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1. Introduction 

The biosynthesis of peptidoglycan and several 
other components of bacterial cell-walls proceeds 
via sugar precursors bound by a pyrophosph.o- 
or a monophosphobridge to a Cs,-isoprenyl carrier 
lipid [l]. 

More than 90% of the endogenous C,s-isoprenyl 
lipid of Staphylococcus aureus consists of the non- 

functional free C5s-isoprenoid-alcohol (30 nmol/g 
wet weight bacteria, [2] ). Similar amounts of free 
isoprenoid-alcohol and the derived non-functional 
fatty acyl ester were found in Streptococcus faecalis 
[3]. Myxococc~s filvus (Kleinig, H., personal 
communication), Lactobacillus plantantm [4,5] 
and in Listeria monocytogenes [6]. A preponderance 
of the pools of non-functional free isoprenoid- 
alcohol and its fatty acyl ester has also been found 

in yeast, plant and mammalian species [7] . 
Bacterial Css-isoprenyl lipids are biosynthesized 

as the pyrophosphate derivatives, which are dephos- 

phorylated to Css-isoprenyl-monophosphate by 
specific and non-specific phosphatases [8- 111. In 
spite of the predominance of the free Css-isoprenoid- 
alcohol in various bacteria, attempts to cleave long- 
chain isoprenyl-monophosphates by bacterial 
enzyme preparations have been unsuccessful [8,12, 

131, with the exception of a membrane-bound 
Cs5-isoprenyl-monophosphate phosphatase activity 
in S aureus [13]. 

We now report the dephosphorylation of Css-iso- 
prenyl-monophosphate using non-specific phosphatases 
from Escherichia coli, S. aureus, potato and calf 
intestine. 
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2. Experimental 

2.1. Materials 
Commercially purified alkaline phosphatases 

(grade I) from E. coli and calf intestine and acid phos- 

phatase (grade I) from potato were purchased from 
Boehringer, Mannheim. Loosely membrane-bound 
acid phosphatase of S. aureus was prepared by 

KCl-elution of intact cells [14]. Css-isoprenoid- 
alcohol kinase apoprotein (step 6) and ticaprenol 
were prepared as previously described [ 151. Span-20 
was obtained from Atlas Chemical Co., Delaware. 

2.2. Preparation of /32P]C55-isoprenyl-monophosphate 
Ficaprenol(l5 nmol) and Span-20 detergent 

(50 pg), dissolved in organic solvents, were first added 
to the test tube, followed by removal of the solvents 
in vacua. Css-isoprenoid-alcohol kinase apoprotein 
in organic solvent [ 151 was next added, followed by 
removal of solvent as above. Buffer (25 ~1) and 

[T-~~P] ATP (1 1.11 containing 18 nmol and 0.4 PCi) 
was then added, as previously described [ 151, and the 
mixture incubated, under N2, for 12 h at room 
temperature. Lipids were extracted by the Bligh- 
Dyer procedure [ 161. The organic phase ( 100 ~1) was 
washed with five 100 ~1 portions of 0.9% (w/v) NaCl. 

A lipid extract pooled from 20 separate incubations 
was applied to a column (1 X 8 cm) of silica gel 
(Merck No. 7754) packed in chloroform. Most of the 
residual Span-20 detergent was eluted with chloro- 
form as examined by calorimetric ester determination 
[ 171. [32P] ficaprenyl-monophosphate was then 
eluted from the column using methanol; its purity 
was examined by paper chromatography (see Fig.1). 
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Fig.1. Cleavage of [ ‘*P]ticaprenyl-monophosphate by alkaline phosphatase from E. coli (A) and by acid phosphatase from potato 
(B). Incubations were performed as described in Experimental, with ( ) or without (- - - - - -) addition of enzyme 
protein. Analysis was by paper chromatography in isobutyric acid/l M ammonia, S : 3 (v/v), and scanning, using a Berthold LB 
280 chromatogram scanner. The position of the Pi marker was located using the Hanes-Isherwood spray reagent [ 301. 

The yield of [“‘PI ficaprenyl-monophosphate was 
2-3%. The amount of [32P]Cr,5-isoprenylmonopho~- 
phate present in subsequent phosphatase incubations 
was calculated from the initial specific radioactivity 
of [Y-~~P] ATP. Since dolichol was also phosphorylated 

by the S. aureus kinase (V about 20% of V for 
ficaprenol), [32P] dolichyl-monophosphate was 
prepared in the same way as the ficaprenyl-derivative. 

2.3. Cleavage of / 32PJisoprenyl-monophosphate 
An aliquot of a methanolic solution of [“‘PI 

ficaprenyl-monophosphate was added to the test 
tube. Solvent was next removed in vacua, 50 ,ul 
aliquots of the following buffers added (see below), 
followed by addition of phosphatase dissolved in 
10 ~1 assay buffer and incubation as indicated 
below: 

for E. coli phosphatase: 1.5 M Tris-HCl, 5 mM 
(NH4)2S04, 0.2% (w/v) Triton X-100, pH 8.0 
(2 min, 25°C). For intestinal phosphatase: 0.1 M 
glycine-NaOH, 5 mM (NH4)2S04, 1 mM MgC12, 
0.1 mM ZnC12, 0.2% (w/v) Triton X-100, pH 10.5 
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(2 min, 25°C). For 5’. aureus phosphatase: 0.1 M 
sodium citrate 0.1 M KCl, 0.2% (w/v) Triton X-100, 
pH 5.6 (60 min, 25°C). For potato phosphatase: 

0.1 M sodium citrate, 5 mM (NH4)2S04, 0.2% (w/v) 
Triton X-100, pH 5.6 (1 min, 25°C). Enzyme was 
omitted in control experiments. Reactions were 
terminated at the times indicated by addition of 50 ~1 
chloroform/methanol, 1 : 1 (v/v). The entire reac- 
tion mixtures were then applied to chromatography 
paper and developed in isobutyric acid/l M ammonia, 
5 : 3 (v/v). The amount of Pi liberated was determined 
by scintillation counting [15] of the appropriate area 
on the chromatogram (see fig. 1). 

2.4. Cleavage of pnitrophenyl-monophosphate 
The conditions for the calorimetric assay of the 

phosphatases [ 18-201 are described in the following 
sequence: buffer used, total volume, temperature, 
continuous measurement of absorbance at 405 nm or 
addition of 2 ml 0.5 N NaOH after the stated incuba- 
tion time, followed by reading at 405 nm. 6 coli 
phosphatase: 1 .O M Tris-HCl, 0.1 mM (NH4)2S04, 
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0.13% (w/v) Triton X-100, pH 8.0, 3 ml 25”C, 
continuous reading. Intestinal phosphatase: 0.1 M 
glycine-NaOH, 1 mM MgCls, 0.1 mM ZnCls, 0.1 mM 

(NH4)sS04, 0.2% (w/v) Triton X-100, pH 10.5,3 ml, 
25”C, continuous reading. 

S. aUreUs phosphatase: 0.1 M sodium citrate, 

19 mM KCl, 0.2% (w/v) Triton X-100, pH 5.6, 1 ml, 
25°C terminated after 5 min by addition of NaOH. 

Potato phosphatase: 0.1 M sodium citrate, 0.3 mM 

(NH&S04, 0.2% (w/v) Triton X-100, pH 5.6, 1 ml, 
25’C, terminated after 2 min by addition of NaOH. 

The concentration of the substrate, p-nitrophenyl- 
monophosphate, was varied in the above incubation 
mixtures in the range of 0.03 to 10 mM. The amount 

of product, p-nitrophenolate, was calculated using 
the molar extinction coefficient of 18 500 M-’ cm-’ 
[18] . Values of K, and V (table 1) were determined 
by the Lineweaver-Burk procedure. 

3. Results 

Dephosphorylation of [3”P] ticaprenyl-monophos- 
phate by E coli periplasmic [21] alkaline phosphatase 
and potato acid phosphatase is shown in fig. 1. 

Apparent KM and V values were determined by the 

Lineweaver-Burk procedure for the alkaline phos- 
phatases of E. coli and calf intestine, and the acid 

phosphatases of potato and S. aureus (table 1). 
Corresponding values were determined under similar 

conditions using the standard substrate, p-nitrophenyl- 

monophosphate (table 1). The apparent KM values for 
ficaprenyl-monophosphate ranged from 1 O-’ to lOA M, 

and V values were between 1% and 6% of those for 
p-nitrophenyl-monophosphate. V values for both sub- 
strates were found to decrease as the concentration of 
Triton X-100, present in the assay mixture, was further 

increased. 
In preliminary experiments, [32P]dolichyl-mono- 

phosphate was cleaved by E. coli alkaline phosphatase 
and by a microsomal preparation from rat liver. 

4. Discussion 

In the only previous report on bacterial Css- 

isoprenyl-monophosphate phosphatase activity [ 131, 
I/was below 0.2 nmol Pi liberated/mg protein min. 
The non-specific phosphatases now examined appeared 

to be much more effective (see table l), although the 

kinetic constants obtained should only be regarded as 
order-of-magnitude values. Interestingly, the previously 

studied activity from S. aureus [ 131 was affected by 
the pH and metal ions in the same way as the non- 
specific acid phosphatase from S. aureus [ 14,22-241. 

Non-specific phosphatases are of ubiquitous 
occurrence [25] and might be responsible for the 
relatively large pool size of dephosphorylated iso- 
prenoid-alcohols. Counteracting isoprenoid-alcohol 
kinase activities could serve a regulatory function in 

Table 1 
Values of KM and V for the cleavage of [ xP] ficaprenyl-monophosphate and p-nitrophenyl- 

monophosphate by phosphatases. The values for [ ” P] ficaprenylmonophosphate were 
determined from Lineweaver-Burk plots of incubations where substrate concentrations 

varied between 1 and 40 PM. The values for p-nitrophenyl-monophosphate were determined 
in the same way from calorimetric assays (see Experimental). The amounts of enzyme 

protein were either calculated from the data sheet supplied by the manufacturer or, in the 
case of the S. aureus phosphatase, determined by a modified Lowry procedure [ 151 

Enzyme tested [“PI ticaprenyl-monophosphate p-Nitrophenyl-monophosphate 

KM V KM V 

CPM) (km01 Pl liberated/ CUM) bmol Pi liberated/ 
mg protein X min) mg protein X min) 

E. coli phosphatase 10 1.0 100 50 
Intestinal phosphatase 22 3.3 2600 400 
Potato phosphatase 44 8.3 280 170 
S aureus phosphatase 77 0.003 280 0.045 
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Frm Isoprrnoid-Alcohol 

POiVMER 

Fig.2. Possible role of isoprenyl-lipids in cell-wall and glyco- 
protein biosynthesis. The following enzyme reactions are 
shown: (1) Isoprenoid-alcohol kinase. (2) Isoprenyl-mono- 
phosphate phosphatase. (3) Translocase. (4) Modification 
reactions (optional). (5) Transferase. (6) Isoprenyl-pyrophos- 
phate phosphatase. 

cell-wall and glycoprotein biosynthesis [ 1 ] by pro- 
viding isoprenyl-monophosphate, which is required 
as a carrier lipid (fig.2). So far, Css-isoprenoid-alcohol 
kinase activity has been demonstrated in S. aureus 
(1) Klebsiella aerogenes [26] and E coli 
(Sandermann, H., unpublished results). An apparent 
ATP requirement for in vitro peptidoglycan bio- 
synthesis has been reported for S. aureus [27] and 
E coli [28] although this requirement may depend 
upon how well the membrane preparation was 
washed since many bacterial phosphatases are only 
loosely bound to the membrane [21]. 

Bacterial cell wall biosynthesis is usually depicted 
as a biosynthetic cycle where the same molecule 
of Css-isoprenyl-monophosphate is constantly turning 
over [27,29]. This scheme ignores the preponderance 
of non-functional Css-isoprenyl lipid pools and the 
existence of the Css-isoprenoid-alcohol kinase and 
the counteracting phosphatase activities. Pioneering 
studies with a membrane preparation capable of 
peptidoglycan biosynthesis have indicated a turnover 
number of the carrier lipid of approximately five [lo] 
An updated scheme for the possible participation of 
isoprenyl lipids in cell-wall and glycoprotein bio- 
synthesis is shown in fig.2. However, detailed in vivo 
studies and the enzymatic characterization of cell-wall 
mutants are required to clarify the regulatory role 
of the enzyme reactions shown, as e.g., the ratio of 
the velocities of reaction 1 and 2. 
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