total lipid in control 
cells and 8.1% of total lipid in PL-grown cells. 
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Fig. 1. DSC of whole cell and membranes of (A) whole cells grown 
24 hr (melting range, 287.2_+ 2.2 ~ (B) whole cells grown for 
12hr in pantoyl lactone (melting range, 291.6+_ 1.5~ (C) mem- 
brane preparation of A (melting range, 283.4+0.8 ~ (D) mem- 
brane preparation of B (melting range, 289.0 + 0.6 ~ 

Table 4. Transport of D-alanine, L-glutamic acid, and L-aspartic 
acid following growth in the presence of pantoyl lactone for 12 hr 

nmol/min/mg/cell dry wt 

Substrate Control + Pantoyl lactone (30 sec) 

D-Alanine 
Control cells 133.5 69.4 
Pantoyl lactone-grown 133.0 70.2 

L-Aspartic acid 
Control cells 41.0 12.1 
Pantoyl lactone-grown 39.5 13.4 

L-Glutamic acid 
Control cells 315 206 
Pantoyl lactone-grown 323 200 

Cells were grown with and without pantoyl lactone (0.15 M) in 
the growth medium for 12 hr. Cells were then harvested, washed 
three times in buffer salts solution and resuspended. After a 20-rain 
incubation with aeration, the reaction was initiated by adding the 
appropriate labeled compound and terminated by collecting 1 ml 
of cell suspension on a 0.22 gm Millipore filter. The filter was 
washed twice with 1 ml ice cold salts solution and counted. Effects 
of pantoyl lactone were determined by adding pantoyl lactone 
to cell suspensions 30 sec prior to the addition of label. 

Differential Scanning Calorimetry 

To ascertain that true differences exist in the physical 
characteristics of the different cell membranes, differ- 
ential scanning calorimetry of whole cells and cell 
membranes was accomplished. This procedure was 
chosen because pantoyl lactone induces significant 
changes in membrane fatty acid content and these 
components are important in maintaining fluidity of 
the structure. Data given in Fig. 1 reveal that, regard- 
less of which type material is analyzed, cells or cell 
membranes from cells grown in the presence of pan- 
toyl lactone melt at higher temperatures. The differ- 
ence of about 8.2 ~ is best seen in curves C and 
D since sharper melts are obtained using cell mem- 
branes. 

Uptake Ability of Cells Grown in the Presence 
of Pantoyl Lactone 

One of the more common tests of the functional integ- 
rity of the ceil membrane is the measure of transport 
ability. Pantoyl lactone has been shown to inhibit 
the uptake of glycerol, pyruvate, malate, 2-deoxy-D- 
glucose, uracil, and several amino acids within 30 sec 
after addition to the uptake medium (Grula & King, 
1971 ; Staerkel, 1973). In every case tested, this rapid 
inhibition of uptake can be completely negated by 
simply removing the cells from the medium contain- 
ing pantoyl lactone. We therefore grew cells in the 

presence of pantoyl lactone for 12 hr to alter the mem- 
brane lipids and studied the effect of such lipid alter- 
ations on uptake ability. 

Rate determinations for the uptake of D-alanine, 
L-aspartic acid, and L-glutamic acid by M. lysodeik- 
ticus disIIp § grown in media with and without pan- 
toyl lactone are given in Table 4. It is significant 
that even after extensive qualitative and quantitative 
changes have occurred in cell membrane lipids, such 
alterations do not affect the transport of these amino 
acids. However, when pantoyl lactone was added to 
the uptake medium of such altered cells, an immediate 
inhibition of transport was observed (Table 4). This 
inhibition was very similar to that seen when pantoyl 
lactone was added to control cells. 

D i s c u s s i o n  

Along with other effects attributed to pantoyl lactone 
(Grula and King, 1971 ; King and Grula, 1972; Grula 
and Hopfer, 1972), modification of membrane lipids 
can now be added. These alterations are quantitative 
and qualitative and involve both phospholipid head 
groups and fatty acid moieties. 

The extent to which the lipids of M. lysodeikticus 
are altered by growth in the presence of pantoyl lac- 
tone is surprising. Yet, although the membranes of 
such cells contain large amounts of lysophospholipids 
(up to 20% after 12 hr growth in the presence of 
pantoyl lactone), an important membrane function 
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such as transport proceeds at normal rates after re- 
moval of pantoyl lactone (Table 4). Also, although 
cell growth rate is slowed by pantoyl lactone, normal 
sized cells are produced even in the presence of divi- 
sion inhibiting agents (Grula & King, 1970; King 
& Grula, 1972). 

It is difficult to relate all of the lipid alterations 
to the positive effect that pantoyl lactone exerts on 
cell division primarily because these alterations are 
not evident until cells have grown in the presence 
of the compound for several hours. Stimulation of 
cell division by pantoyl lactone is apparent within 
the first generation time period (about 1 hr) after ad- 
dition to D-cycloserine-containing media. Further, the 
changes induced by pantoyl lactone result in a cell 
membrane lipid composition that is significantly dif- 
ferent from that which exists in control cells wherein 
division activity must be considered normal. There- 
fore, it can be concluded that instead of the changes 
being necessary for division, the cells are able to carry 
out the events involved in this process in spite of 
the alterations. 

Although more organisms should be examined, 
alteration of cell membrane lipids by growth in the 
presence of pantoyl lactone may be a general phenom- 
enon. Large decreases occur in the major fatty acid 
(16:1) of Erwinia carotovora during growth in the 
presence of pantoyl lactone (0.077 g) and are ac- 
companied by similar effects on transport, growth, 
and cell division (E.A. Grula, T.W. Rice and M.M. 
Orula, unpublished). 

It should be noted that unsaturated fatty acids 
are equivalent to branched-chain fatty acids in that 
both have a melt temperature lower than their corre- 
sponding saturated or unbranched forms. That cell 
membranes from cells grown in the presence of pan- 
toyl lactone have a higher melt temperature is clearly 
evident (data given in Fig. 1). Thus, a major effect 
of growth in the presence of pantoyl lactone is to 
bring about a decrease in lower melting fatty acids 
in the cell membrane. Whether such decrease is due 
to effects of pantoyl lactone on synthesis, incorpora- 
tion, or removal of unsaturated and/or branched- 
chain fatty acids remains to be clarified. Preliminary 
experiments reveal that pantoyl lactone does not stim- 
ulate removal of any phospholipid fatty acids from 
isolated cell membranes of M. lysodeikticus. 
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