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1. The effects of teichoic acids on the Mg2+-requirement of some membrane-bound
enzymes in cell preparations from Bacillus licheniformis A.T.C.C. 9945 were examined.
2. The biosynthesis of the wall polymers poly(glycerol phosphate glucose) and poly-
(glycerol phosphate) by membrane-bound enzymes is strongly dependent on Mg2+,
showing maximum activity at 10-15mM-Mg2+. 3. When the membrane is in close contact
with the cell wall and membrane teichoic acid, the enzyme systems are insensitive to added
Mg2 . The membrane appears to interact preferentially with the constant concentration
of Mg2+ that is bound to the phosphate groups of teichoic acid in the wall and on the
membrane. When the wall is removed by the action oflysozyme the enzymes again become
dependent on an external supply of Mg2+. 4. A membrane preparation that retained its
membrane teichoic acid was still dependent on Mg2+ in solution, but the dependence was
damped so that the enzymes exhibited near-maximal activity over a much greater range of
concentrations of added Mg2"; this preparation contained Mg2+ bound to the membrane
teichoic acid. The behaviour of this preparation could be reproduced by binding mem-
brane teichoic acid to membranes in the presence ofMg2+. Addition ofmembrane teichoic
acid to reaction mixtures also had a damping effect on the Mg2+ requirement of the
enzymes, since the added polymer interacted rapidly with the membrane. 5. Other
phosphate polymers behaved in a qualitatively similar way to membrane teichoic acid on
addition to reaction mixtures. 6. It is concluded that in whole cells the ordered array of
anionic wall and membrane teichoic acids provides a constant reservoir of bound bivalent
cations with which the membrane preferentially interacts. The membrane teichoic acid is
the component of the system which mediates the interaction of bound cations with the
membrane. The anionic polymers in the wall scavenge cations from the medium and
maintain a constant environment for the membrane teichoic acid. Thus a function of
wall and membrane teichoic acids is to maintain the correct ionic environment for cation-
dependent membrane systems.

Teichoic acids and structurally related sugar 1-

phosphate polymers occur covalently attached to the
peptidoglycan in the walls of most Gram-positive
bacteria (Archibald & Baddiley, 1966; Baddiley,
1972). Other teichoic acids, exclusively derivatives of
poly(glycerol phosphate), are located in or on the
surface of the cytoplasmic membrane of probably all
Gram-positive bacteria (Hay et al., 1963); these have
been called membrane teichoic acids and are co-

valently attached to glycolipids or phosphatidyl-
glycolipids in the membrane (Wicken & Knox, 1970;
Toon et al., 1972; Coley et al., 1972). When Bacillus
subtilis was grown in a chemostat under conditions
of phosphate limitation, the wall teichoic acid was no
longer present, but the cell walls possessed another
anionic polymer containing uronic acid residues
(Tempest et al., 1968). Even under these conditions
of phosphate limitation, however, membrane teichoic
acid was present and under all other conditions of
growth wall teichoic acid was also found (Ellwood &
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Tempest, 1968). These observations, together with
the widespread occurrence of membrane teichoic
acid, suggest that Gram-positive bacteria require
membrane teichoic acid for their normal cellular
activity, and they also require an anionic polymer in
their walls; the wall polymer should preferably be a

teichoic acid but, at least in some bacteria, other
anionic polymers may suffice (Heptinstall et al.,

1970).
The presence of membrane teichoic acid between

the cell wall and the surface of the cytoplasmic
membrane could provide an integrated cation-ex-
change system between the exterior of the cell,
through the wall, to the membrane itself. There, high
concentrations of Mg2' are required for membrane
stability (Weibull, 1967; Reaveley & Rogers, 1969)
and for the activity of a variety of enzymic reactions
including, in bacilli, phospholipid synthesis (Patter-
son & Lennarz, 1971), teichoic acid synthesis (Burger
& Glaser, 1964) and peptidoglycan synthesis
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(Anderson et al., 1972). The optimum concentrations
vary from 8mM (for phospholipid) to 60mM (for
peptidoglycan), most requirements falling in the
range 10-30mM. We have reported preliminary
results of experiments with a broken-cell preparation
containing both wall and membrane (Hughes et al.,
1971) from which direct evidence was obtained for the
function of teichoic acids as cation controllers. It was
found that a membrane-bound enzyme system that
required Mg2+ for optimum activity was fully acti-
vated by the Mg2" bound to the endogenous teichoic
acid and was insensitive to externally added Mg2+.
This contrasted with the behaviour of the same
enzyme system in isolated cytoplasmic membranes
lacking teichoic acid.

In the present paper we report more detailed studies
and in particular experiments in which the effect of
membrane teichoic acid on the Mg2+ requirement of
membranes is compared with the behaviour of the
wall-membrane system. The enzymes chosen for this
work are believed to be a part of a multi-enzyme
system responsible for complete wall synthesis, in
which different polymer syntheses share a common
undecaprenol phosphate acceptor (Anderson et al.,
1972; Hancock & Baddiley, 1972). Thus synthesis of
each polymer is a multi-step process and it is not
known which individual enzymes require bivalent
cations, although it is likely that all of the reactions
directly involving sugar nucleotides are cation-depen-
dent. It is found that, not only does the teichoic acid
system of wall and membrane create a suitable
cationic environment for membrane enzymes inde-
pendent of the external conditions, but the enzymes
utilize preferentially those cations that are associated
with teichoic acid rather than others provided in the
suspending medium. A partial reconstruction of the
teichoic acid-membrane system has been achieved
by adding membrane lipoteichoic acid to a mem-
brane preparation that is itself free from teichoic
acid.

Experimental

Materials

UDP-glucose (sodium salt), lysozyme, RNAase* A
from bovine pancreas, DNAase from bovine pancreas
and cytidine phosphoromorpholidate were purchased
from Sigma Chemical Co., St. Louis, Mo., U.S.A.
CDP-glycerol (lithium salt) was prepared from cyti-
dine phosphoromorpholidate by the general pro-
cedure described by Roseman et al. (1961).

[1-14C]Glycerol and X-D-[G-14C]glucose 1-phos-
phate were supplied by The Radiochemical Centre,
Amersham, Bucks., U.K. CDP-[14C]glycerol was
synthesized enzymically as described by Baddiley
et al. (1968) from [1-14C]glycerol. UDP-[14C]glucose

* Abbreviations: RNAase, ribonuclease; DNAase;
deoxyribonuclease.

was prepared enzymically from a-D-[G-14C]glucose
1-phosphate as described by Hancock & Baddiley
(1972).

Methods

Growth of bacteria and preparation of enzymes.
Bacillus licheniformis A.T.C.C. 9945 was grown in
the complex medium previously described (Hancock
& Baddiley, 1972), by using a 2% (v/v) inoculum of
overnight culture in the same medium, under forced
aeration for 3.5h at 37°C. The cells were harvested by
centrifugation, and washed once in 0.6% NaCl
solution.
For enzyme preparation A the washed cells were

treated with lysozyme by a modification of the pro-
cedure of Burger & Glaser (1966). Cells (40g wet wt.)
were suspended in 400ml of 0.05M-Tris-HCl buffer,
pH7.5, containing 1 mM-EDTA and lysozyme
(1 mg/ml), RNAase (5,tug/ml) and DNAase (5,ug/ml).
The suspension was incubated at 37°C until cell
lysis was complete as judged by microscopic examina-
tion; this was normally within 30min. The crude
membrane fraction was collected by centrifugation at
25000g for 20min at 0°C, then washed once with the
above Tris-HCl buffer, twice with aq. 0.15 M-sodium
pyrophosphate buffer, pH 7.5, and finally with
0.05 M-Tris-HCl buffer, pH 7.5. The washed mem-
branes were resuspended at the concentration shown
in Table 1 in 0.05 M-Tris-HCl buffer, pH7.5, contain-
ing 5mM-sodium thioglycollate.

Preparation B was obtained in the same way, ex-
cept that MgC12 to a final concentration of 30mM
was included in the buffer at each stage, and the pyro-
phosphate washes were replaced by washes in 0.05 M-
Tris-HCl buffer, pH 7.5. Themembranes were finally
resuspended at the concentration given in Table 1 in
0.05M-Tris-HCl buffer, pH7.5, containing 5mM-
sodium thioglycollate.

Preparation C was obtained by rupture of the cells
in a French pressure cell. Cells (40g wet wt.) were
suspended in 25 ml of 0.05 M-Tris-HCl buffer, pH 7.5,
containing 10mM-MgCl2 and 1 mM-EDTA. The
slurry was passed through the cell at 4°C at the mini-
mum pressure required for breakage (1.76 x 107 N/M2)
and the resulting suspension was incubated at 4°C for
15 min with RNAase and DNAase, each at a concen-
tration of 5,ug/ml. Unbroken cells were removed by
centrifugation at 5000g for 15min and the wall-
membrane fraction was collected from the super-
natant by centrifugation at 25000g for 30min at
0°C. The pellet was washed as described for prepara-
tion A and finally suspended at the concentration
given in Table 1 in 5mM-sodium thioglycollate. All
the preparations were kept frozen at -20°C in 2ml
batches.
Some samples of preparations A and C were pre-

incubated with MgCl2 before assay. The membranes
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were incubated with 25mM-MgCI2 at pH 6 for 1 h at
4°C, and unbound Mg2+ was removed by washing
four times at 0°C with water adjusted to pH 6.8 with
dilute aq. NH3. Preparations treated in this way were
kept frozen in water at pH 6.8.

Determination of phosphate, Mg2+, hexoses and
protein. The phosphorus content of teichoic acids, of
extracted lipids and of enzyme preparations, before
and after extraction of phospholipids by the method
of Bligh & Dyer (1959), and of aqueous phenol ex-
tracts was determined by the method of Chen et al.
(1956).
Mg2+ was determined with an atomic absorption

spectrometer (Unicam SP.20 series 2) after extraction
of samples containing 0-10t,g of Mg2+ with 5ml of
1.OM-HCl04 at room temperature for 30min and
removal of protein by centrifugation. Standard solu-
tions of MgCl2 containing 0-2,ug of Mg2+/ml were
freshly prepared in 1M-HCl04. Hexose was deter-
mined by the sulphuric acid-phenol method of
Dubois et al. (1956).

Protein in enzyme preparations was determined
by the method of Lowry et al. (1951), with bovine
serum albumin as standard.
Measurement ofthe nucleic acid content ofprepara-

tions. Samples (1.Oml) of the enzyme preparations
were mixed with an equal volume of aq. 90% (w/v)
phenol at 4°C for 30min. The phases were separated
by centrifugation and the phenol phases and protein
pellets were washed once for 30min at 4°C with
1.Oml of water. The combined water layers were
washed repeatedly with batches (1 ml) of chloroform
until the aqueous phases were clear and gave a con-
stant E260 reading. An approximate conversion factor
of 3,ug of phosphorus/ml per E260 unit for degraded
nucleic acid was applied. A 1cm light-path was used.

Preparation and purification of teichoic acids. Cell
walls of B. licheniformis were obtained by breaking
cells (50% wet wt./vol.) with an equal volume ofno. 11
Ballotini beads in a Braun disintegrator for min.
Walls were recovered by centrifugation at 17000g for
30min and were cleaned by exhaustive washing in aq.
0.6% NaCl, followed by six washes with water.

Wall teichoic acids were extracted from lysozyme-
treated walls as follows. Cell walls (500mg) were
suspended in 50ml of 0.05M-Tris-HCI buffer,
pH7.5, and incubated with lysozyme (1mg/ml) for
30min at 37°C. The suspension was mixed with an
equal volume of aq. 80% (w/v) phenol at 4°C and
stirred at that temperature for 4h. The aqueous
phase was dialysed against water for 24h and purified
by gel filtration on Sephadex G-200 as described
by Burger & Glaser (1966). The molar proportions
of phosphate/hexose/glycerol were 1.00:0.91:1.10,
indicating that poly(glycerol phosphate hexose) com-
prised 90% of the material and poly(glycerol phos-
phate) comprised 10%. Wall teichoic acids prepared
by this method are covalently linked through one end
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of the polymer chain to fragments of peptidoglycan
(Burger & Glaser, 1966).
Membrane teichoic acid was isolated from prepa-

ration B by phenol extraction as described above, and
partially purified by gel filtration on Sephadex G-200.
Nucleic acids, estimated from the E260 of a solution,
comprised less than 0.6% of the total phosphate in
the preparation, but analytical ultracentrifugation
showed that the preparation still contained a small
amount of contaminating material; this sedimented
with s = 2.2 S as a diffuse peak and might have been
degraded nucleic acid or wall teichoic acid, although
the latter could not be detected chemically. The main
component sedimented as a very sharp peak with
s = 6.0 S. Alkali hydrolysis of 10mg of the freeze-
dried preparation yielded glycerol, glycerol phos-
phates and glycerol diphosphate(s) as the only
observed products. However, treatment of the mem-
brane teichoic acid (30mg) with 60% (w/v) HF at
0°C for 24h as described by Toon et al. (1972),
followed by extraction with chloroform, yielded
chloroform-soluble material, which was examined by
t.l.c. on silica gel G in chloroform-methanol-water
(65:25:4, by vol.) and diethyl ether-light petroleum
(b.p. 40-60°C)-acetic acid (30:70:3, by vol.). The
chromatograms were stained by the periodate-Schiff
reagents and the major component developed colour
slowly, turning blue-brown overnight. It had RF 0.6
and 0.05 in the two solvent systems and co-chromato-
graphed with authentic diglucosyldiglyceride from
B. licheniformis. Smaller amounts of components,
with RF 0.2 and 0.72 in chloroform-methanol-
water, were also observed by t.l.c.
The chromatographic properties of the membrane

teichoic acid on gel filtration and ultracentrifugation,
and the release of lipid from it by HF treatment, indi-
cated that the polymer was a poly(glycerol phosphate)
lipoteichoic acid of the type described by Wicken &
Knox (1970) and Toon et al. (1972); it was not
characterized further.
Enzymic activity and Mg2"-dependence studies. The

membrane and wall-membrane preparations were
obtained as described above and were kept at -20°C.
Biosynthesis of poly(glycerol phosphate glucose) was
measured by the incorporation into the polymer of
14C from UDP-[14C]glucose in the presence of un-
labelled CDP-glycerol. The standard reaction mix-
tures were as follows: for the synthesis of poly-
(glycerol phosphate glucose), mixtures contained
0.05ml of enzyme suspension, 0.02ml of UDP-
['4C]glucose (10mM, 3.5,tCi/ml), 0.01ml of 20mM-
CDP-glycerol, MgCl2 at the appropriate concentra-
tion, and any other additions as described in the
Results and Discussion section, in a total volume of
0.1 ml; for the synthesis of poly(glycerol phosphate),
mixtures contained 0.05ml of enzyme suspension,
0.01 ml of CDP-[14C]glycerol (5mM, 5 tCi/ml) and
0.01 ml of 20mM-CDP-glycerol (unlabelled), 0.01 ml of
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Tris-HCl buffer (pH 7.5) containing 1 mM-EDTA, the
appropriate concentration of MgCl2, and additions
as described in the Results and Discussion section,
in a total volume of0.1 ml. The reaction mixtures were
incubated at 37°C for 1 h, and reactions were termi-
nated by heating in a boiling-water bath for 2min. All
assays were carried out in duplicate. Incorporation of
14C into products was measured by chromatography
as bands (2.5 cm) on Whatman no. 4 paper, in solvent
A for the glucose-labelled polymer and in solvent B
for the glycerol-labelled polymer (see below);
chromatograms were run for at least 18 h. Base-line
areas were cut out and radioactivity was measured in
lOml of toluene scintillant (see below). In each of the
systems saturating substrate concentrations were
used so that the amount of enzyme was rate-limiting.

Hydrolysis. Acid hydrolysis of teichoic acids was
carried out in 1 M-HCI at 100°C for 3 h. The product
was evaporated to dryness in vacuo at 30°C. Alkali
hydrolysis was carried out in 1M-NaOH at 100°C
for 3 h. The solution was passed through a column
(10cm x 1 cm) of Dowex 50 (NH4' form) and
evaporated to dryness in vacuo. The products were
examined by paper chromatography as described
below.

Chromatography. Paper chromatography of the
hydrolysis products of teichoic acid was carried out
on Whatman no. 1 or no. 4 paper. The solvents were:
A, ethanol-O.IM-ammonium acetate, pH7.5 (5:2,
v/v) (Paladini & Leloir, 1952); B, ethanol-O.IM-
ammonium acetate, pH3.8 (5:2, v/v) (Paladini &
Leloir, 1952); C, propan-1-ol-aq. NH3 (sp.gr. 0.88)-
water (6: 3: 1, by vol.).

T.l.c. of lipids was carried out on layers (0.4mm) of
silica gel G (E. Merck, Darmstadt, Germany) on
plates (5cm x 20cm) that were activated by heating
at 110°C for 30min before use.

Radioactivity measurements. Bands of chromato-
graphy paper were counted for radioactivity in lOml
of scintillant that contained 2,5-diphenyloxazole
(8 g) and 1,4-bis-(4-methyl-5-phenyloxazol-2-yl)ben-
zene (0.2g) in 2 litres of toluene. The efficiency of
counting was about 45% for 14C on paper. Aqueous
samples were adjusted to 1.5ml in water for counting
in lOml of scintillant made by mixing the toluene
scintillant with Triton X-100 (2:1, v/v); the efficiency
of counting for these samples was about 70% for
"4C. The instrument was a Beckman LS 150 liquid-
scintillation spectrometer. Counts were accumulated
to a counting error of +2% or less.

Results and Discussion

Enzyme preparations

Three different particulate preparations from B.
licheniformis A.T.C.C. 9945, all with enzymic activity
for the biosynthesis of the several teichoic acids of the

organism, were used. Preparation A was obtained by
treatment of exponentially growing cells with lyso-
zyme in Tris-EDTA solution in the absence of added
Mg2 . Preparation B was similar to preparation A
except that all the preparative steps were carried out
in the presence of 30mM-Mg2+. For preparation C
the cells were broken in a French pressure cell, and
subsequent steps were the same as those used for
preparation A after cell lysis. Table 1 gives some of
the properties of the three systems and shows the
ability of preparation C to bind Mg2+ when incubated
with 25mM-MgCl2 (see under 'Methods'). The specific
activity of each preparation for the biosynthesis of
poly(glycerol phosphate glucose) in 15mM-Mg2+
under standard conditions is given. Unless otherwise
stated, preparation C was used after being preincu-
bated with 25mM-Mg2+.
The presence of teichoic acids was investigated by

chromatographic examination of the products ofacid
hydrolysis of preparations from which lipids had
been removed by the procedure of Bligh & Dyer
(1959). Preparations B and C yielded glycerol,
glycerol monophosphates and glycerol diphosphate,
the characteristic products of acid hydrolysis of poly-
(glycerol phosphate). These products were also de-
tected in the hydrolysates of aqueous phenol extracts
of preparations B and C. The nature of the material
extracted by aqueous phenol from preparation B has
been described above: it appeared to be a lipoteichoic
acid. Similar material has been extracted from
preparation C, and thus both preparations B and C
contained membrane teichoic acid. Preparation C
also contained wall teichoic acid and peptidoglycan
as indicated by the presence of hexosylglycerol phos-
phates and isosaccharinic acids in alkali hydrolysates
of the lipid-free material. Hydrolysates ofpreparation
A after lipid extraction, and of phenol extracts of
preparation A, revealed no products characteristic
of teichoic acids or peptidoglycan. Also, as described
by Hughes et al. (1971), preparation A derived from
cells that had been grown in the presence of [G-14C]-
glucose contained no radioactive material that could
be extracted by aqueous phenol, indicating the ab-
sence of teichoic acid. The absence of teichoic acids
from preparation A is also reflected in its extremely
low non-lipid phosphate content. Nucleic acids, as
measured by E260, comprised less than 6% of the
total phosphate of aqueous phenol extracts of all the
preparations, and hence the amounts of non-lipid
phosphate given in Table 1 can be regarded as an
approximate measure of the total teichoic acid con-
tents of the preparations.
The results in Table 1 show that isolation of the

enzyme preparation in the presence of Mg2+ caused
the retention of the membrane teichoic acid of the
cell, poly(glycerol phosphate), on the membrane in
preparation B; this is in agreement with a similar
finding with Streptococcus faecalis (Hay et al., 1963),
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. .c and was reflected in the greater amounts of phosphate
eF 0° and Mg2" in preparation B than in preparation A.

. J~ gXE n a o O The presence of the bound teichoic acid in prepara-
._ tion B caused an increase of 0.28,uequiv. of Mg2+ for
c Cd E. ff X an increase of0.37,umol ofphosphate, compared with
awC I,* co X 3 Opreparation A. On the other hand, incubation of
.k° c °°to ° preparation A with Mg2+ did not raise its content of

>̂*< '= ° 0Mg2+to a significant value. About 75% of the phos-

.AoD.3w z 3 phate groups of the bound teichoic acid in prepara-
¢ i e ê ~~~~~tionB were associated with g+

i3N 8 ~ r Preparation C contained wall teichoic acids;
o.c c G Q " 8Oo these included poly(glycerol phosphate hexose), in

which the hexoses were glucose and galactose, in
0

n " 2 m

t addition to poly(glycerol phosphate). Electron*" E osmicroscopy (Plate 1) showed that almost intact walls
enclosed the membrane vesicles, and analysis showed

o .o
i X that the wall components comprised about 30%ofthe

= c ! :3 ,,, 0* 0 total dry weight of the preparation. Roughly one-

OuoM K ¢ a E ° ° - third of the weight of the wall material was teichoic
0 acid, consisting of poly(glycerol phosphate) (10%)

and poly(glycerol phosphate hexose) (90%). Mem-
* ..K brane teichoic acid comprised 36% of the total

zZ0 teichoic acid, and the preparation thus had a similar
V t.v 0

D content of membrane teichoic acid to preparation B.
A4 6 =° a = = g ,,,f, tThe only other component detected was peptidogly-

00 g X *° =XoOOcan. Thus in preparation C wall-membrane contacts
enrE -3 n o are almost exclusively between the outer surface of

the membrane, carrying membrane teichoic acid, and
the inner surface of the cell wall. This contrasts with

soZ. an artificial mixture of walls and membranes in
10,0 S r =° =° Tzwhich the membrane is exposed mainly to the outside

*;s: 3 = n A .o = ' ofthe wall. The properties of these two systems will be
0 0sw0 Y oO e = = Scompared below. Other preparations in which the

t,"c
0 :6 -c° O 0 membrane is retained substantially within the wall

4 r r < O ; g 8 ,, Q <,, have been described for other organisms and were
eL,r>, VALS obtained by similar methods (Hunt et al., 1959;

ZD o f ¢ -5 0 Francis et al., 1963; Cole & Hughes, 1965). The
,; .5 e:apresence of the wall teichoic acid explains the very
.! 4 o0 A3 high Mg2+-binding capacity of this preparation; the

aCS -"D A.. ratio of 1.4uequiv. of Mg2+ for 1.3,bmol of non-lipid
*41Oo Y o 8 8 8 phosphate shows thatvirtuallyevery phosphategroup
aS; <E3 >Fe in the wall was associated with a Mg2ion; the wall

V *, r=a a3 therefore provided a large reservoir of bound Mg2+.
The specific enzymic activity of preparation C was

*¢ 'go Ij <appreciably lower than those of preparations A and
*"t>OD *Q- s: ^ B; however, the activity of a given amount of pre-

paration C for the synthesis of poly(glycerol phos-
*,,,,=,,;O ,42E ~ phate glucose) at the optimum Mg2+ concentration
0
;e did not change when the wall was removed by using

Ca 2 8 > lysozyme. Thus the lower specific activity was not
U ,,8 >E . caused by interaction of wall material with the

. I¢W Q E membrane, but possibly was a consequence of the
method employed for preparation of the material.

C o i != For convenience all Mg2+-requirement curves have
0 Ca ;° °° °been plotted with a vertical axis representing the per-

la iDo % v < m Q centage of the maximum activity displayed at each
concentration of Mg2+; the amount of enzyme was

2 ><, always rate-limiting under the conditions used.

Vol. 132

87



A. H. HUGHES, I. C. HANCOCK AND J. BADDILEY

Requirement of the enzyme preparations for Mg2+

The requirements for added Mg2" of the enzymes
catalysing the synthesis of poly(glycerol phosphate
glucose) in the three preparations are shown in
Fig. l(a). As was found previously (Hughes et al.,
1971) preparation C had no requirement for Mg2" in
the suspending medium when it had been pre-
incubated with Mg2+ and then washed. After treat-
ment with lysozyme it behaved exactly like prepara-
tion A. The effect of the bound membrane teichoic
acid in preparation B was especially noteworthy;
although it did not abolish the requirement of the
enzyme system for Mg2+, it considerably damped the
response to increasing concentrations of Mg2+, so
that the system exhibited near-maximum activity over
a greater range of concentrations of the cation. The
same effects were observed for the enzyme system
synthesizing poly(glycerol phosphate) (Fig. lb).
Since the retention of membrane teichoic acid during
preparation of the enzyme was dependent on the
presence of Mg2+, the possibility of removing the
bound teichoic acid from preparation B by treatment
withEDTAwas investigated. Table 2 shows the effects
of various washing procedures on the amounts of
bound teichoic acid and Mg2+ in preparation B.
Washing in water in the absence of Mg2+ did not by
itself remove bound Mg2+ or teichoic acid. The
presence of a chelating agent in large excess was
necessary for the extraction of bound Mg2+
(24pumol of EDTA or 40Oumol of Tris-HCI buffer
to remove 0.22,uequiv. and 0.13,uequiv. of Mg2+
respectively). It is particularly interesting that
teichoic acid was not released at an equivalent rate
to Mg2+ on treatment with EDTA, and this pheno-

menon requires close examination. The membrane
obtained after washing twice with EDTA gave Mg2+-
dependence curves for the synthesis of teichoic acids
identical with those for preparationA shown in Fig. 1,
confirming that the difference in shape between the
curves for preparations A and B was probably due to
their different contents of bound Mg2+ and teichoic
acid.

Effects of teichoic acids on cation requirement

The results described above showed that only in
preparation C, where the membrane is surrounded by
the cell wall, was the Mg2+-dependence of the mem-
brane-bound enzymes almost eliminated. Experi-
ments were therefore carried out to investigate the
contributions of the individual components of the
system to this phenomenon.

Fig. 2 shows the effect of adding Mg2+-saturated
cell walls that were free of both membrane and mem-
brane teichoic acid to preparations A and B. Even
with preparation B, which already contained mem-
brane teichoic acid, addition of walls did not repro-
duce the cation-independence observed with pre-
paration C. There was some damping of the cation-
dependence in both- preparations, however, and this
is discussed below. Apparently, for the almost com-
plete independence observed with preparation C the
membranes must be enclosed by the cell walls and
therefore able to make contact with the walls' inner
surfaces.
The possibility ofreconstituting preparation B from

preparation A by the addition of membrane teichoic
acid was investigated. Since the detachment of mem-
brane teichoic acid from a protoplast during removal

100p

go 80

40 - i5 80 ,

70 070

Ci p
E `3~~~~~~~~~~~~~C60

4_ 60
0 C.

0

50 ~50

0 1O 20 30 40 0 1O 20 30 40

Concentration of Mg2+ (mm) Concentration of Mg2+ (MM)

Fig. 1. Mg2+-dependence of biosynthesis of (a) poly(glycerol phosphate glucose) and (b) poly(glycerol phosphate)
in preparations A, B and C

The preparations were at the concentrations given in Table 1 and the standard assay procedure described under
'Methods' was used. Individual points on each curve were reproducible to within ±2% of maximum activity in
four experiments. *, Preparation A; o, preparation B; A, preparation C.
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Plate 1
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EXPLANATION OF PLATE I

Electron micrographs of thin sections of wall-membrane preparation C

The specimens were fixed with osmium tetroxide, stained with uranyl acetate, sectioned and post-stained with
lead citrate (Highton, 1969).
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Table 2. Removal of teichoic acid and Mg2" from preparation B

Washings were all carried out at a concentration of 1 mg dry wt. of preparation B/ml of washing solution. The
suspensions were left at 0°C for 30min before recovery of the membrane by centrifugation at 25000g for 20min.
The Tris buffer was 0.05 M-Tris-HCI, pH7.5, and the EDTA was 3mM-EDTA (disodium salt), pH7.5; 4.0ml
samples were used. After the membrane had been recovered by centrifugation it was resuspended in 1.5ml of
water for analysis as described for Table 1.

Procedure

Original preparation
Washed twice in Tris buffer
Washed with Tris buffer as above then once with water
Washed with Tris buffer as above then twice with water
Washed with Tris buffer as above then once with EDTA
Washed with Tris buffer as above then twice with EDTA

Non-lipid P
(,umol/mg dry wt.)

0.47
0.37
0.36
0.36
0.24
0.15

Bound Mg2+
(,tequiv./mg dry wt.)

0.38
0.25
0.24
0.24
0.044
0.026
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Fig. 2. Effect of wall material containing bound Mg2+
on the Mg2+-dependence of poly(glycerol phosphate
glucose) biosynthesis in preparations A andB

Walls of B. licheniformis were prepared and loaded
with bound Mg2+ as described under 'Methods'.
Wall was added to the standard assay system to a

final concentration of 15mg dry wt./ml. Each in-
cubation thus contained 5.1,tmol of added phos-
phate. *, Preparation A; A, preparation B; o, pre-

paration A+wall; A, preparation B+ wall.

of the cell wall depends on the concentration of Mg2"
in the medium, we examined the effect of added Mg2'
on adsorption ofradioactive poly(glycerol phosphate)
to the membrane in preparation A. The labelled
teichoic acid was prepared biosynthetically and was

probably a mixture of wall and membrane poly(gly-
cerol phosphate); the results are shown in Fig. 3.
Adsorption of the teichoic acid was complete within
30min at 2°C and the amount adsorbed was not in-
creased at higher concentrations of added teichoic
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acid; binding showed an optimum at 10mM-Mg2+.
The slight decrease in adsorption at higher Mg2+
concentrations was reproducible and is not under-
stood. The binding of labelled poly(glycerol phos-
phate glucose) showed an identical cation-dependence
profile, but a lower maximum concentration ofbound
phosphate was obtained (Table 3).
For a study of the effects of adsorbed polymers on

enzymic activity, wall and membrane teichoic acids
were purified and characterized. The membrane
polymer was a lipoteichoic acid, but the lipid com-
ponent has not been identified. The amounts of
phosphate and Mg2+ in preparations containing
adsorbed teichoic acids are given in Table 3. Prepara-
tion A to which membrane teichoic acid had been
bound closely resembled preparation B in its content
of phosphate and Mg2+, although there was no indi-
cation of whether the teichoic acid interacted with
the membrane in the same way in both preparations;
it is possible, however, that lipophilic interactions
with the membrane lipids participate in the binding as
well as cation-bridging between phosphate groups in
the polymer and the membrane.

Fig. 4(a) shows the Mg2+-response of the enzyme
system for synthesis of poly(glycerol phosphate) in
preparation A before and after adsorption of teichoic
acids. A similar study for synthesis of poly(glycerol
phosphate glucose) is shown in Fig. 4(b). Preparation
A to which membrane teichoic acid had been added
beforehand closely resembled preparation B, so
apparently the nature of the binding of the polymer
to the membrane was sufficiently similar in both cases
that they behaved in an almost identical manner; it
thus seems likely that the relationshipbetween teichoic
acid, cation and membrane was similar to that in
intact cells. The effect of bound wall teichoic acid
was less pronounced, and this perhaps reflected the
smaller amounts of phosphate and Mg2+ bound in
this system, or the wider spacing of phosphate groups
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in the poly(glycerol phosphate glucose). For these and
subsequent experiments a new preparation of system
A was used. It had a slightly less sharp optimum for
Mg2" than did the previous preparation, and this was
probably due to the presence in it of traces of mem-
brane teichoic acid. In agreement with this interpre-
tation it contained appreciably more non-lipid phos-
phate and Mg2+ than did the original preparation,
possibly arising from the presence of Mg2+ in the
growth medium of the new cells.

Addition of teichoic acid to reaction mixtures

Since the binding of teichoic acid to the membrane
preparation in the presence of Mg2+ was rapid and
essentially complete at cation concentrations of
10mM and higher (Fig. 3), it seemed likely that the
addition ofteichoic acid to the reaction mixture would
reproduce the effect of pre-binding the teichoic acid
to the membrane. The effect of added membrane
teichoic acid on the Mg2+-requirement for the syn-
thesis of poly(glycerol phosphate glucose) with
preparation A is shown in Fig. 5. The same concentra-
tion of wall teichoic acid had no detectable effect on
the shape of the curve, but 2mg of wall teichoic acid/
ml, which has approximately the same phosphate
content as 1mg of poly(glycerol phosphate)/ml, did
alter the shape slightly. Membrane teichoic acid
added to 0.2mg/ml did not affect the Mg2+-require-
ment of preparation A.
Added teichoic acid thus had a qualitatively

similar effect to that of membrane teichoic acid that
had been bound beforehand to the membrane, but
quantitative comparison would be difficult because of
the dependence of binding on the concentration of
Mg2+ in the solution and the dependence of the
amount of bound Mg2+ on the quantity of adsorbed
phosphate. In these experiments the effect of cation-
complexing by the bound teichoic acid on the con-
centration of Mg2+ in aqueous solution would be
small; thus if all of the added teichoic acid were
bound to the membrane, and each phosphate group

2 3.0
Cl)

0

0

_ 2.5

'0
C.U
CU
.)o 2.0
0
1=

'0

'1.5
mq lo 20 30

Concentration of Mg2+ (mM)
40

Fig. 3. Effect of Mg2+ on binding of poly(glycerol
phosphate) to membrane in preparation A

'4C-labelled poly(glycerol phosphate) was prepared
biosynthetically from a 20-fold enlargement of the
standard assay system for poly(glycerol phosphate)
synthesis. Water-soluble products were extracted
from the reaction mixture after 1 h at 37°C by mixing
with an equal volume of aq. 90% (w/v) phenol for
30min at room temperature. Polymer was isolated
and purified from the aqueous phase by dialysis and
chromatography on Sephadex G-200 as described for
the preparation of unlabelled membrane teichoic acid
(see under 'Methods'). It was diluted with unlabelled
membrane teichoic acid to give a final concentration
of 90,mol of phosphate/ml (150000c.p.m./ml). For
measurement of binding 0.25ml of preparation A,
0.2ml of labelled teichoic acid and 0.05ml of MgCl2
of the appropriate concentration were mixed for
30min at 4°C. The membrane was recovered by
centrifugation at 30000g for 15min and was then
washed twice in 0.01 M-Tris-HCl buffer, pH7.5, con-
taining the same concentration of Mg2+ as was used
in the incubation mixture. The membrane pellet was
suspended in Triton - toluene scintillant for measure-
ment of radioactivity.

Table 3. Mg2" and non-lipidphosphate content ofenzyme preparations with and without bound teichoic acids

Measurements were made as described for Table 1 and under 'Methods'. Membrane teichoic acid was bound to
preparation A as follows: 10mg of purified membrane teichoic acid, 2.Oml of preparation A and lOmM-MgCl2
were incubated in a total volume of4.Oml at 4°C for 30min. The membranes were then collected by centrifugation
at 25000g for 20min and washed once with the same buffer without Mg2+. The membranes were finally resus-
pended in 2.0ml of the latter buffer. A similar procedure was used for binding wall teichoic acid.

Preparation

A
A+bound membrane teichoic acid
B
A+bound wall teichoic acid

Non-lipid phosphate
(,umol/mg dry wt.)

0.10
0.42
0.47
0.30

Bound Mg2+
(,tequiv./mg dry wt.)

0.056
0.380
0.380
0.130
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Fig. 4. Mg2+-dependence ofbiosynthesis of(a) poly(glycerolphosphate) and (b) poly(glycerolphosphate glucose) in
preparation A to which teichoic acid had been bound

Preparation A (2ml) was incubated with 0mg of the appropriate teichoic acid at lOmM-MgCl2 in a total volume
of4.0ml for 30min at 4°C. The membrane was isolated by centrifugation at 30000g for 0min and washed twice
with 0.01 M-Tris-HCl buffer, pH7.5, containing lOmM-MgCl2. The membrane was finally resuspended in 2.0ml
of0.1 M-Tris-HCl buffer, pH7.5, and the suspensionmeasured for enzymic activity by the standard procedure. All
points on the curves were reproducible to within ±2% ofmaximum activity in three experiments. *, Preparation
A; o, preparation A+membrane teichoic acid; A, preparation A+wall teichoic acid.
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Fig. 5. Effect of teichoic acids added to the reaction
mixture on the Mg2+-dependence of biosynthesis of
poly(glycerol phosphate glucose) by preparation A

The standard assay procedure was used. Membrane
teichoic acid prepared as described under 'Methods'
was added in aqueous solution to a final concentration
of 1mg/ml, representing 0.6,umol of phosphate in
each incubation mixture. Wall teichoic acid prepared
as described under 'Methods' was added to a final
concentration of 2mg/ml, also representing approx.
0.6,tmol of phosphate in each incubation mixture.
*, Preparation A; o, preparation A+membrane
teichoic acid; A, preparation A+wall teichoic acid.

in this polymer were to combine with 1 equiv. of
Mg2+, then the concentration of Mg2+ in solution
would be decreased only by about 1.5mM and there
would thus be a negligible shift of the position of the
dependence curve along the [Mg2+] axis. Theobserved
effects were therefore not caused simply by complex-
ing of the added Mg2+ with teichoic acid, but by the
interaction between teichoic acid, Mg2+ and the
membrane.

This combined interaction provided a method for
examining the effects of other polymers on the
system, and it was used to investigate whether RNA
could reproduce the effect of membrane teichoic acid
(Fig. 6). In fact RNA led to a change in Mg2+-
dependence very similar to that caused by the addi-
tion of wall teichoic acid at a similar concentration of
polymer phosphate. This was not unexpected, as wall
teichoic acids vary considerably in their chemical
structure and include polymers of glycerol phosphate
or ribitol phosphate with and without glycosyl sub-
stituents, mixed polymers of glycerol phosphate and
sugar 1-phosphates, as well as the closely related
polymers ofhexose 1-phosphate or oligosaccharide 1-
phosphate (Archibald & Baddiley, 1966; Baddiley,
1972). Moreover, the substitution in some organisms
of polysaccharides containing uronic acid residues
for wall teichoic acids under conditions of phosphate
limitation of growth indicates that acidic polymers in
general are able to fulfil the function ofcation binding
in walls. As shown in Table 1, all the enzyme prepara-
tions contained small amounts of nucleic acid, but
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Fig. 6. Effect of added RNA on Mg2+-dependence of
the biosynthesis ofpoly(glycerolphosphate glucose) by

preparation A

The experiments were carried out as for Fig. 5. RNA
was added to a concentration of 0.65,umol of
phosphate to each incubation. 9, Preparation A; o,

preparation A+RNA.

the contents were only about 5% of those of mem-
brane teichoic acid, and were too low to affect the
Mg2+-requirement curves.

The effects of addition of a bacterial-wall prepara-

tion to membrane preparations A and B (Fig. 2) have
been discussed briefly above. The curves resemble
those observed on the addition of purified teichoic
acids to preparation A, and it is likely that the effect
arises from the interaction of wall teichoic acid
exposed on the surface of the wall with the membrane
preparation in a similar manner to the correspond-
ing interaction with isolated wall teichoic acid.
The most straightforward interpretation of our

results is that the Mg2+-dependent components of the
enzyme systems that we have studied interact pre-

ferentially with Mg2+ ions provided by the wall-
membrane teichoic acid system, rather than with
those in aqueous solution. When only a relatively
small amount of membrane teichoic acid is present,
as in preparation B, cations must be supplied from
the suspending solution to maintain the equilibrium
concentration of bound Mg2+; hence the system is
dependent on added cations but shows little response
to higher concentrations of Mg2+ in solution within a
limited range. When wall is also present, as in pre-

paration C, it provides a very large reservoir of bound
cations, which can maintain the equilibrium concen-

tration of Mg2+ in the membrane teichoic acid, the
component that interacts directly with the membrane.
In this case the system is almost completely insensitive
to the amounts of Mg2+ in aqueous solution. The
response of preparation C, when it had not been pre-

incubated with Mg2+, to added Mg2+ was previously

described (Hughes et al., 1971). When the teichoic
acid in this preparation had not been loaded with
Mg2+ the enzyme system synthesizing poly(glycerol
phosphate glucose) showed a sharp Mg2'-dependence
with maximal activity at 30mM-Mg2+. It was sug-
gested (Hughes et al., 1971) that this reflected a slow
rate of equilibration of bound Mg2+ relative to the
rapid initial rate of polymer synthesis, but this could
not explain the inhibition by very high concentrations
ofMg2+. It is possible that the absence ofbound Mg2+
from the cell wall alters the interaction between the
membrane teichoic acid and the wall, and that on
addition ofMg2+ a slow reorganization takes place.
Our results should help to emphasize the fact that

membranes prepared from Gram-positive bacteria
in the presence ofMg2+ usually contain large amounts
of bound membrane teichoic acid, and hence of
bound Mg2+. The presence of this bound Mg2+-
teichoic acid is a factor that has not generally been
appreciated in studies by others on membrane-bound
enzyme systems. Lastras & Munoz (1972) reported
differences in the behaviour of membrane-bound
adenosine triphosphatase from Micrococcus lyso-
deikticus in membranes prepared in the presence and
in the absence of Mg2+. They found that membrane
adenosine triphosphatase prepared in the presence
of Mg2+ became more sensitive to Mg2+ in the assay
mixture after the membranes had been washed with
Tris-EDTA solution, a procedure which we have
found removes bound membrane teichoic acid (Table
2). Membranes that had been prepared in the absence
of Mg2+ showed a much less dramatic change of
Mg2+-dependence after washing. Lastras & Munoz
(1972) concluded that the change in cation-response
might be due to the loss of components that regulate
the action of bivalent cations on the membrane-
bound enzyme. Our work would suggest that one of
these components is membrane teichoic acid.
The interaction of bivalent cations with phos-

phates and other ligands has been examined in detail
by Hammes and his co-workers. The binding of Mg2+
to phosphate occurs in two steps (Hammes & Levison,
1964); the first is the formation of an ion-pair, and
the second is the loss of one or more molecules of
water from the first hydration shell of the cation to
produce the complex. The second step is rate-limiting,
and thus the rate of formation of magnesium com-
plexes of this type is independent of the nature of the
ligand. For example, Co2+ and Ni2+ complex at
similar rates with pyrophosphate, tripolyphosphate,
glycine, imidazole and glycylglycine (Hammes &
Morell, 1964; Hammes & Steinfeld, 1962). Since the
dehydration process is rate-limiting in all of these
systems it is possible that direct transfer of bivalent
cations from ligand to ligand, without intermediate
solvation of the cation, would be energetically and
kinetically more favourable than would be binding
of a fully hydrated ion from aqueous solution. Thus
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Table 4. Transfer ofMg2" between wall and membrane teichoic acid

Clean cell walls, some ofwhich had been equilibrated with Mg2+ and washed as described under 'Methods', were
suspended at 5Omg/ml in water, pH7. Membrane teichoic acid containing Mg"+ was prepared by phenol ex-
traction as described under 'Methods' in the presence of 25 mM-Mg2+. To free this preparation ofMg2+ a solution
was dialysed against 3mM-EDTA at 4°C for 48 h, and then dialysed against water for a further 18 h. Both teichoic
acid preparations were made up to lOmg/ml. Reaction mixtures for the experiments contained 0.1 ml of donor
and 0.1 ml ofacceptor. They were incubated at 37'C, and wall was removed by centrifugation at 12000g for 15min.
Mg2+ in pellet and supernatant was measured as described under 'Methods': 5mg of preincubated wall contained
7,mol of Mg2+.

Incubation time Mg2+ transferred to
Donor Acceptor (min) acceptor (% of donor- Mg2+)

Wall- Mg2+ Water 60 5.0
Wall-Mg2+ Membrane teichoic acid 5 45.6
Wall- Mg2+ Membrane teichoic acid 60 50.0
Membrane teichoic Wall 60 53.5
acid- Mg2+

direct transfer of bound Mg2" from wall to mem-
brane teichoic acid, and hence to ligand groups in the
membrane, could provide a satisfactory explanation
of the role of teichoic acids in the bacterial-cell
envelope. In this connexion we have examined the
transfer of Mg2+ from a suspension of cell walls to
membrane teichoic acid in water (Table 4). Complete
equilibration of bound Mg2+ occurred within 5min
at 37°C between wall and soluble teichoic acid, but
predictably there was negligible release of Mg2+ from
walls into water in the absence of teichoic acid
acceptor and other anions. It should be noted that in
the experiments in which soluble teichoic acid was
added the polymer was the only anion present in the
water and it therefore seems likely that the transfer of
Mg2+ from the wall to the soluble teichoic acid was
direct. Detailed kinetic studies will be required to
elucidate the nature of the cation-transfer processes.

We thank Dr. J. Garland for the electron micrograph
and the Science Research Council for a grant.
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