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Specific degradation of membrane lipoteichoic acid of Streptococcus faecium
ATCC 9790 by a phosphodiesterase from Aspergillus niger and by periodate
oxidation has demonstrated that the enzymatic synthesis of the glycerol phos-
phate polymer of the molecule occurs by an external elongation system. Evidence
of this type of mechanism was obtained with lipoteichoic acid synthesized in vivo
or in vitro by differential radioisotope labeling techniques. The glycerol phosphate
repeating units were transferred from phosphatidylglycerol and became linked
through a phosphodiester bond to the glycerol phosphate unit of the chain
farthest from or most external to the lipid end of the polymer.

The biosynthesis of the polymer portion of
bacterial lipopolysaccharides (the 0-antigen re-
gion) and peptidoglycans has been shown to
occur by a chain elongation mechanism that is
quite different from that involved in the synthe-
sis of wall teichoic acids (7). Chain extension in
the former case is brought about by the transfer
of the extending chain from a carrier lipid to a
single repeating unit also bonded to a carrier
lipid. The net effect of this mechanism places
the newly added repeating unit at an internal
position between the growing chain and the lipid
moiety. In wall teichoic acid synthesis, the chain
elongation reaction places the newly added re-
peating unit at a terminal, external position
which is farthest from the lipid end of the poly-
mer (7-9). The mechanism of extension of the
polyglycerol phosphate chain of membrane lip-
oteichoic acid has not been established. Al-
though the structure of the polyglycerol phos-
phate chain ofcertain wall teichoic acids appears
to be similar to the glycerol phosphate polymer
of membrane lipoteichoic acid, the manner by
which the chain is elongated need not be the
same. The latter is particularly true since the
donor of the glycerol phosphate units of wall
teichoic acids appears to be CDP-glycerol (9),
whereas the glycerol phosphate moieties of
membrane lipoteichoic acids are derived from
phosphatidylglycerol (3, 5, 6). The lipophilic
properties of phosphatidylglycerol, which fiunc-
tions in the hydrophobic environment of the
membrane-bound enzyme, could alter the mode
of chain elongation from an external to an inter-
nal mechanism.

In an effort to clarify this problem we studied

the in vitro and in vivo biosynthesis of the
membrane lipoteichoic acid of Streptococcus
faecium ATCC 9790 by differential radioisotope
labeling techniques. The results support an ex-
ternal elongation mechanism for the biosyn-
thesis of the glycerol phosphate polymer of
membrane lipoteichoic acids.

MATERIALS AND MERHODS
Preparation of lipoteichoic acid-synthe8izing

enzyme. Streptococcus faecium ATCC 9790 was
grown to mid-log phase in a chemically defined me-
dium (13, 14). Protoplasts prepared by the method of
Roth et al. (10) were osmotically lysed in 100 ml of
0.05 M Tris-hydrochloride (pH 7.5)-0.01 M MgClr.
0.001 M EDTA containing about 2 mg each of DNase
and RNase. The pelleted material obtained after cen-
trifugation at 30,000 x g for 40 min was resuspended
in 10 ml of the above buffer and centrifuged at 1,000
x g for 2 min to remove unbroken cells. The 1,000 x
g supernatant was then lyophilized and stored as a dry
powder at -20°C until used as the sourcp of the
membrane-bound enzyme. All manipulations were
carried out at 4C.

In vitro synthesis of lipoteichoic acid. Mem-
brane lipoteichoic acid was enzymatically synthesized
in vitro by the method of Ganfield and Pieringer (5).
Membrane [1(3)-glycerol-_4C] lipoteichoic acid
(100,800 cpm per tube) from Lactobacillus fermentum
NCTC 6991 and [1(3)-glycerol_3H]-phosphatidylglyc-
erol (279,600 cpm per tube) were used in various
combinations as the radioactive substrates in a reac-
tion mixtue containing Triton X-100 (0.2%), 2-mer-
captoethanol (12 mM), Tris-hydrochloride buffer (pH
8.0, 24 mM), and 400 ug of protein of the membrane-
bound enzyme from S. faecium in a final volume of
125 id. It should be noted that the enzyme preparation
also contains endogenous nonradioactive phosphati-
dylglycerol and lipoteichoic acid (5). Controls in which
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enzyme is added immediately before stopping the re-
action were incubated under the same conditions of
temperature (370C) and time (7 h) as were the enzyme-
containing tubes. The reaction was stopped with 2 ml
of CHCl3:CHaOH (1:1, vol/vol), and the denatured
protein was collected as a pellet after centrifugation at
5,000 x g for 10 min. The pellet was washed with 1 ml
of CHC13 and then extracted with 1 ml of 0.2% NaCl.
The radioactivity in the extract was determined in a
Tracor scintillation spectrometer adjusted to discrim-
inate between 3H and "iC.

Preparation and assay ofglycerophosphodies-
terase and phosphomonoesterase from Aspergil-
lus niger. A glycerophosphodiesterase preparation,
partially purified form A. niger by the method of
Schneider and Kennedy (11), was generously given to
us by Eugene P. Kennedy. This preparation was free
from phosphomonoesterase activity. Fischer et al. (4)
found that if the crude extract from A. niger was not
purified as much as the Schneider and Kennedy prep-
aration, both a phosphomonoesterase as well as a
phosphodiesterase activity could be detected. The lat-
ter enzymes were extracted from 5 g of Rhozyme
HP150 (Rohm and Haas Co.) with 200 ml of 50 mM
sodium acetate (pH 4.0) and subsequently precipitated
by the addition of 30 and 55% acetone (11). The
acetone (30 to 55%) particulate fraction was redis-
solved in 50 mM ammonium acetate (pH 4.0, 20 ml)
and reprecipitated with ammonium sulfate (final con-
centration, 3.2 mM) at 40C. This step was repeated
several times. The final particulate preparation was
dissolved in 50 mM ammonium acetate, pH 4.0, (10
ml) and stored at 40C (4). The enzymes were assayed
after purification using [1(3)-glycerol-'4C]-glycero-
phosphorylglycerophosphorylglycerol (obtained by
deacylating diphosphatidylglycerol) as the substrate
in 0.1 M ammonium acetate (pH 4.0) incubated at
370C for up to 3.5 h. The reaction was stopped by
adding a drop of concentrated ammonium hydroxide.
['4C]Glycerol released during the enzymatic reaction
was isolated by chromatography on Whatman no. 1
paper developed with 1 M NH4Ac (pH 7.5)-95%
ethanol (30:70, vol/vol) (system A) or on Whatman
DEAE paper developed with water (system B).

Preparation of radioactive subsrates. [1(3)-
glycerol-"4C]lipoteichoic acid was isolated from Lac-
tobacillus fermentum. L. fermentum NCTC 6991 (a
gift from the Department of Microbiology and Im-
munology, Temple University School of Medicine)
was grown in 10 ml of a chemically defined medium
(2) containing 30 ltCi of [1(3)-14C]glycerol (51.3 mCi/
mmol) to late log phase. The harvested cells were
extracted sequentially with CHCL3:CH30H (2:1, volV
vol) and phenol-water (1:1, vol/vol) at 650C and then
dialyzed for several days at 40C against many changes
ofwater. The nondialyzable water-soluble fraction was
extracted with CHC13. All radioactivity in this fraction
could be recovered in the excluded volume of a G-25
Sephadex column (["4C]glycerol is not excluded from
this molecular sieve). [1(3)-glycerol-3H]phosphatidyl-
glycerol was prepared by growing Pseudomonas dim-
inuta in 500 ml of media containing 1 mCi of
[1(3)-3H]glycerol (2.5 Ci/mmol) under conditions pre-
viously carried out in our laboratory (12). The glycerol
moieties of phosphatidylglycerol are labeled equally
(12).

RESULTS AND DISCUSSION
Preparation of membrane lipoteichoic

acid of S. faecium growth at different
stages in the presence of radioactive glyc-
erol. S. faecium was grown in the presence of
[1(3)-1'C]glycerol in a chemically defined me-
dium (13) for three different periods of time. In
the first set of conditions, the S. faecium was
exposed to 10 ,uCi of [1(3)-14C]glycerol in 10 ml
of medium from the time of inoculation (absorb-
ancy at 675 nm [A67,], 0.065) to late log phase
(A675, 0.94). In set 2, the cells were grown from
A675 of 0.065 to A675 of 0.55 with [14C]glycerol
present and then in the absence (['4C]glycerol
was removed by washing the cells several times
with fresh medium) of radioactive glycerol until
anA675 of 1.1 was reached. In set 3, the conditions
were reversed. The cells were grown in the ab-
sence of [1(3)-_4C]glycerol from A675 of 0.065 to
A675 of 0.8, which point 10 ,LCi of [1(3)-_4C]glyc-
erol was added, and growth was allowed to pro-
ceed to an A675 of 0.95. The cells from each of
the sets were collected and washed with water
on 0.4-,um GF/C filters (Whatman). The lipids
were extracted from the cells with 7.6 ml of
CHCl3:CH30H:H20 (1:2:0.8, vol/vol) (1). The
addition of 2 ml of CHC13 and 2 ml of H20
yielded a two-phase system. The lower CHC13
phase was removed, and the upper aqueous
phase was back extracted several times with
CHC15. The denatured protein and the aqueous
phase were heated in a boiling water bath for 3
h. Particulate matter was removed by filtration
through a-0.4,m GF/C filter. The filtrate was
adjusted to 5 ml, and the lipoteichoic acid was
analyzed by phosphodiesterase and periodate
oxidation techniques. A similar water extraction
procedure has been used to isolate lipoteichoic
acid from L. fermentum NCTC 6991 (16). Be-
cause the hot water technique extracts mem-
brane lipoteichoic acid (16) and since no glyc-
erol-containing polymer has been isolated from
the wall of S. faecium (G. D. Shockman, per-
sonal communication, and W. Fischer, personal
communication), the [1(3)-glycerol-'4C]-con-
taining polymer (size indicated by its exclusion
from Sepharose 6B) was considered to be the
membrane lipoteichoic acid of S. faecium.
Removal of the terminal glycerol from

the lipoteichoic acid by treatment with
glycerophosphodiesterase. The specificity of
glycerophosphodiesterase from A. niger purified
as directed by Schneider and Kennedy (11)
should cause the release of only the terminal
glycerol from the polyglycerol phosphate chain
of the membrane lipoteichoic acid. The amount
ofterminal ["Ciglycerol released compared with
the total [''C]glycerol in the polymer synthe-
sized in vivo under the three sets of conditions
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given above should indicate if an internal or

external chain elongation system is functioning.
The [14C]lipoteichoic acid together with glycer-
ophosphodiesterase (1 mg) was dissolved in 0.15
ml of 0.1 M ammonium acetate, pH 4.0, and
allowed to react for 3 h at 370C. A 25-pl aliquot
from each set was chromatographed in system
B. The anionic lipoteichoic acid remained at the
origin, and the nonionic glycerol traveled to the
solvent front. The radioactivity in the two com-
pounds was determined by counting the appro-
priate areas of the chromatogram in a scintilla-
tion spectrometer. Controls containing un-
reacted lipoteichoic acid were also chromato-
graphed and counted. Small amounts of ['IC]-
glycerol in the lipoteichoic acid preparations
were subtracted from the total ['4C]glycerol
found in the phosphodiesterase-containing
tubes. The entire procedure beginning with the
growth of S. faecium under the three sets of
conditions was carried out in duplicate. The
percentage of [14C]glycerol released from the
terminal position farthest from the lipid end of
the polymer is shown in Table 1. The membrane
lipoteichoic acid containing the highest percent-
age of its radioactive glycerol in the terminal
exposed position (capable of being acted upon
by the phosphodiesterase) is that of set 3 (Table
1) in which ['4C]glycerol would have been added
last to the nonradioactive glycerol polymer. The
least ['4C]glycerol released from the tenninal
position is in set 2 (Table 1), in which nonradio-
active glycerol would have been added to radio-
active polyglycerolphosphate. An internediate
percentage is liberated from the lipoteichoic acid
of S. faecium grown continuously in the presence
of [14C]glycerol (set 1). These data favor an
external addition mechanism.

TABLE 1. Analysis of differentially labeled
lipoteichoic acid of S. faecium with

glycerophosphodiesterase ofA. nigera
%["CJGlycerol

Growth (A675) of S. faecium in released from

Set presence (+) and absence (-) of choic acid by
["C]glycerol phosphodiester-

ass in 3 h

1 0.065 0.95 2.89 (4.55)

2 (+) 0.065 0.55; (-) 1.1 0.57 (0.67)
3 0.8; (+) 0.95 10.48 (10.20)

a S. faecium was grown in duplicate in the presence
and absence of 10 ACi [1(3)-"4C]glycerol at different
stages of growth (turbidity was measured at 675 nm).
Lipoteichoic acid extracted from the cells was reacted
with the glycerophosphodiesterase of A. niger. Du-
plicate values are in parentheses. The amounts of
['4C]lipoteichoic acid incubated with enzyme were set
1, 43,660 cpm (52,040 cpm); set 2, 77,380 cpm (67,500
cpm); and set 3, 19,000 cpm (19,300 cpm).

Periodate oxidation of the terminal glyc-
erol of membrane lipoteichoic acid synthe-
sized in vivo. The terminal glycerol is linked
to the polymer through a phosphodiester bond
at a primary alcohol function (5, 15) and should
be the only glycerol unit of the chain capable of
releasing formaldehyde upon exposure to perio-
date. The specificity of this reaction can be used
to confirn the results of the phosphodiesterase
experiments. Membrane lipoteichoic acid was
obtained from S. faecium grown in duplicate
under the same sets of conditions described
above. The [1(3)-glycerol-`C]lipoteichoic acid
was reacted with 0.5 ml of periodic acid (8.8
pnol per 50 ml) in the presence of 3 ml of 0.1 M
phosphate buffer (pH 7.2) 25 pl offormaldehyde,
and 1.5 ml of water for 1 h in the dark at room
temperature. The reaction was stopped by the
addition of 0.5 ml of glucose (1 ,umol per 0.5 ml).
Twenty-five milliliters of 0.4% dimedon was
added and kept at 40C overnight. The quanti-
tatively precipitated formaldehyde-dimedon de-
rivative was collected on filters, dried, and
weighed. The residue was dissolved in ethanol,
and a sample was counted in a scintillation spec-
trometer. The dimedon derivative was recrys-
tallized four times until a constant specific activ-
ity was attained. Since formaldehyde-dimedon
represents one-half ofthe potential radioactivity
in the terminal [1(3)-14C]glycerol, the radioactiv-
ity in the formaldehyde was multiplied by two
to calculate the percent of radioactivity in the
terminal glycerol (Table 2). In confinnation of
the phosphodiesterase experiment, periodate ox-
idation released more radioactive formaldehyde
from the lipoteichoic acid derived from cells

TABLE 2. Analysis of differentially labeled
lipoteichoic acid of S. faecium by periodate

oxidationa
%['4C]Formal-

Growth (A675) of S. faecium in dehyde (x2) re-Growth(A676) ofS.leased by I04 in
Set presence (+) and absence (-) of 1 h fm [14C]

["Ciglycerol ~lipoteichoic
acid

1 (+)0.065-. 0.88 9.04 (9.04)
2 (+) 0.065 0.58; (-) 1.0 3.96 (6.60)
3 (-) 0.065 0.58; (+) - 0.9 14.87 (19.82)
a S. faecium was grown in duplicate in the presence

and absence of 10 ,uCi [1,3-14C]glycerol at different
stages of growth (turbidity was measured at 675 nm).
Lipoteichoic acid extracted from the cells was reacted
with periodic acid for 1 h in the dark at room temper-
ature. Released formaldehyde was trapped as the di-
medon derivative and recrystallized to constant spe-
cific activity. Duplicate values are in parentheses. The
amounts of ["4C]lipoteichoic acid reacted with periodic
acid were set 1, 69,530 cpm (109,190 cpm); set 2, 48,950
cpm (72,170 cpm); and set 3, 6,720 cpm (9,540 cpm).
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grown first in the absence and then in the pres-
ence of [4C]glycerol (set 3, Table 2) and released
less radioactive formaldehyde when cells were
grown first in the presence and then in the
absence of ['4C]glycerol (set 2, Table 2). There-
fore, we conclude that the glycerol phosphate
repeating unit is added to the external glycerol
of the polymer.
Order of addition of glycerol phosphate

from phosphatidylglycerol to lipoteichoic
acid in vitro. The biosynthesis of membrane
lipoteichoic acid in vitro is perhaps a better
defined system than its formation in vivo since
the product is formed directly from two sub-
strates rather than from an indirect precursor,
such as glycerol, which may take a rather cir-
cuitous, multistep pathway before becoming in-
corporated into the product. The mechanism of
elongation of the glycerol phosphate polymer of
lipoteichoic acid formed in vitro by the sequen-
tial addition of glycerol phosphate units from
phosphatidylglycerol was tested by using double
isotope labeling techniques. Tritium-labeled
glycerol phosphate from [1(3)-glycerol-3H]phos-
phatidylglycerol (3H-PG) was incorporated into
[1(3)-glycerol-14C]lipoteichoic acid [LTA-(14C-
GP)] (from L. fermentum) when incubated in
the presence of a membrane-bound enzyme
(from broken cells of S. faecium) under condi-
tions described above. The following reaction
would appear to be occurring:

LTA-('4C-GP), + (3H-PG)n +

LTA('4C-GP)-H(3-HGP)n + (3H-diacylglycerol)n

The location of 14C- and 3H-labeled glycerol in
the polymer was determined with the aid of an
enzyme preparation from A. niger which con-
tained both phosphodiesterase and phospho-
monoesterase activities. This preparation would
be expected to catalyze the sequential hydrolysis
of glycerol and phosphate groups from the pol-
ymer beginning at the nonlipid end of the chain.
When a sample of [1(3)-glycerol-14C]lipoteichoic
acid from a control tube (S. faecium enzyme
added after a 7-h incubation and immediately
denatured) was treated with the crude A. niger
phosphomonoesterase and diesterase prepara-
tion for 4 h (see above for conditions of assay),
67.8% (1,786 cpm of [14C]glycerol/2,633 cpm of
total 14C x 100) ofthe total 14C label was released
as free glycerol (identified by chromatography
in system A). Treatment of a portion of the
[glycerol-14C,3H]lipoteichoic acid (synthesized
from an incubation containing all reagents and
S. faecium enzyme) with the A. niger prepara-
tion for 4 h released 39.1% (3,034 cpm of
[14C]glycerol/7,865 cpm of total 14C x 100) free

glycerol. These results suggest that a significant
portion of the nonlipid, outermost end of the
["4C]glycerol phosphate polymer was covered
with [3H]glycerol phosphate from the added
[3H]phosphatidylglycerol orwith nonradioactive
glycerol phosphate derived from endogenous
nonradioactive phosphatidylglycerol in the en-
zyme preparation. Examination of the amount
of [3H]glycerol versus ['4C]glycerol released by
the A. niger hydrolytic enzymes supports this
conclusion. One-hour exposure to these phos-
phoesterase enzymes removes 60.2% (5,474 cpm
of [3H]glycerol/9,090 cpm total 3H x 100) of the
3H label as free glycerol, whereas only 2.6% (210
cpm of [14C]glycerol/8,290 cpm of total 14C x
100) of the original 14C label in the lipoteichoic
acid is freed as ['4C]glycerol. These data are
consistent with the view that membrane lipote-
ichoic acid is synthesized by a mechanism in
which the repeating glycerol phosphate units are
added from phosphatidylglycerol to the external
position of the elongating chain.

Since the enzyme catalyzing the formation of
the glycerol phosphate polymer and the donor
of the glycerol phosphate, phosphatidylglycerol,
are membrane bound (5), an external elongation
mechanism would require the terminal glycerol
of the chain to be in close proximity of the
membrane during the transfer of the next glyc-
erol phosphate unit to the polymer. Although it
is easy to understand how the lipid end of the
molecule would anchor the polymer to the hy-
drophobic membrane, it is not as readily appar-
ent how the nonlipid end of the polymer main-
tains contact with the membrane-bound en-
zyme. The elongating chain with its increasing
hydrophilic forces must either remain in the
membrane or bend back in a loop to the mem-
brane to interact with the transferase and bring
about the addition of the next glycerol phos-
phate unit. It is perhaps this constraint that
terminates the elongation process and limits the
length of the polymer.
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