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Summary: The synthesis of 1,-3 poly (glycerol phosphate) covalently 
linked to peptidoglycan has been studied in membrane + wall prepara- 
tions of Bacillus licheniformis. The attachment of the majority 
(approximately 80%) of the teichoic acid required the synthesis of 
cross-linked peptidoglycan, whereas the attachment of a minor fraction 
(approximately 20%) of the teichoic acid occurred in the absence of 
peptidoglycan synthesis. Evidence was also found for the participa- 
tion of a membrane-bound precursor in the synthesis of the major 
fraction of covalently-linked teichoic acid, 

INTRODUCTION 

The wa i l s  of  many Gram-posi t ive bac ter ia  conta in  t e i c h o i c  acids 

which in Stap.hylococcus aureus ( l l )  and in both Bac i l l u s  l i chen i f o rm i s  

and B. s u b t i l i s  (14) are cova len t l y  l inked to pept idoglycan.  More 

recen t l y ,  Mauck and Glaser (16) have shown tha t  in  B. s u b t i l i s  newly 

synthesised t e i c h o i c  and t e i chu ron i c  acids are l inked on ly  to pept ido-  

glycan which has been synthesised concomitant ly .  The c e l l - f r e e  

synthes is  of the t e i c h o i c  acids po ly  (g lycero l  phosphate) and poly 

(g lycero l  phosphate glucose) by membrane preparat ions of  B. l i c h e n i -  

formis and B. s u b t i l i s  has been described (1,4,5,6,  13), but these 

were in a so lub le  form not attached to pept idoglycan.  The present 

i n v e s t i g a t i o n  was car r ied  out to study the synthes is  of pept idoglycan 

and t e i c h o i c  acid and the format ion of the l inkage between the two 

polymers in  membrane + wal l  preparat ions of  B. l i chen i f o rm is .  
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MATERIALS AND METHODS 

The organism used was a penicillinase and autolysin-deficient 
mutant of B. licheniformis 6346 designated B. licheniformis 94 (20). 
Growth of the organism and isolation of the membrane + wall prepara- 
tions were carried out as described previously (20), except that the 
buffer used for washing and for resuspending the final membrane + 
wall preparation was 50mM-Tris-HCl buf fs [ ,  pH 7.8 containing 60m_M- 
MgClo and lmM-dithroeryth~itol. L-a-[U- ~C]glycerol-3-phosphate, 
synt~esised Trom [U-t~C]glycerol (The Radiochemical Centre, Amersham, 
Bucks, U.K.) with ATP and glycerokinase (3), was used for  the enzymic 
synthesis of CDP-[U-14C]glycerol (18). UDP-N-acetylmuramyl-L-alanyl- 
D-isoglutamyl-meso-diaminopimelyl-D-alanyl-D-alanine (UDP-N-acetyl- 
muramyl-pentapeptide) label led with diamino-[3H]pimelic acid (30OmCi/ 
mmol) was prepared as described previously (21). Unlabelled UDP-N- 
acetylmuramyl-pentapeptide was prepared from B. ] icheniformis by 
accumulation in a medium lacking Mg 2+ (10). 

A typical reaction mixture for synthesis of teichoic acid and 
peptidoglycan contained 2mM-CDP-[U-14C]glycerol (5mCi/mmol), 2mM- 
UDP-N-acetylglucosamine and 10mM-UDP-N-acetylmuramyl pentapeptide in 
a total volume of 200pl. After incubation at 28 ° for the appropriate 
time reactions were terminated by the addition of an equal volume of 
I0% sodium dodecyl sulfate (SDS) and heating at 60 ° for 5 min. The 
walls were recovered by centrifuging at 12, O00g for 5 min and then 
re-extracted with 0.5ml of 5% SDS with heating at 60 ° for 5 min. 
After centrifuging as before, the two supernatants were combined as 
the SDS-soluble fraction. The walls were then washed four times with 
water (Iml), resuspended in water (Iml) and heated at 100 ° for 15 min, 
recovered by centrifuging and f i na l l y  resuspended in water (0.4ml) to 
give the SDS-insoluble fraction. 

RESULTS AND DISCUSSION 

The membrane + wall preparations of B. l icheniformis synthesised 

polymeric material from CDP-glycerol in addition to the synthesis of 

peptidoglycan from UDP-N-acetylmuramyl-pentapeptide and UDP-N-acetyl- 

glucosamine described previously (20). A fraction (15 - 25%) of this 

polymeric glycerol was associated with the pre-ex is t ing wall since i t  

was not removed by treatment of the walls with 5%-SDS or by addit ional 

ext ract ion with 80% phenol. Resistance to such ext ract ion procedures 

has been taken as indicat ive of a covalent linkage between newly 

syntheslsed material and the pre-ex is t ing wal l .  

In order to demonstrate that synthesis of covalent ly l inked te ichoic  

acid was dependent on the concomitant synthesis of cross-l inked 

peptidoglycan incubations were carr ied out in the presence of benzyl- 

p e n i c i l l i n  (lOpg/ml). This concentration of the an t i b i o t i c  has 
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previously been shown to inhibit transpeptidation and thus the form- 

ation of cross-llnked peptidoglycan in B. licheniformis (20). 

Addition of benzylpenicillin to the incubation mixtures resulted in 

a 81% decrease in the amount of covalently linked teichoic acid (Table 

l). The amount of synthesis found in the presence of the antibiotic 

was almost identical to the formation of covalently-linked [14C]glycerol 

occurring in the absence of added peptidoglycan precursors. Examination 

of the SDS-soluble material, by chromatography in isobutyric acid - 0.5M- 

TABLE I. 

The effect of benzylpenicillin on the synthesis of 

teichoic acid linked to p~tidoqlycan. 

Penicillin lO~glml 

Assay 

Complete peptidoglycan 
precursors 

- ÷ + 

Linked te i cho ic  acid 765 146 179 1G2 
(SDS-insoluble) 

SDS-soluble 4520 4530 3820 3540 

The resu l t s  are given as pmoles of [14C]glycerol incorporated per 

mg p ro te in /h r .  The i so l a t i on  of cova len t l y - l i nked  te i cho ic  acid 

and the SDS-soluble f r ac t i on  were car r ied out as described in the 

tex t .  
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NH 3 (5.3 v / v ) ,  revealed that  th i s  concentrat ion of b e n z y l p e n i c i l l i n  had 

no apparent e f f e c t  on the amount of  t h i s  polymeric mater ia l  synthesised 

( ie  mater ia l  remaining on the o r i g i n  of the chromatogram) both in the 

presence and absence of pept idoglycan precursors. On the other hand, 

the presence of pept idoglycan precursors resul ted in a small (15 - 22%) 

s t imu la t i on  of the synthesis of soluble t e i cho i c  acid, the reason fo r  

which is cu r ren t l y  not known. I t  seems l i k e l y  that  th i s  soluble mater ia l  

is i den t i ca l  to that  p rev ious ly  described as being synthesised by var ious 

membrane preparat ions of  B a c i l l i  (1, 4 ,5 ,13) .So]ub]e  pept idoglycan, 

synthesised by B. l i chen i fo rm is  under condi t ions where t ranspep t ida t i on  

was i nh i b i t ed ,  has been shown to lack associated phosphorus, a f i nd ing  

taken to ind icate  the absence of  l inked te i cho i c  acid (19). Thus in 

the present c e l l - f r e e  system the format ion of t e i cho i c  acid l inked to 

pept idoglycan (SDS-insoluble) appears to require the concomitant syn- 

thes is  of both te i cho ic  acid and of cross-lLnked pept idoglycan. Such a 

f i nd ing  is in agreement wi th  the in v ivo  observat ions of Mauck and 

Glaser (16) that  in B. s u b t i l i s  both t e i cho i c  and te i churon ic  acids 

are l inked only to pept idoglycan synthesised at  the same time. 

In a second experiment, membrane + wal l  preparat ions were incub- 

ated for  15 min wi th CDP-[14C]glycerol as described in Methods. 

Excess substrate was then removed by washing (3 x 2ml bu f fe r )  and 

the membrane + wal l  p repara t ion  reincubated wi th  non-rad ioact ive  

CDP-glycerol w i th  the resu l ts  shown (Table 2). In the presence of 

pept idoglycan precursors the incorpora t ion  of cova len t l y  l inked 

te i cho i c  acid a f t e r  15 min incubat ion was 27% of that  found a f t e r  l 

hr. Subsequent incubat ion wi th non-rad ioact ive  CDP-glycerol, 

resul ted in an increase in the incorpora t ion  to 76% of that  found in 

the cont ro l  when CDP-[14C]glycerol was the sole substrate. In con- 

t r as t  preparat ions,  incubated in the absence of  pept idoglycan pre- 

cursors, showed no increase in the small amount of  cova len t l y  l inked 
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TABLE 2. 

The formation of a membrane-bound precursor of 

cova len t l y - l i nked  te i cho i c  aci d . 

Peptidoglycan 
precursors 

Expt. I 

II 

Time of incubation 

a) a) 
60 min 15 min 15 min + 45 min b" 

I 

+ + - + - 

765 146 206 78 579 67 

633 153 393 Ill 655 97 

The resu l t s  are given as pmoles of [14C]glycerol  incorporated in to 

the SDS-insoluble f r a c t i o n  per mg of pro te in  per hr. 

a) Incubated fo r  60 min and 15 min wi th CDP-[14C]glycerol. 

b) Incubated for  15 min wi th CDP-[14C]glycerol, washed and 

reincubated for  45 min wi th CDP-glycerol as described in 

the text. 

r a d i o a c t i v i t y  synthesised in the f i r s t  15 min. C lear ly ,  replacement 

of the rad ioact ive  substrate abol ishes the incorporat ion of [14C] 

g lycero l  in the absence of peptidoglycan precursors, whereas in t h e i r  

presence add i t iona l  incorporat ion occurred. Presumably th is  r e f l e c t s  

the synthesis during the i n i t i a l  period of incubation of some pre- 

cursor of te i cho ic  acid in the membrane which, in subsequent incuba- 

t ion ,  t rans fe rs  the [14C]glycero l ,  e i t he r  in t o ta l  or in par t ,  to the 

wa l l .  The synthesis of the wal l  t e i cho i c  acid, poly ( r i b i t o l  phosphate) 

in Staph. aureus H involves the p a r t i c i p a t i o n  of a membrane-bound ] ipo-  

te i cho ic  acid c a r r i e r  (LTC) (8, 9). This has been character ised as a 
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polymer of glycerol phosphate with a hydrophobic terminus containing 

D-glucose and fatty acid residues (7). A similar LTC has been isolated 

from B. subtilis (17) but in this case the participation of the carrier 

in wall teichoic acid synthesis has not been established. One 

possibility would be the formation of radioactive teichoic acid as 

the LTC-linked precursor and its subsequent transfer from the pre- 

cursor to the wall with the synthesis of a covalent link between the 

teichoic acid and peptidoglycan. 

The [14C]glycerol linked to the wall both in the presence and 

TABLE 3. 

The e f f ec t  of p re incubat ion  of membrane + wal l  preparat ions 

w i th  CDP-qlycerol on the subsequent synthesis  of c o v a l e n t l y -  

l lnked t e i c h o i c  acid.  

Time of p re incubat ion  Assay 

(mins) 
Complete - pept idoglycan 

precursors 

0 633 153 

60 317 184 

120 268 185 

The cond i t ions  of pre- t reatment  of the membrane + wal l  preparat ions 

w i th  non- rad ioac t lve  CDP-glycerol are given in the tex t .  The 

resu l t s  are expressed as pmoles of [14C]g lycero l  incorporated in to  

the SDS-soluble f r a c t i o n  per mg of  p ro te in  per hr. 
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absence of peptidoglycan synthesis has been shown to be present aB 

1,-3 poly (g lycero l  phosphate) by i d e n t i f i c a t i o n  of the products of 

a l ka l i ne  hydro lys is .  Peaks of r a d i o a c t i v i t y  corresponding to g lycero l ,  

g lycerol  monophosphate, g lycero l  diphosphate and d ig l yce ro l  t r iphosphate 

were obtained by chromatography on DEAE ce l lu lose  (HC03-) (2) and t h e i r  

i d e n t i t y  confirmed by paper chromatography wi th appropr iate standards 

in propan- l -o l  : NH 3 : H20 (6: 3: l ,  by v o l . ) .  The d ig l yce ro l  t r i -  

phosphate, which can only ar ise  from a l ka l i ne  hydro lys is  of poly 1,-3 

(g lycero l  phosphate) (15) was fu r ther  character ised by dephosphorylation 

wi th a l ka l i ne  phosphatase and chromatography of the resu l t i ng  d ig lycero t  

phosphate as described above. 

One possib le explanat ion for  the incorporat ion of [14C]glycerol  in 

the absence of added peptidoglycan precursors was the u t i l i s a t i o n  by 

the membrane + wal l  preparat ions of some endogenous membrane-bound i n te r -  

mediates a l lowing the synthesis of a small amount of peptidoglycan. 

Hammes and Neuhaus (12) have described the removal of one such intermed- 

ia te ,  undecaprenyl-diphosphate-N-acetylmuramyl pentapeptide, from the 

membranes of Staph. aureus by incubation wi th UMP. A s i m i l a r  p r e - t r e a t -  

ment was carr ied out wi th the membrane + wal l  preparat ion of B. l i c h e n i -  

formis (UMP f i n a l  concn'9 x lO-SM). Subsequent incubation of the 

t reated preparat ion wi th  CDP-glycerol gave synthesis of SDS-insoluble 

r a d i o a c t i v i t y  both in the presence and absence of peptidoglycan pre- 

cursors in amounts s i m i l a r  to that  found in untreated preparat ions. 

Thus i t  seems un l i ke l y  that  the incorporat ion of poly (g lycero l  

phosphate), occurr ing in the absence of added peptidoglycan precursors, 

was by l inkage to newly synthesised peptidoglycan. Another p o s s i b i l i t y  

was the add i t ion  of g lycero l  phosphate uni ts  to some mater ia l  a lready 

present in the membrane + wal l  preparat ion.  In an attempt to saturate 

these ' s i t e s  of a d d i t i o n ' ,  enzyme preparat ions were pretreated wi th 

non-radioact ive CDP-glycerol (50nmol). Preincubation in t h i s  way for  
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periods of up to 2 hr were without effect on the incorporation of 

radioactivity on subsequent incubation with CDP-[14C]glycerol alone. 

On the other hand, preincubation did a f fect  the synthesis of polymeric 

material in the presence of peptidoglycan precursors. Af ter  2 hr pre- 

incubation incorporation of [14C]glycerol was reduced by 58%. However, 

under ident ical  conditions peptidoglycan synthesis was also reduced by 

64%, which presumably explains the observed reduction in synthesis of 

the linked te ichoic acid. 

Clearly the resistance of the 1,-3 poly (glycerol phosphate) attached 

in the absence of peptidoglycan synthesis to subsequent extract ion of 

the walls with SDS and phenol is indicative of some covalent linkage 

between the polymer and the pre-existing wall. However, at this time 

the nature of this linkage and the place of the glycerol phosphate 

polymer in wall structure remains unknown. 
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