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The D-alanylation of membrane-associated lipoteichoic acid (LTA) in gram-positive organisms requires the
D-alanine–D-alanyl carrier protein ligase (AMP) (Dcl) and the D-alanyl carrier protein (Dcp). The dlt operon
encoding these proteins (dltA and dltC) also includes dltB and dltD. dltB encodes a putative transport system,
while dltD encodes a protein which facilitates the binding of Dcp and Dcl for ligation with D-alanine and has
thioesterase activity for mischarged D-alanyl-acyl carrier proteins (ACPs). In previous results it was shown that
D-alanyl-Dcp donates its ester residue to membrane-associated LTA (M. P. Heaton and F. C. Neuhaus, J. Bac-
teriol. 176: 681–690, 1994). However, all efforts to identify an enzyme which catalyzes this D-alanylation process
were unsuccessful. It was discovered that incubation of D-alanyl-Dcp in the presence of LTA resulted in the
time-dependent hydrolysis of this D-alanyl thioester. D-Alanyl-ACP in the presence of LTA was not hydrolyzed.
When Dcp was incubated with membrane-associated D-alanyl LTA, a time and concentration-dependent for-
mation of D-alanyl-Dcp was found. The addition of NaCl to this reaction inhibited the formation of D-alanyl-
Dcp and stimulated the hydrolysis of D-alanyl-Dcp. Since these reactions are specific for the carrier protein
(Dcp), it is suggested that Dcp has a unique binding site which interacts with the poly(Gro-P) moiety of LTA.
It is this specific interaction that provides the functional specificity for the D-alanylation process. The revers-
ibility of this process provides a mechanism for the transacylation of the D-alanyl ester residues between LTA
and wall teichoic acid.

The biosynthesis of D-alanyl-lipoteichoic acid (LTA) re-
quires the 56-kDa D-alanine–D-alanyl carrier protein ligase
(AMP) (Dcl) and the 8.8-kDa D-alanyl carrier protein (Dcp)
(11, 12). Heaton and Neuhaus (12) showed that D-alanyl-Dcp
donates its D-alanyl residue to the poly(Gro-P) moiety of mem-
brane-associated LTA. Neither the mechanism nor the topol-
ogy of this D-alanylation reaction is known. To address this key
reaction, several groups have identified the genes in a number
of organisms containing the dlt operon (11, 21, 23). In addition
to the genes encoding Dcl (dltA) and Dcp (dltC), dltB and dltD
encode a putative transport protein (20) and a protein which
facilitates the binding of Dcl and Dcp for ligation with D-
alanine and has thioesterase activity for mischarged D-alanyl
acyl carrier proteins (ACPs) (5), respectively. A gene encoding
an enzyme which catalyzes the transfer of the D-alanine residue
from D-alanyl-Dcp to membrane-associated LTA has not been
identified.

Dcp provides the essential link between the ligase (Dcl) and
the incorporation of D-alanine into LTA. This carrier protein is
a homologue of those ACPs which function in fatty acid bio-
synthesis and metabolism (4, 26). However, it was unexpected
to find that Dcl will ligate D-alanine to ACPs from Escherichia
coli, Vibrio harveyi, Saccharopolyspora erythraea, and Bacillus
subtilis (12). Nevertheless, only Dcp participates in the D-ala-

nylation of LTA. These observations suggested that there are
at least two determinants for interaction of Dcp with its cog-
nate partners, one of which is recognized by Dcl and one of
which is recognized by the membrane acceptor LTA. It is this
second determinant which is the focus of structural studies on
Dcp (B. F. Volkman, Q. Zhang, D. Debabov, E. Rivera, G.
Kresheck, and F. C. Neuhaus, unpublished results), and the
biochemical studies to be reported here.

For Staphylococcus aureus, it was found that growth in the
presence of NaCl resulted in a lower D-alanine ester content in
LTA (8). The mechanism by which the ester content was re-
duced during growth in NaCl is unknown and was not cor-
related with the reaction catalyzed by DltD (5). Instead, an
NaCl-activated, thioesterase-like activity specific for D-alanyl-
Dcp which is distinct from that catalyzed by DltD was discov-
ered (5, 20).

Our goal here was to establish the mechanism of D-alanine
transfer from D-alanyl-Dcp to LTA. To accomplish this goal,
the thioesterase-like activity of LTA specific for D-alanyl-Dcp
was examined in incubations containing LTA in different mi-
croenvironments: (i) purified, (ii) membrane associated, and
(iii) membrane associated (salt treated). The results suggested
that complex formation between D-alanyl-Dcp and LTA is one
of the features resulting either in the transfer of D-alanine from
D-alanyl-Dcp to LTA when this amphiphile is membrane as-
sociated or in the hydrolysis of D-alanyl-Dcp when the LTA is
not membrane associated.

MATERIALS AND METHODS

Strains and growth of bacteria. Lactobacillus casei 102S was generously pro-
vided by Bruce Chassy (University of Illinois). L. casei 102S dltD::cat was from
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Debabov et al. (5). These strains were grown in Lactobacilli MRS broth (Difco
Laboratories).

Chemicals and reagents. Purified samples of LTA prepared by the procedure
of Fischer et al. (9) were generously provided by Werner Fischer (Universitat
Erlangen-Nürnberg): These samples were isolated from S. aureus DSM20231
(Ala/P 0.43), B. subtilis JH542 (Ala/P 0.32), Enterococccus faecium MT9 (not
purified by hydrophobic chromatography) (Ala/P 0.47; Glc/P 0.38; Glc2/P 0.05),
Streptococcus sanguis DSM 20567 (Ala/P 0.36), Enterococcus hirae (ca. 60% of
Gro glycosylated Glc, Glc2, Glc3, and Glc4), and Lactobacillus garvieae [glycosy-
lated by Gal(a1-2)].

The concentrations of LTA are presented as micromolar concentrations in
phosphorus, and thus in the results the concentrations are designated as micro-
molar concentrations of LTA-phosphorus. Since the poly(Gro-P) chains of LTA
are heterogeneous in length, it is not possible to extrapolate LTA-phosphorus to
micromolar concentrations of LTA. In the case of S. aureus, the average number
of Gro-P residues is 25, with a variation between 4 and 30 (7).

E. coli fatty acid synthase ACP and holo-ACP synthase were generously pro-
vided by Ralph H. Lambalot, Roger S. Flugel, and Christopher T. Walsh (Har-
vard University) (16). D-[14C]alanine (43 mCi/mmol) was the product of ICN
Biochemicals, Inc. Metricel filter membranes (GN-6) and Econo-Safe scintilla-
tion cocktail were purchased from Gelman Sciences and RPI Corp., respectively.
Nanosep centrifugal concentrators (10K and 30K) were the products of Pall
Filtron Corp.

Expression and purification of Dcp and Dcl. Dcp was expressed, purified, and
converted to holo-Dcp using recombinant holo-ACP synthase (4). The expres-
sion of Dcl and its purification from inclusion bodies were as previously de-
scribed (5, 11).

Preparation of D-[14C]alanyl-Dcp and D-[14C]alanyl-ACP. For the prepara-
tion of either D-[14C]alanyl-Dcp or D-[14C]alanyl-ACP, reaction mixtures con-
tained either 15 mM recombinant holo-Dcp or holo-ACP, 0.23 mM D-[14C]ala-
nine (43 mCi/mmol), 15 U of recombinant Dcl, 30 mM bis-Tris (pH 6.5), 10 mM
ATP, 10 mM MgCl2, and 1 mM dithiothreitol (DTT). The mixture was incubated
at 37°C for 90 min, and proteins with a mass of .30 kDa were separated from
D-[14C]alanyl-Dcp or D-[14C]alanyl-ACP with the Nanosep (30K) concentrator.
D-[14C]alanyl-Dcp or D-[14C]alanyl-ACP in the filtrate was desalted and sepa-
rated from ATP, DTT, MgCl2, and D-[14C]alanine using four cycles of filtration
with the Nanosep (10K) concentrator. During the course of this process the
buffer was changed to 5 mM sodium acetate (pH 4.5).

Preparation of membrane-associated D-[14C]alanyl-LTA. Membranes from L.
casei 102S and L. casei 102S dltD::cat were prepared according to a previous
procedure (12) using a French pressure cell for the disruption of bacteria. The
incorporation of D-[14C]alanine from D-[14C]alanyl-Dcp into membrane-asso-
ciated D-[14C]alanyl-LTA was carried out as previously described (4, 12) in 50
ml with 100 mg of membranes prepared from Lactobacillus rhamnosus 102S

and 5 nmol of recombinant D-[14C]alanyl-Dcp (43 mCi/mmol). After incuba-
tion for 90 min, the labeled membranes were separated from D-[14C]alanyl-Dcp
using Nanosep (30K) centrifugal concentrators and used without further washing
before storage at 280°C.

Assay of D-[14C]alanyl-Dcp and D-[14C]alanyl-ACP. D-[14C]alanyl-Dcp was
determined by precipitation with 10% trichloroacetic acid (TCA) and filtration
through 0.45-mm-pore-size Metricel filters, which retained 97% of the radiola-
beled carrier protein. The filters were dissolved in 3.5 ml of ethyl acetate and
assayed for radiolabel. In the hydrolytic reactions of D-[14C]alanyl-Dcp in the
presence of LTA, the amount of D-alanine was expressed as the difference
between the added D-alanyl-Dcp and the remaining D-alanyl-Dcp at the termi-
nation of the reaction.

RESULTS

Hydrolysis of D-alanyl-Dcp in the presence of LTA. Heaton
and Neuhaus (12) showed that D-alanyl-Dcp donates its D-
alanyl substituent to membrane-associated LTA in the absence
of Dcl. To simplify this system, attempts were made to transfer
D-alanine from D-alanyl-Dcp to isolated, purified LTA in the
absence of membranes. However, instead of transacylation to
LTA, incubation of D-alanyl-Dcp with pure LTA resulted in
the time-dependent hydrolysis of D-alanyl-Dcp (Fig. 1). In con-
trast, D-alanyl-ACP was not hydrolyzed in the presence of
LTA. D-Alanyl-ACP, a homologue of D-alanyl-Dcp, apparently
does not provide the necessary determinant for interaction
with LTA for the cleavage of the D-alanyl substituent. On the
basis of these observations we hypothesized that D-alanyl-Dcp
forms a complex with the poly(Gro-P) moiety of LTA and that
within this complex a thioesterase-like activity occurs.

A variety of LTAs was examined in the hydrolysis reaction
for D-alanyl-Dcp (Table 1). Using a fixed-time assay (5 min),
we found that the most effective samples of LTA are those
which are nonglycosylated. Prior removal of the D-alanyl ester
residues from the LTA resulted in a 25% increase of D-alanyl-
Dcp hydrolysis activity (Table 1, S. aureus and S. sanguis). The
addition of 5 mM MgCl2 to these reaction mixtures had no
effect on the velocity of D-alanine formation. For the studies
presented here, LTA with its D-alanine ester content of 0.43
from S. aureus prepared by the method of Fischer et al. (9) was
used. Because of the polydispersity of LTA, micromolar con-
centrations of LTA-phosphorus were used for comparisons.

FIG. 1. Hydrolysis of D-[14C]alanyl-Dcp in the presence of LTA.
The reaction mixture contained 4.4 mM LTA-phosphorus from S.
aureus, 8 mM D-[14C]alanyl-Dcp (6,700 cpm/nmol), and 30 mM bis-Tris
(pH 6.5) in a total of 350 ml. Samples (50 ml) were removed and added
to 950 ml of 10% TCA. The amount of radiolabeled D-alanyl-Dcp was
determined as described in Materials and Methods, and the amount of
D-alanine released was determined by subtraction.

TABLE 1. Specificity of D-alanyl-Dcp hydrolysis in
the presence of LTA

LTA source
D-[14C]alanine

releaseda

(mM/min)

None, control.......................................................................... 0.001
None, 5 mM Gro-P(a, 1)...................................................... 0.001
S. aureus .................................................................................. 2.31 (2.94)b

S. sanguis ................................................................................. 2.35 (3.01)b

B. subtilis ................................................................................. 2.09
E. faeciumc .............................................................................. 1.57
E. hiraec ................................................................................... 0.79
L. garvieaec .............................................................................. 0.74

a The reaction mixture (50 ml) contained 30 mM bis-Tris (pH 6.5), 5 mM
D-[14C]alanyl-Dcp (6,700 cpm/nmol), and 4.4 mM concentrations of the indicated
LTA-phosphorus. The reaction time was 5 min at 37°C. The amount of D-alanyl-
Dcp remaining was assayed as described in the legend to Fig. 1, and the amount
of D-alanine released was calculated by subtraction.

b Values in parenthesis refer to LTA sample that was treated with 0.5 M
H2NOH for 30 min at 37°C, dialyzed, and adjusted to the same concentration
using Nanosep centrifugal concentrators.

c Samples which contained glycosylated LTA (see Materials and Methods).
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The putative formation of a complex between LTA and
D-alanyl-Dcp implied that saturation kinetics should be ob-
served between D-alanyl-Dcp and LTA (Fig. 2). Increasing the
concentrations of D-alanyl-Dcp gave saturation kinetics from
which an apparent Km of 7.5 mM for D-alanyl-Dcp was estab-
lished. The calculation of this value assumes that the LTA has
a fixed number of binding sites for D-alanyl-Dcp. Since the
velocity of D-alanyl-Dcp hydrolysis is high relative to the esti-
mated concentration of LTA, it would appear that LTA turn-
over occurs. Thus, while it is not clear how this catalysis is
effected, it is apparent that the reaction might be catalyzed by
LTA and that D-alanyl-Dcp is the substrate.

Increasing concentrations of LTA in the presence of a fixed
concentration of D-alanyl-Dcp gave a sigmoidal response with
a defined saturation curve (Fig. 3). The Km for LTA is roughly
2 mM LTA-phosphorus. This response implies a fixed number
of sites in LTA for binding D-alanyl-Dcp. Samples of glycosy-
lated LTA gave lower velocities of hydrolysis (Table 1) and,
thus, it was concluded that the glycosyl substituents have an
effect on the interaction of D-alanyl-Dcp and LTA. Since D-
alanyl-ACP was not hydrolyzed in this reaction (Fig. 3), it is
concluded that ACP and LTA do not form a complex.

If Dcp has a specific site for binding LTA, apo-Dcp will
inhibit the hydrolysis reaction while apo-ACP will not. As
shown in Fig. 4, the addition of apo-Dcp to the reaction mix-
ture inhibited the hydrolytic cleavage of D-alanyl-Dcp, while
the addition of apo-ACP had no effect on the cleavage. For
comparison, it is observed that D-alanyl-Dcp in the absence of
LTA is stable in the reaction mixture. Thus, apo-Dcp binds to
LTA in an interaction that is not dependent on the phospho-
pantetheine prosthetic group.

Variation of pH on the hydrolysis of D-alanyl-Dcp in the

presence of LTA gave a pH optimum of 6.5 (Fig. 5A). How-
ever, both the acidic and the basic limbs of the pH response are
nontraditional, i.e., the hydrolytic rate at the extremes of the
pH curve do not approach the control velocity. It would appear
that both an ionizable group(s) and a binding cleft are func-
tional in Dcp. Additional pH studies may provide clues to
those interactions which are essential for this cleavage reac-
tion. The effect of temperature (Fig. 5B) on the hydrolytic rate
was complex and would appear to reflect more than one pro-
cess. The velocity of D-alanyl-Dcp hydrolysis was dependent on
LTA and specific for Dcp from 10 to 45°C.

Transfer of D-[14C]alanine from D-[14C]alanyl-LTA to Dcp
in membranes. A second approach for studying the putative

FIG. 2. Effect of increasing D-alanyl-Dcp on the velocity of hydro-
lytic cleavage. The reaction mixture contained increasing concentra-
tions of D-[14C]alanyl-Dcp in the presence of 4.4 mM LTA-phosphorus
in the reaction mixture described in the legend to Fig. 1. The mixtures
were incubated for 5 min prior to termination with 10% TCA, and the
amounts of D-alanyl-Dcp remaining were determined for calculating
the initial velocities of D-alanine released. In the inset a double-recip-
rocal plot is presented from which Vmax (5.0 mM/min) and Km (7.5 3
1026 M) were calculated.

FIG. 3. Effect of increasing LTA-phosphorus on the hydrolysis of
D-[14C]alanyl-Dcp. The reaction mixtures (50 ml) contained the indi-
cated concentrations of LTA-phosphorus from S. aureus, 8 mM D-
[14C]alanyl-Dcp (6,700 cpm/nmol), and 30 mM bis-Tris (pH 6.5). The
amounts of D-alanine released were determined as described in the
legend to Fig. 1.

FIG. 4. Inhibition of D-alanyl-Dcp hydrolysis. The reaction mix-
ture contained 4.4 mM LTA-phosphorus and 8 mM D-[14C]alanyl-
Dcp (6,700 cpm/nmol) in the presence of either 85 mM apo-Dcp or 85
mM apo-ACP. Samples were removed at the indicated times, and
the amounts of D-alanyl-Dcp or D-alanyl-ACP were determined as
described in Materials and Methods. The amounts of D-alanine re-
leased were determined as described in the legend to Fig. 1.
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thioesterase-like activity of the Dcp-LTA complex was to test
whether Dcp will stimulate the hydrolytic cleavage of the
D-alanyl esters of membrane-associated D-[14C]alanyl-LTA.
However, incubation of Dcp with membrane-associated D-
[14C]alanyl-LTA revealed a new facet of the D-alanine incor-
poration system. Instead of hydrolysis, D-[14C]alanyl-Dcp was

formed (Fig. 6). When increasing concentrations of Dcp were
incubated with membrane-associated D-[14C]alanyl-LTA, in-
creasing amounts of D-[14C]alanyl-Dcp are formed according
to reaction 1. In contrast, these radiolabeled membranes do
not transfer the D-alanyl residues to ACP membrane as follows
(reaction 1):

Membrane-associated D-[14C]alanyl-LTA 1 Dcpº
D-[14C]alanyl-Dcp 1 membrane-associated LTA (1)

Debabov et al. (5) proposed that DltD facilitates the binding
of Dcp and Dcl for ligation of Dcp with D-alanine. Thus, it was
essential to establish whether DltD is responsible for the re-
verse reaction illustrated in reaction 1. As shown in Fig. 6,
membranes prepared from L. casei 102S dltD::cat also catalyze
the synthesis of D-[14C]alanyl-Dcp from membrane-associated
D-[14C]alanyl-LTA and Dcp to approximately the same extent
as the parental membranes. Thus, DltD plays no role in cata-
lyzing the transfer of D-alanine from membrane-associated D-
alanyl-LTA to Dcp.

NaCl-stimulated thioesterase-like activity of membranes for
D-alanyl-Dcp. Growth of S. aureus in the presence of high
concentrations of NaCl resulted in a lower D-alanine ester
content in LTA (8). While the precise mechanism of the NaCl
effect is unknown, we have used this salt effect to modulate the
thioesterase-like activity for D-alanyl-Dcp in membranes. The
addition of increasing concentrations of NaCl to membranes
stimulated the thioesterase-like activity for D-alanyl-Dcp (Fig.
7). It is hypothesized that NaCl increases the accessibility of
the endogenous membrane-associated LTA, making it avail-
able for participation in the hydrolytic cleavage specific for
D-alanyl Dcp. To establish whether DltD participates in this

FIG. 5. (A) Effect of pH on the hydrolysis of D-alanyl-Dcp in the
presence of LTA. (B) Effect of temperature on the specific and non-
specific hydrolyses of D-alanyl-Dcp and D-alanyl-ACP in the presence
of LTA. The reaction mixtures for panel A contained either 30 mM
sodium acetate (pH 3.0 to 5.0), bis-Tris (pH 6.0 to 7.0), or Tris-HCl
(pH 7.5 to 9.5) in the presence of 4.4 mM LTA-phosphorus and 8 mM
D-[14C]alanyl-Dcp. The reaction mixtures for panel B contained 30
mM bis-Tris (pH 6.5), either 8 mM D-[14C]alanyl-Dcp or D-[14C]alanyl-
ACP, and 4.4 mM LTA-phosphorus where indicated. The reaction
mixtures for panel A were incubated for 5 min at 37°C and at the
indicated temperature for panel B. The amounts of D-alanyl-Dcp re-
maining were determined as described in Materials and Methods. In
panel A, 100% activity is given by the velocity at pH 6.5 in the presence
of LTA. In panel B, 100% activity is given by the amount of D-[14C]ala-
nyl-Dcp added to the reaction mixture. The amount of specific hydro-
lysis is the difference between the hydrolyses observed for D-alanyl-
Dcp (LTA) and D-alanyl-Dcp (no LTA).

FIG. 6. Effect of Dcp concentration on the formation of D-alanyl-
Dcp from membrane-associated D-alanyl-LTA. The reaction mixture
contained 20 mg of membrane-associated D-[14C]alanyl-LTA (6,700
cpm/nmol), the indicated concentration of Dcp or ACP, and 30 mM
bis-Tris buffer (pH 6.5) in a total volume of 15 ml. It was incubated for
30 min at 37°C. The amounts of D-[14C]alanyl-Dcp formed were quan-
tified by nondenaturing polyacrylamide gel electrophoresis by the
method of Heaton and Neuhaus (12).
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NaCl-stimulated hydrolysis of D-alanyl-Dcp, membranes from
the L. casei 102S dltD::cat were also examined in the salt-
induced thioesterase-like reaction. As shown in Fig. 7, these
membranes were not different from parental membranes in
their ability to cleave D-alanyl-Dcp in the presence of increas-
ing concentrations of NaCl. The fact that DltD is not respon-
sible for the NaCl-stimulated thioesterase-like activity for D-
alanyl-Dcp suggests that a different mechanism is responsible
for the cleavage of D-alanyl-Dcp than that for the DltD-cata-
lyzed hydrolysis of D-alanyl-ACP.

NaCl sensitivity of D-alanyl-Dcp formation from membrane-
associated D-alanyl-LTA. Because the salt sensitivity of D-ala-
nyl-Dcp hydrolysis (Fig. 7) and the salt sensitivity of the
D-[14C]alanyl-Dcp formation utilizing D-[14C]alanyl-LTA and
Dcp are similar, a relationship may exist between these activ-
ities. For example, the addition of increasing concentrations of
NaCl to a series of reaction mixtures containing membrane-
associated D-[14C]alanyl-LTA and Dcp results in the formation
of lower amounts of D-alanyl-Dcp in the reverse reaction (Fig.
8). The concentration of salt which gave 50% inhibition is 0.30
M. This is essentially the same concentration of NaCl as that
required to observe the salt-activated thioesterase-like activity
for D-alanyl-Dcp (Fig. 7; 0.25 M for 50% stimulation). The
correlation of these activities to salt sensitivity provided sup-
port for the suggestion that NaCl enhances the accessibility of
membrane-associated LTA and hence makes the LTA avail-
able for catalyzing the hydrolytic cleavage of D-alanyl-Dcp.
This cleavage is similar to that described with purified LTA
and D-alanyl-Dcp (Fig. 1 and Table 1).

DISCUSSION

The results of these experiments, together with previous
observations (12, 20), describe three reactions. These are as
follows: (i) the hydrolysis of D-alanyl-Dcp in the presence of
isolated LTA, (ii) the formation of D-alanyl-Dcp from mem-
brane-associated D-alanyl-LTA and Dcp, and (iii) the transacy-
lation of the activated D-alanyl residue from D-alanyl Dcp to
membrane-associated LTA. We propose that each of these
activities is, in fact, the result of a previously unrecognized
feature of Dcp and LTA, i.e., the binding of this carrier protein
to LTA. Binding of D-alanyl-Dcp with LTA can mimic an
enzyme reaction and, for the purposes of the present study,
LTA will be designated an “enzyme mimic” and D-alanyl-Dcp
will be designated the “substrate.” The specificity for the sub-
strate suggests the presence of a specific binding site on Dcp
for its acceptor target LTA.

To consider the mechanisms underlying these reactions,
three illustrations are presented in Fig. 9. In each case the nu-
cleophilic acceptor generated with a common proton acceptor
is shown: HO:, R-S:, and R-O: (Fig. 9A, B, and C, respective-
ly). In panel A, the binding of D-alanyl-Dcp to LTA followed by
nucleophilic attack of HO: from water on the electrophilic
carbonyl results in hydrolysis. In panel B, nucleophilic attack of
the R-S: of the phosphopantetheine prosthetic group of Dcp
on the electrophilic carbonyl of the D-alanyl residue of the
membrane-associated LTA results in the transacylation of the
D-alanyl residue to Dcp. In panel C, nucleophilic attack of
the R-O: of the Gro-P residue on the electrophilic carbonyl of
the D-alanyl residue results in the transacylation of D-alanine
to the membrane-associated LTA. Depending on the nucleo-

FIG. 7. Hydrolysis of D-[14C]alanyl-Dcp by membranes in the pres-
ence of increasing concentrations of NaCl. Because D-alanyl-Dcp can
transfer its activated D-alanine to membrane-associated LTA, the or-
dinate represents the aggregate of D-alanyl-Dcp and D-alanyl-LTA.
The reaction mixtures contained 30 mM bis-Tris (pH 6.5) and 0.25 mg
of membranes from either L. casei 102S or the L. casei 102S dltD::cat
mutant (5) per ml in the presence of increasing concentrations of NaCl
in a volume of 50 ml. The reaction time was 30 min at 37°C. The
amount of hydrolysis was quantified by the procedure described in
Materials and Methods.

FIG. 8. Effect of increasing concentrations of NaCl on the forma-
tion of D-[14C]alanyl-Dcp from membrane-associated D-[14C]alanyl-
LTA and Dcp. The reaction mixture contained 30 mM bis-Tris (pH
6.5) and 20 mg of D-[14C]alanyl-LTA (6,700 cpm/nmol) in a volume of
15 ml. The reaction time was 20 min at 37°C. The reaction mixtures
were desalted using Nanosep microconcentrators. In the reaction mix-
ture designated “Dialyzed” the D-[14C]alanyl-LTA was treated with 1.0
M NaCl for 20 min and then dialyzed before incubation with Dcp by
using the Nanosep concentrator (10K). It was incubated in the reaction
mixture described above for the indicated time. The amount of
D-alanyl-Dcp formed was quantified by nondenaturing polyacrylamide
gel electrophoresis (12).
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philic acceptor, each of these activities is correlated with the
specific interaction of the carrier protein, Dcp or D-alanyl-Dcp,
with LTA.

The addition of NaCl to the reaction mixture apparently
changes the accessibility of the membrane-associated LTA. In
the native state, the associated LTA is thought to be seques-
tered from the bulk solvent. Membranes in the presence of
NaCl resulted (i) in the inhibition of transacylation of the
activated D-alanine from D-alanyl-Dcp to the R-OH of LTA
and (ii) in the stimulation of the hydrolytic cleavage of the
D-alanyl thioester. Alternatively in the reverse reaction, the
addition of NaCl inhibited the formation of D-alanyl-Dcp from
membrane-associated D-alanyl-LTA and Dcp and stimulated
hydrolysis. It is proposed that membrane-associated LTA in
the presence of NaCl provides access to the bulk solvent, re-
sulting in the hydrolysis of D-alanyl-Dcp. As shown in Fig. 8,

removal of the NaCl by dialysis allowed the LTA to assume its
original organization and sequestration from the aqueous sol-
vent.

The functional specificity of acyl carrier proteins is a hall-
mark of this protein family. For example, in the case of the
rhizobial carrier proteins, four ACPs each have specific nodu-
lation functions (17). Thus, each of these carrier proteins is
targeted to their respective site of action. In the case of Dcp
from L. rhamnosus, a specific binding cleft for LTA would
appear to exist on the protein surface, which may allow for this
targeting (B. F. Volkman et al., unpublished). While the cleft
is not completely defined at this time, there are candidate
residues which may play a role in this binding. For example, in
the case of the Dcp, one of the candidates for the electrostatic
attraction of Dcp with LTA is Arg-64. It is found in the highly
conserved Dcp motif R64KEW67D. The conserved Trp-67

FIG. 9. Proposed mechanisms for the hydrolysis of D-alanyl-Dcp in the presence of purified LTA (A), the formation of D-alanyl-Dcp from
membrane-associated D-alanyl-LTA (B), and the formation of membrane-associated D-alanyl-LTA from D-alanyl-Dcp (C). Bz z and ;B indicate an
unknown proton acceptor for generating the nucleophile. The electrostatic interaction between Dcp phosphodiester anion may be the result of
Arg-64 (see Discussion). Events up to the tetrahedral intermediate stage are shown.
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plays an important role in positioning helix III and hence
Arg-64 in a unique orientation for its putative interaction with
LTA. This Arg residue is part of a crescent of positive
charges not found in E. coli ACP. All attempts to use ACPs
in the D-alanine incorporation system failed, even though all
could be ligated with D-alanine by Dcl in the absence of DltD.
These included ones from V. harveyi, S. erythraea, and B. sub-
tilis (12, 20). Thus, the experiments described here further
address the unique functional specificity of Dcp.

There are at least two examples where an ACP catalyzes a
reaction (13, 27). In the first the type II polyketide (PKS) ACP
catalyzes self-malonylation with malonyl-coenzyme A, and in
the second PKS ACP catalyzes the malonylation of ACP in-
volved in type II fatty acid biosynthesis. While these findings
were unexpected, it demonstrated that the PKS ACP has the
ability to catalyze a reaction in the presence of its cognate
donor and acceptor. Thus, the hydrolysis-transacylation reac-
tions observed in the present work with D-alanyl-Dcp may have
some similarity to those in the PKS system.

The reversibility of the transacylation reaction, i.e., the for-
mation of D-alanyl-Dcp from D-alanyl-LTA and Dcp, implies
that Dcp and LTA can effect the transacylation of the D-alanyl
residues between LTA molecules, as well as between wall tei-
choic acid and LTA. Haas et al. (10) showed that under in vivo
conditions the D-alanine esters of LTA are the precursor of the
D-alanine esters of wall teichoic acid. In addition, the D-alanyl
esters of LTA from either S. aureus (15) or L. casei (2) are
randomly distributed along the poly(Gro-P) moiety. The re-
sults presented here also provide a possible mechanism for the
migration and redistribution of these residues. Thus, it is pro-
posed that D-alanyl-Dcp is translocated to the extramembranal
site of LTA acylation, and it is further suggested that Dcp can
be ligated with D-alanine from preexisting D-alanyl-LTA for
subsequent transacylation to adjacent LTA as well as WTA.

The enhanced reactivity of the D-alanyl ester residues of
LTA was recognized by Shabarova et al. (24) and correlated
with the presence of the vicinal phosphodiester links. The
ability of Dcp to effect the transacylation of these ester resi-
dues in the cell wall matrix could provide a mechanism for
modulating surface charge and hence ligand binding and au-
tolysin activity. While transacylation of D-alanyl esters was re-
ported between short-chain LTA and long-chain LTA (2, 19),
the rate of this reaction was relatively slow. Thus, it is hypoth-
esized that transacylation in the presence of Dcp is accelerated
and hence Dcp plays a major role in distributing D-alanine
esters from one location of the wall matrix to another.

One of the caveats to this suggestion concerns the topology
of these processes. While a putative channel (DltB) for the
translocation of D-alanyl-Dcp has been proposed (20), proof
for its role in the secretion of D-alanyl-Dcp is lacking. Thus, it
is not known whether the D-alanylation of LTA takes place
during the course of LTA assembly or whether D-alanylation
takes place in the wall matrix in concert with D-alanyl-Dcp. The
fact that D-alanylation of WTA takes place at the expense of
D-alanyl-LTA (10, 15) argues that these events may take place
in the extramembranal cell wall matrix.

The importance of the dlt operon in the physiology of the
gram-positive organism is illustrated by the many phenotypes
of mutants which have been observed. For example, inactiva-
tion of dltC in Streptococcus mutans resulted in a loss of acid

tolerance (1). In Streptococcus gordonii DL1 (Challis), inacti-
vation of dltA resulted in a loss of intrageneric coaggregation
and in the formation of a variety of pleomorphs (3). In B. sub-
tilis, deletion of either dltA, -B, -C, or -D resulted in mutants
with enhanced autolytic activity (26). Additional results with
this organism revealed that these deletions in the dlt operon
partially suppressed the secretion deficiency resulting from a
defective PrsA protein (14). In Lactococcus lactis (6), mutants
defective for DltD have enhanced UV sensitivity. Insertional
inactivation of this gene in Lactobacillus casei 102S resulted in
increased cellular length and enhanced antimicrobial activity
to cetyltrimethylammonium bromide and chlorhexidine (5). In
the case of S. aureus, inactivation of the dlt operon confers
sensitivity to defensins, protegrins, and other cationic peptides
(23). This deficiency in D-alanine esters also increased its sen-
sitivities to vancomycin and lysostaphin (22). In S. mutans, a
knockout mutation in the promoter of the dlt operon resulted
in the defective synthesis of intracellular polysaccharides (25).
It is apparent from these different phenotypes that the D-alanyl
esters of LTA play an important role in the physiology of the
gram-positive organism and, thus, an understanding of the
D-alanylation mechanism is essential.
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