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Cyclic di-3',5’-adenosine monophosphate (c-di-AMP) is a broadly con-
served bacterial second messenger that has been implicated in a
wide range of cellular processes. Our earlier studies showed that
c-di-AMP regulates central metabolism in Listeria monocytogenes
by inhibiting its pyruvate carboxylase (LmPC), a biotin-dependent
enzyme with biotin carboxylase (BC) and carboxyltransferase (CT)
activities. We report here structural, biochemical, and functional
studies on the inhibition of Lactococcus lactis PC (LIPC) by c-di-AMP.
The compound is bound at the dimer interface of the CT domain, ata
site equivalent to that in LmPC, although it has a distinct binding
mode in the LIPC complex. This binding site is not well conserved
among PCs, and only a subset of these bacterial enzymes are sensi-
tive to c-di-AMP. Conformational changes in the CT dimer induced
by c¢-di-AMP binding may be the molecular mechanism for its inhib-
itory activity. Mutations of residues in the binding site can abolish
c-di-AMP inhibition. In L. /actis, LIPC is required for efficient milk
acidification through its essential role in aspartate biosynthesis. The
aspartate pool in L. lactis is negatively regulated by c-di-AMP, and
high aspartate levels can be restored by expression of a c-di-AMP-
insensitive LIPC. LIPC has high intrinsic catalytic activity and is not
sensitive to acetyl-CoA activation, in contrast to other PC enzymes.
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Bacteria use various signaling molecules to regulate their com-
plex physiology. Cyclic di-3',5'-adenosine monophosphate
(c-di-AMP) has emerged as a broadly conserved bacterial second
messenger that has been implicated in a wide range of cellular
processes, including cell wall homeostasis (1-3), biofilm forma-
tion (4, 5), central metabolism (6), osmoregulation (7, 8), and
potassium transport (9). In various pathogenic bacteria, c-di-AMP
is essential for mediating host—pathogen interactions and pro-
moting virulence (1, 10-13). The machineries for the synthesis
of c-di-AMP by diadenylate cyclases and for the degradation
by phosphodiesterases are generally well conserved among bac-
teria (14, 15).

A wealth of crystal structures of protein targets in complex with
c-di-AMP has been reported recently, providing insight into the
molecular mechanisms of c-di-AMP regulation of cellular targets.
These proteins generally mediate known functions of c-di-AMP in
bacteria, including metabolism (6), potassium conductance (16, 17),
and osmoregulation (7, 8), while some of them have unknown
functions (18-21). Overall, these structures reveal that there is not a
single, well-conserved binding motif, but rather many different ways
of recognizing c-di-AMP. Moreover, the compound itself can adopt
diverse conformations to fit into the unique binding pocket present
in each target. In some structures, c-di-AMP binds symmetrically to
a dimeric protein (6, 7, 16, 17), while in others c-di-AMP binds in an
asymmetric fashion, with each adenine being recognized differently
(5, 15, 18, 20, 21). In many structures, c-di-AMP adopts a U-shaped
structure, with the two adenine bases forming the walls of the U,
while in others, it is found in a more extended configuration.

We established earlier that c-di-AMP is an allosteric inhibitor
of the central metabolic enzyme pyruvate carboxylase in the
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human pathogen Listeria monocytogenes (LmPC) (6). Pyruvate
carboxylase (PC) is a biotin-dependent, single-chain, multidomain
enzyme that forms a 500-kDa tetramer and is conserved among
most organisms, from bacteria to humans (22, 23), while in a col-
lection of Gram-negative bacteria PC contains two subunits with the
stoichiometry oyf, (24). PC catalyzes the ATP-dependent carbox-
ylation of pyruvate to produce oxaloacetate. The biotin, covalently
linked to the biotin carboxyl carrier protein (BCCP) domain, is
carboxylated in an ATP-dependent reaction in the biotin carbox-
ylase (BC) domain (Fig. 14). Subsequently, the carboxyl group is
transferred from carboxybiotin to the pyruvate substrate in the
carboxyltransferase (CT) domain. Due to a truncated TCA cycle in
L. monocytogenes (25), excessive LmPC activity due to low c-di-
AMP levels causes an overproduction of the downstream metabo-
lites glutamate and citrate, resulting in a metabolic imbalance. This
metabolic regulation of LmPC mediated by c-di-AMP levels is
crucial for the virulence of the bacterium (6, 26).

The crystal structure of LmPC in complex with c-di-AMP gives
molecular insights into its mechanism of regulation (6). The c-di-
AMP binding site is at a previously unrecognized region at the CT
dimer interface, far from the BC and CT active sites, indicating
that the inhibition is allosteric. Surprisingly, the c-di-AMP binding
pocket in LmPC is poorly conserved among bacteria, even among
those that use c-di-AMP, suggesting that PC is a molecular target
of c-di-AMP in only a subset of the bacteria. Based on the se-
quence analysis of bacterial PCs, we identified and confirmed that
the PC from the human pathogen Enterococcus faecalis (EfPC)
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Fig. 1. Biochemical characterization of LIPC regulation by c-di-AMP.
(A) Domain organization of LIPC. The BC, CT, BCCP, and PT domains are in-
dicated. (B) Conservation of residues in the c-di-AMP binding site of LmPC
(highlighted in red). The equivalent residues in selected bacterial PCs and
human PC are shown. The residue numbers are for LmPC. (C) The catalytic
activity of LIPC toward the pyruvate substrate obeys Michaelis-Menten ki-
netics. The reaction contained 0.16 pM LIPC (measured based on monomer).
(D) Inhibition of the catalytic activity of LIPC by increasing concentrations of
c-di-AMP and c¢-di-GMP. The reaction contained 0.16 uM LIPC and 20 mM
pyruvate. (E) Acetyl-CoA has essentially no effect on the catalytic activity of
free LIPC, and only a small effect in the presence of c-di-AMP. The reaction
contained 0.12 uM LIPC and 3 mM pyruvate. Error bars represent SDs over
three separate experiments. (F) Acetyl-CoA leads to a significant activation of
LmPC. The reaction contained 0.78 uM LmPC and 0.5 mM pyruvate.

also binds and is regulated by c-di-AMP (6). However, there are
differences in the residues composing the EfPC binding pocket
compared with those in LmPC (Fig. 1B), suggesting that the c-di-
AMP binding mode in EfPC may be different.

In this study, we have extended the c-di-AMP regulation of PC
to Lactococcus lactis, a closely related bacterium to E. faecalis.
We have determined the crystal structure of L. lactis PC (LIPC)
in complex with c-di-AMP at 2.3-A resolution. Biochemical
studies on LIPC show that, in addition to being inhibited by c-di-
AMP, it has several unique features including intrinsically high
enzymatic activity while being insensitive to acetyl-CoA activa-
tion. We have also carried out functional studies to assess the
importance of LIPC regulation by c-di-AMP, and its essential
role in the biosynthesis of the amino acid aspartate.

Results

Identification of LIPC as a c-di-AMP Target. The structure of LmPC
revealed residues that are important for c-di-AMP binding (Fig.
1B) (6). We searched through available bacterial PC sequences
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to identify additional PCs that could also be regulated by c-di-
AMP. Based on these sequence comparisons, we identified the
PC from the opportunistic pathogen Enterococcus faecalis
(EfPC) and the industrially important Lactococcus lactis (LIPC)
as good candidates for c-di-AMP binding (Fig. 1B), with both
species being members of the large clade of lactic-acid bacteria.
EfPC (6) and LIPC (27) have high sequence conservation both
overall (72% identity) and in the putative c-di-AMP binding
pocket (Fig. 1B). They share the Tyr722 residue (LmPC num-
bering) that is critical for interacting with the adenine base of
c-di-AMP, and have small residues at positions 752-753, which is
necessary for providing space for c-di-AMP binding. However,
the other residues in the c-di-AMP binding pocket have sub-
stantial differences with LmPC (Fig. 1B). While these differences
probably will not preclude the binding of c-di-AMP altogether,
they may affect the binding mode of the compound.

We expressed and purified LIPC in a fully biotinylated and
catalytically active form (Fig. 1C) and found that c-di-AMP at
10 pM concentration inhibited LIPC activity by ~60% (Fig. 1D),
to a similar degree as LmPC (6). The inhibition remained at
~60% even with 100 pM c-di-AMP, which was also observed for
LmPC (6), and the mechanism for this is not clear. No inhibition
is observed with c-di-GMP, confirming the specificity of the
regulation (Fig. 1D).

Acetyl-CoA is a well-characterized allosteric activator of single-
chain PC enzymes (22, 23). LIPC has a conserved acetyl-CoA
binding site, but to our surprise it was essentially insensitive to
acetyl-CoA activation even with high concentrations of the com-
pound (Fig. 1E). In comparison, acetyl-CoA increased LmPC ac-
tivity by about fourfold, with an activation constant (K,) of 78 pM
and a Hill coefficient of 1.8 (Fig. 1F). Earlier studies on Staphylo-
coccus aureus PC (SaPC) showed hyperbolic activation by acetyl-
CoA, with K, of 2 uM (28). In the presence of saturating c-di-AMP
inhibition, LIPC is activated ~30% by acetyl-CoA (Fig. 1E), but this
level of activation is well below that observed in other PC enzymes
(29). To our knowledge, LIPC is the only single-chain PC studied to
date that is not substantiallY activated by acetyl-CoA (29).

LIPC has a k., of 192 5™ (Fig. 1C), which is significantly higher
than most PC enzymes studied to date. For example, SaPC has a
keat Of 20 s in the absence of acetyl-CoA (30). However, the k
increases by approximately sixfold in the presence of acetyl-CoA,
which would make it comparable to that for LIPC. Therefore,
LIPC appears to be in a constitutively activated state, which may
explain why it is not sensitive to acetyl-CoA.

Crystal Structure of LIPC in Complex with c-di-AMP. Next, we de-
termined the crystal structure of LIPC in complex with c-di-AMP
at 2.3-A resolution (Table S1). A tetramer of LIPC was observed
in the crystal (Fig. 24), consistent with previously reported
structures of Rhizobium etli PC (RePC) (31), SaPC (28), and
LmPC (6), and the migration behavior of LIPC on a gel filtration
column is similar to that of SaPC and LmPC. Mg-ADP is bound
in each of the four BC active sites, and three of the B sub-
domains of BC are ordered and in a closed conformation. ATP
was added before crystallization and may have hydrolyzed to
ADP. While a citrate molecule from the crystallization solution
was present in the acetyl-CoA binding pocket in the LmPC
structure, the acetyl-CoA binding pocket is not occupied in the
LIPC structure.

The LIPC tetramer is similar in overall structure to previously
determined PC structures, with two monomers each in the top
and bottom layers of the tetramer (Fig. 24). Contacts between
monomers are mediated primarily by the BC and CT dimers,
which are located at opposite corners of the square-shaped tet-
ramer. As in the LmPC structure (6), the PC tetramerization
(PT) domains do not interact with each other in the tetramer in
the c-di-AMP complex. LIPC shares 63% sequence identity with
LmPC, and the overall structures of the two tetramers are similar
as well (Fig. S1).

All four BCCP domains are well ordered in the LIPC structure
and have nearly identical conformations in the tetramer. In
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contrast to the LmPC structure, electron density for the PT-
BCCP linker in LIPC is clearly visible in all four monomers (Fig.
2B), allowing for unambiguous assignment of the BCCP domains
to each monomer. The BCCP domains are swapped between
monomers in the same layer of the tetramer, with each BCCP
making extensive contacts with the PT domain of the opposite
monomer, burying 800 A? of surface area (Fig. 2C). This BCCP-
PT interface is predominantly composed of hydrophilic residues,
and has previously not been observed in PC crystal structures,
although the BCCP has been found in a similar location in cryo-
EM reconstructions of SaPC (32, 33). The BCCP domain comes
into close proximity with the BC domain of the opposite
monomer, and Lys1103 to which the biotin is covalently attached
is located only 20 A from the BC active site. The biotin moiety
itself is projected into solution and is disordered in the current
structure. The location of BCCP in close proximity to the BC
domain of the opposite monomer in LIPC suggests an alternative
mechanism for PC catalysis (Fig. 2D), in contrast to earlier ob-
servations on RePC and SaPC that suggest BCCP visits the BC
active site of its own monomer during catalysis (Fig. 2E) (28, 31).
It is also possible that this alternative mechanism could be
unique to LIPC, taking into account its distinct biochemical and
regulatory properties.

Binding Mode of c-di-AMP in LIPC. Clear electron density for c-di-
AMP was observed from the crystallographic analysis (Fig. 34).
The c-di-AMP is bound at a solvent-exposed pocket at the CT
dimer interface (Fig. 3B), 25 A from the CT active site (Fig. 24).
The twofold axis of c-di-AMP aligns with that of the CT dimer
(Fig. 3B), and there are two c-di-AMP molecules bound to the
LIPC tetramer (Fig. 24).

This is the equivalent c-di-AMP binding region as that in
LmPC (6). However, the conformation of c-di-AMP and its in-
teractions with the protein are significantly different between
LmPC and LIPC (Fig. 3C). While c-di-AMP bound to LmPC
adopts a U-shaped conformation, the c-di-AMP bound to LIPC
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is found in a somewhat more extended conformation (Fig. 3 C
and D).

The Tyr715 residue in LIPC is equivalent to Tyr722 in LmPC
and makes direct face-to-face m-stacking interactions with the
adenine base (Fig. 3C). However, there is a difference in the
position of the tyrosine side chain in LIPC, which is necessary to
accommodate the more extended conformation of c-di-AMP (Fig.
3C). Tyr749 in LmPC makes a hydrogen bond with one terminal
oxygen of the c-di-AMP phosphate group, and it also forms the
base of the binding pocket (Fig. 3C). The residue is replaced by
Ile742 in LIPC, and the c-di-AMP bound to LIPC sits deeper in
the binding pocket compared with LmPC (Fig. 3C) and with a 7°
rotation (Fig. 3D), likely due to the extra space provided by the
Tyr749-11e742 and Ala753—Gly746 substitutions in LIPC. The
hydrogen bond to the c-di-AMP phosphate group is formed by
Ser745 in LIPC instead (Ala752 in LmPC) (Fig. 3C). Ser745 also
forms a water-mediated hydrogen bond with the ribose 2'-hydroxyl
group. Finally, Ser756 in LmPC makes a water-mediated hydrogen
bond with the other terminal oxygen of the c-di-AMP phosphate
group. This residue is replaced with GIn749 in LIPC, which forms
a direct hydrogen bond to this phosphate oxygen.

Mutagenesis and Biochemical Studies. To confirm the structural
observations on the c-di-AMP binding site in LIPC, we in-
troduced the Y715T mutation (making the residue identical to
that in human PC; Fig. 1B). The mutant was expressed and pu-
rified using the same protocol as the WT protein. In LmPC, the
equivalent mutation (Y722T) resulted in a greater than 50% loss
in baseline catalytic activity (6). In comparison, the LIPC Y715T
mutant had approximately the same baseline catalytic activity as
the WT enzyme (Fig. 3F). As expected, the Y715T mutation
abolished inhibition by c-di-AMP, confirming the c-di-AMP
binding site identified in the crystal structure.

We also produced the G746A mutant (making the residue
identical to that in EfPC), as the alanine side chain could have
some clashes with the c-di-AMP ribose based on the structure
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www.pnas.org/cgi/doi/10.1073/pnas.1704756114

L T

z

D\

C CT Monomer 4 LIPC

w
o
1

63%

Velocity (uM/s)
N
o

WT  Y715T GT746A

(2.2-A distance). This mutant also had approximately the same
baseline catalytic activity as WT, although the inhibition by c-di-
AMP was reduced to 40% (Fig. 3E), lower than the 60% in-
hibition for the WT enzyme. We determined the crystal structure
of the G746A mutant in complex with c-di-AMP at 2.0-A reso-
lution (Table S1). The overall structure of the G746A mutant

tetramer is essentially identical to that of the WT protein (0.39-A

rms distance for their equivalent Ca atoms; Fig. S2). There are
only minor conformational changes for c-di-AMP to fit into the
new binding pocket (Fig. S2). This c-di-AMP binding mode to
the G746A mutant may closely approximate that to EfPC, as the
only remaining difference in the pocket is a Lys756 in EfPC in-
stead of GIn749 in LIPC. Lys756 can maintain the same in-
teraction with c-di-AMP as that observed for GIn749 (Fig. 3C).

Large Conformational Changes upon c-di-AMP Binding. We then
determined the free LIPC structure, in the absence of c-di-AMP,
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Fig. 3. Binding mode of c-di-AMP in LIPC. (A) Omit
Fo—Fc electron density at 2.3-A resolution for c-di-
AMP, contoured at 3c. (B) Molecular surface of
LIPC near the c-di-AMP binding site. The compound
is bound at the CT dimer interface, and the view is
down the twofold axis of this dimer, indicated with
the black oval. (C) Overlay of the binding mode of
c-di-AMP (black) in LIPC (green and yellow) versus that
in LmPC (gray). The labels for LIPC residues (black)
are placed above those for the equivalent LmPC
residues (gray). (D) Overlay of the bound confor-
mations of ¢-di-AMP in LIPC (black) and LmPC (gray).
The view is down the twofold axis of the CT dimers.
There is a rotation of the central ring of c-di-AMP in
the LIPC complex relative to that in the LmPC com-
plex. (E) Kinetic data showing that the Y715T mu-
tant is insensitive to c-di-AMP while the G746A
mutant had reduced sensitivity. The percentage in-
hibition for WT LIPC and the mutants are indicated.

| 37%

The reactions contained 0.16 pM LIPC and 20 mM
pyruvate. Error bars represent SDs over three sepa-
rate experiments.

at 3.1-A resolution (Table S1). All four BCCP domains are dis-
ordered in this structure, although one ordered biotin is observed
in the exo site, which was first identified in the SaPC structure
(28). Three of the B subdomains of BC are disordered, while one
B subdomain is in an open conformation with an empty BC
active site.

The overall structure of free LIPC is remarkably different from
that of the c-di-AMP complex (Fig. 44). The BC dimers are far-
ther apart from each other while the CT dimers move closer in the
free LIPC tetramer, such that the free LIPC tetramer is more
diamond-shaped while the c-di-AMP complex is square-shaped.
The most apparent consequence of these conformational changes
is that the PT domains in the free LIPC structure dimerize (Fig.
44), as observed in SaPC and HsPC (28). This is in contrast to free
LmPC, where the PT domains do not interact and in fact are even
further apart than in the c-di-AMP complex (6). In free LIPC,
the PT domain interaction is mediated primarily by hydrophobic

PNAS | Published online August 14, 2017 | E7229
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interactions between Phel036 of the two monomers. The equiv-
alent residue in SaPC and HsPC (Phe1077) has previously been
found to be critical for maintaining those tetramers as determined
by gel filtration (28).

As observed for the LmPC c-di-AMP complex (6), the four
monomers of the LIPC c-di-AMP complex have essentially the
same conformation. With their CT domains in overlay, only
small differences in the positions of the BC and BCCP domains
are observed, corresponding to a 4° rotation (Fig. 4B). The
conformations of the four monomers in the free LIPC structure
are also similar (Fig. 4C), in sharp contrast to free LmPC where
large differences are observed among the four monomers (6).

The BC dimer in the free and ¢-di-AMP-bound LIPC structures
are similar (0.55-A rms distance for their equivalent Ca atoms;
Fig. S3), indicating that c-di-AMP does not affect the BC dimer
conformation. On the other hand, a major conformational change
of the CT dimer is observed between free LIPC and the c-di-AMP
complex. In fact, the CT dimer in the LIPC c-di-AMP complex is
more similar to that in the LmPC c-di-AMP complex (Fig. 4D)
than the CT dimer from free LIPC (Fig. 4E). This indicates that
c-di-AMP binding leads to a distinct CT dimer conformation. In
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Free LIPC

Fig. 4. Large conformational changes in LIPC upon
c-di-AMP binding. (A) Overlay of the structures of
the ¢-di-AMP complex (in color) and free enzyme
(gray) of LIPC tetramer. The BC dimer of monomers
1 and 3 was used for the overlay. The BCCP domains
in the ¢-di-AMP complex were removed for clarity.
(B) Overlay of the four monomers in the c-di-AMP
complex of LIPC by their CT domains. A small dif-
ference is observed for the BC and BCCP domains.
(C) Overlay of the four monomers in the free enzyme
of LIPC by their CT domains. The four monomers have
roughly the same conformation as well. (D) Overlay of
the LIPC CT dimer in the c-di-AMP complex (in color)
with the LmPC CT dimer in the c-di-AMP complex
(gray). The CT domain in monomer 1 was used for the
overlay, but the overall structures of the two dimers
are similar, with rms distance of 0.89 A for their
equivalent Ca atoms. (E) Overlay of the LIPC CT dimer
in the ¢-di-AMP complex (in color) with that in the
free enzyme (gray). A large difference for the CT
domain in monomer 4 is seen, corresponding to a
5° rotation (red arrow).

addition, there is a significant change in the shape of the c-di-
AMP binding pocket at the CT dimer interface between free
LIPC and the c-di-AMP complex (Fig. S3). In particular, the side
chains of GIn742 and GIn749 occlude the binding pocket in free
LIPC and move to allow c-di-AMP binding.

By comparing the free LIPC tetramer to all previously de-
termined PC structures, we found that the most similar was the
SaPC structure in complex with CoA (Fig. S4; the acetyl-CoA used
in that experiment was hydrolyzed to CoA during crystallization)
(34). On the other hand, the free LIPC structure does not align as
well with free SaPC (Fig. S4). Moreover, the BC dimer in the free
LIPC structure is much more similar to the BC dimer in the SaPC-
CoA complex (0.86 A) than to the free SaPC structure (1.57 A).
Therefore, the LIPC tetramer appears to adopt an “acetyl-CoA—
bound” conformation, even in the absence of the acetyl-CoA li-
gand. The four monomers of SaPC become more similar to each
other upon CoA binding (28, 34), and in this regard LIPC appears
to be more similar to SaPC than LmPC.

Molecular Basis for the Insensitivity of LIPC to Acetyl-CoA Activation.
LIPC appears to be unique among single-chain PC enzymes as it
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is essentially insensitive to activation by acetyl-CoA (Fig. 1E).
The similarity of the free LIPC structure to the CoA complex of
SaPC led us to investigate the possibility that there are specific
sequence variations in LIPC that promote this activated tetramer
conformation. Comparing the structure of the CoA complex to
the free enzyme of SaPC, we noticed that CoA binding causes an
increase in the interface area between the BC domain and the
PT domain of the nearest monomer in the other layer of the
tetramer (Fig. 54 and Fig. S5). This BC-PT interface region is
also the location of acetyl-CoA binding (Fig. S5). The PT do-
main of free SaPC would clash with acetyl-CoA; thus, these
conformational differences between free and CoA-bound SaPC
are caused directly by acetyl-CoA binding.

In the free LIPC structure, this BC-PT interface shows a
surface area burial actually larger than the CoA complex of
SaPC (Fig. 54). Sequence analysis among various PC homologs
in this interface region revealed several residues that appear to
be unique to LIPC (Fig. 5B), and which help to form contacts
between the domains in the structure (Fig. 5C). Two residues in
the PT domain (Lys1006 and Ser1018) are unique to LIPC
among the sequences analyzed, while the two residues in the BC
domain (Glu36 and Tyr37) are found in LIPC and EfPC only. By
comparison, the residues at the BC dimer interface are well
conserved between LIPC and other PC homologs. A quadruple
mutant was designed to perturb the BC-PT interface in LIPC, in
which these four residues were mutated to their equivalents in
SaPC (E36K, Y37S, K1006T, and S1018I; Fig. 5B). This mutant
LIPC exhibited a fourfold decrease in the k., compared with WT
LIPC in the absence of acetyl-CoA, suggesting that the mutations
have converted LIPC into a less active state. Moreover, this
mutant LIPC is activated by acetyl-CoA by approximately two-
fold, with a K, of ~10 pM (Fig. 5D). In comparison, SaPC is
activated approximately sixfold by acetyl-CoA, with a K, of 2 pM.
Thus, these mutations cause the enzyme to become sensitive
to acetyl-CoA, implicating this BC-PT interface as an impor-
tant allosteric regulatory site for catalysis and activation by
acetyl-CoA.

The Role of LIPC in Growth and Milk Acidification by L. actis. Like
most lactic acid bacteria, L. lactis contains a truncated TCA cycle
(Fig. 64). Amino acids aspartate and glutamate can be synthe-

sized from the TCA intermediates oxaloacetate and a-ketoglu-
tarate, respectively. However, in the case of L. lactis, glutamate is
unable to be synthesized due to a lack of isocitrate de-
hydrogenase and glutamate dehydrogenase activities (35) (Fig.
6A4). To determine whether LIPC is required for aspartate bio-
synthesis, we generated a markerless LIPC deleted mutant
(ApycA) and tested its ability to grow in rich media (GM17) and
chemically defined media (CDM). The ApycA strain grew simi-
larly to WT in GM17, which contains abundant amino acids. The
mutant was, however, unable to grow in CDM in the absence of
either aspartate or asparagine (Fig. 6B). Complementation of
the pycA gene (pGh9-pycA) into ApycA restored growth in CDM
(Fig. 6B). Aspartate is the precursor of asparagine and their
interconversion is likely carried out in L. lactis by AsnB and
AnsB (36). These results demonstrate that LIPC is essential for
oxaloacetate and ultimately aspartate biosynthesis in L. lactis.

Next, we examined whether LIPC is important for milk acidi-
fication, an important industrial property of L. lactis. Since the
L. lactis strain MG1363 does not contain lactose uptake and utili-
zation genes, cells were grown in milk supplemented with glucose.
The acidification rate of the ApycA strain was significantly
slower than the pyc4 complemented strain (Fig. 6C). The growth
rate of ApycA (+pGh9) and ApycA (+pGh9-pycA) in glucose-
supplemented milk were similar; however, ApycA (+pGh9-pycA)
reached a higher late stationary-phase colony-forming units per
milliliter (P < 0.01 at 18 h and P < 0.001 at 23 h). Accelerated milk
acidification was observed when the complemented strain entered
stationary phase, at which point cell numbers were indifferent to
the mutant (P = 0.39 at 12 h and P = 0.20 at 14 h) (Fig. 6C).
Therefore, we hypothesized that ApycA experiences aspartate
deprivation near the stationary phase, which results in slower
metabolism and poor milk acidification. To test this, different
amino acids were supplemented into the milk media. The addition
of aspartate or asparagine to milk fully restored acidification rates
and stationary-phase cell numbers of the ApycA strain comparable
to the WT (Fig. 6D). Together these results imply that LIPC is
important for the supply of aspartate to achieve efficient acidifi-
cation of milk by L. lactis.

Regulation of Aspartate Biosynthesis by c-di-AMP Control of LIPC. We
hypothesized that aspartate biosynthesis in L. lactis is regulated
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tate in WT and a high c-di-AMP gdpP mutant strain (OS2) (2)
were measured. The aspartate level in OS2 was 65% lower
compared with WT (Fig. 6E), suggesting that high c-di-AMP
dampens aspartate synthesis. To determine whether this lower
aspartate level is due to c-di-AMP-mediated inhibition of LIPC,
we introduced into strain OS2 genes encoding WT LIPC as well
as the G746A and Y715T mutants, which are partially or com-
pletely insensitive to c-di-AMP, respectively (Fig. 3E). The as-
partate level in OS2 overexpressing pycA“7#** was insignificantly
different to OS2 only, OS2 containing an empty plasmid, or OSZ
overexpressing WT pycA (Fig. 6E). Overexpression of pycA*”

in OS2, however, resulted in restoration of aspartate levels
comparable to WT (Fig. 6E). Therefore, only the completely
insensitive LIPC Y715T mutant was able to restore aspartate
levels in a high c-di-AMP L. lactis strain. The inability of the
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may be due to the presence of background WT LIPC expressed
from the genome in these strains resulting in PC heterotetramers
that could exhibit greater sensitivity toward c-di-AMP, or the
difference between in vivo and in vitro assay conditions. None-
theless, these findings demonstrate that c-di-AMP-mediated
regulation of LIPC function is important for modulating the as-
partate pool in L. lactis.

Discussion

Similar to L. monocytogenes, L. lactis lacks the a-ketoglutarate
dehydrogenase enzyme and has a truncated TCA cycle. The
oxaloacetate generated by PC can be diverted into three path-
ways: (i) the oxidative pathway leading in a few steps to
a-ketoglutarate and NADH; (ii) the reductive pathway lead-
ing to malate and then succinate; and (iii) the biosynthesis of
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aspartate through aspartate aminotransferase (37). However,
unlike L. monocytogenes, L. lactis lacks the glutamate dehydro-
genase enzyme to convert a-ketoglutarate to glutamate, and
glutamate cannot be produced de novo (38). In addition, the
upstream enzyme isocitrate dehydrogenase, which converts iso-
citrate to a-ketoglutarate, has also been found to be non-
functional (35), although its activity has been detected in one
atypical L. lactis strain (37). Thus, compared with L. mono-
cytogenes in which production of glutamate is one of the main
functions of PC activity (6), this oxidative pathway may be less
important in L. lactis.

Instead, the primary function of PC activity in L. lactis appears
to be aspartate biosynthesis based on our work here and that of
others. Early studies involving [*C]bicarbonate feeding found
that the major product of CO, fixation in L. lactis cells was as-
partate, with 90% of the radiolabel incorporated into this one
amino acid (39). In agreement with this, aspartate was found to
be the only significant de novo-synthesized amino acid in
L. lactis, with all other amino acids being taken up mostly from
the medium (40). With regards to its role in L. lactis, a slow milk
coagulation phenotype (Fmc") in L. lactis was found to be caused
by a deficiency in PC, and this defect could be rescued by sup-
plementing the growth medium with aspartate or aspartate-
containing peptides (41). This strain, however, was created us-
ing chemical mutagenesis, and although the level of PC protein
was found to be lower, the nature of the mutation(s) in this strain
is as yet unknown (27). The single aspartate aminotransferase
AspC in L. lactis, which converts oxaloacetate to aspartate, has
also been found to be essential for growth in minimal media and
milk acidification (42). It was mentioned that the aspC mutant
was unable to grow in milk; however, this was determined by
measuring ODgq levels using a milk clarification procedure, not
viable cells counts (42). Like that observed here for ApycA, it is
therefore possible that the aspC mutant can grow in milk, but to
lower final cell densities, which can be difficult to observe fol-
lowing milk clarification. Although aspartate is abundant in the
major milk protein casein, it is clear that de novo synthesis via
PC and AspC is necessary to achieve efficient acidification.

Aspartate is a precursor for several other amino acids as well
as for pyrimidine biosynthesis. Changes in the aspartate pool in
L. lactis will likely have significant implications for downstream
biosynthetic pathways, which contribute to phenotypes controlled
by c-di-AMP. For example, recent work has suggested that the
aspartate pool affects cell wall cross-linking and peptidoglycan
plasticity in L. lactis, since it is a precursor for peptidoglycan cross-
bridge amino acids (43). One of the best-characterized roles of
c-di-AMP is in osmoregulation where it controls the two primary
mechanisms that bacteria use to deal with changes in osmotic
pressure—solute uptake and cell wall strength. c-di-AMP binds
to and negatively regulates potassium (9, 44) and compatible
solute transporters (7, 8) and also affects peptidoglycan precursor
biosynthesis (2). Recent work has identified suppressor mutations
in osmoprotectant transporters as well as in PC in a Adac4A mu-
tant of L. monocytogenes (26). This study suggested that PC-
controlled metabolic products play a role in osmoregulation,
which would explain why c-di-AMP targets an enzyme involved in
central metabolism.

The characteristics of L. lactis suggest that the unique bio-
chemical properties of LIPC have been adapted for the particular
growth requirements of the bacterium. Acetyl-CoA regulation of
PC couples the levels of acetyl-CoA in the cell to the production
of oxaloacetate by PC, such that citrate synthase can efficiently
convert acetyl-CoA and oxaloacetate to citrate. This metabolic
pathway appears to be less important in L. lactis, while the con-
version of oxaloacetate to aspartate is prioritized. This prioritiza-
tion of aspartate biosynthesis over citrate is consistent with our
finding that LIPC is not subject to acetyl-CoA regulation as is
observed in other PC enzymes. In addition, LIPC has a much
higher k., than previously studied PC enzymes, suggesting that
high levels of PC activity are needed to sustain bacterial growth. In
L. lactis, c-di-AMP is used as a negative allosteric regulator to
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dampen the high baseline enzymatic activity of PC. In other
bacterial species that do not use c-di-AMP to regulate PC, the
opposite may be the case, where PC activity is low at baseline, and
acetyl-CoA is used to up-regulate activity as needed. L. mono-
cytogenes appears to have the most complex regulation, with both
c-di-AMP and acetyl-CoA working in concert to modulate enzy-
matic activity. This dual regulation in L. monocytogenes may be
necessary to meet specific metabolic demands, while less fine-
tuned regulation may be adequate in other bacterial species.

LIPC has acquired several mutations at the BC-PT interface
in the tetramer, which is also the location for acetyl-CoA binding
as identified in RePC and SaPC. Structurally, these mutations
result in greater surface area burial in the BC-PT interface in
LIPC, similar to that observed in the CoA complex of SaPC. The
BC dimer conformation as well as the overall tetramer structure
of LIPC are also similar to the CoA complex of SaPC. Bio-
chemically, these mutations result in a more active enzyme,
which no longer responds to acetyl-CoA activation. As a result,
regulation by c-di-AMP appears to be the main control mecha-
nism for LIPC activity. However, LIPC still contains an intact
acetyl-CoA binding pocket and is activated by acetyl-CoA to a
small degree when it is in an inhibited state bound to c-di-AMP.
Thus, LIPC appears to be regulated in opposing directions
by both c-di-AMP and acetyl-CoA, which is similar to that
for LmPC.

The LIPC and LmPC structures indicate that c-di-AMP can be
recognized even without strict conservation of the binding
pocket. The divergent amino acids interacting with c-di-AMP
result in distinct conformations of the compound to fit the par-
ticular shape of the binding pocket. Like in LmPC, the adenine
does not appear to be recognized specifically by LIPC, so how the
specificity for c-di-AMP over c-di-GMP is achieved remains
unclear. These structures suggest that the minimum require-
ments for c-di-AMP binding to PC include an aromatic residue
to n-stack with the adenine, and small residues (serine, alanine,
glycine) at positions 745-746 (752-753 in LmPC) in order for
c-di-AMP to gain access to the pocket. These rules can be used
to identify other bacterial PCs, which are regulated by c-di-AMP.
The LmPC and LIPC structures demonstrate that even divergent
residues in the binding pocket can recognize c-di-AMP, and
other bacterial PCs could recognize c-di-AMP using yet other
sets of residues.

Even with the differences in how LmPC and LIPC recognize c-
di-AMP, in both cases the compound appears to act as a sort of
molecular wedge, in which the CT monomers are pushed apart
to adopt a particular “c-di-AMP-bound” CT dimer conforma-
tion. This change in the shape of the CT dimer leads to a dra-
matic change in the overall tetramer conformation in both LmPC
and LIPC. This local change in the CT dimer conformation and/
or the global change in the tetramer may be the molecular
mechanism for the inhibitory effect of c-di-AMP. It has been
proposed that acetyl-CoA activates PC activity by changing the
BC dimer to a more active conformation (34). A similar mech-
anism could also be possible for the CT dimer, although how the
observed structural changes would result in the inhibition of the
CT active site is not clear. Another possibility is that the overall
tetramer conformation induced by c-di-AMP may restrict
movement of BCCP between the active sites or its access to the
active sites.

Methods

Protein Expression and Purification. The Lactococcus lactis strain was obtained
from the US Department of Agriculture Agricultural Research Service Cul-
ture Collection from which the genomic DNA was purified. The pyruvate
carboxylase gene for Lactococcus lactis was amplified from genomic DNA
and subcloned into the pET28a vector with an N-terminal hexahistidine tag
(Novagen). This expression construct was then cotransformed into BL21 Star
(DE3) cells along with a plasmid encoding the Escherichia coli biotin ligase
(BirA) gene.

The cells were cultured in LB medium with 35 mg/L kanamycin and 35 mg/L
chloramphenicol and were induced for 14 h with 1 mM IPTG at 20 °C. Before
induction, 20 mg/L biotin and 10 mM MnCl, were supplemented to the
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culture medium. The protein was purified through nickel-agarose affinity
chromatography (Qiagen) followed by gel filtration chromatography (Sephacryl
S-300; GE Healthcare). The purified protein was concentrated to 15 mg/mL in
a buffer containing 20 mM Tris (pH 8.0), 150 mM Nacl, 5% (vol/vol) glycerol,
and 5 mM DTT, flash-frozen in liquid nitrogen, and stored at -80 °C. The protein
was confirmed to be fully biotinylated by a streptavidin gel-shift assay. Strep-
tavidin was added in a 2:1 molar ratio to the protein before running the sample
on the gel. The complex with biotin is stable to the presence of SDS and causes
a shift of the protein band. The N-terminal hexahistidine tag was not removed
for crystallization.

Protein Crystallization. Crystals of LIPC were grown by the sitting-drop vapor
diffusion method at 20 °C. For the c-di-AMP complex, the protein at 5 mg/mL
was incubated with 2.5 mM c-di-AMP and 2.5 mM ATP for 30 min at 4 °C
before crystallization setup. The reservoir solution contained 20% (wt/vol)
PEG3350, and 0.2 M ammonium formate. Crystals appeared within a few
days and grew to full-size within 1 wk. The crystals were cryoprotected in the
reservoir solution supplemented with 18% (vol/vol) ethylene glycol and were
flash-frozen in liquid nitrogen for data collection at 100 K.

For LIPC free enzyme, the protein at 5 mg/mL was incubated with 4 mM
ATP for 30 min at 4 °C before crystallization setup. The reservoir solution
contained 15% (wt/vol) PEG 3350 and 0.2 M ammonium tartrate. Crystals
appeared after 2 d and grew to full-size within a week. They were cry-
oprotected in the reservoir solution supplemented with 25% (vol/vol) eth-
ylene glycol and flash-frozen in liquid nitrogen for data collection at 100 K.

Data Collection and Structure Determination. X-ray diffraction data were
collected at the Advanced Photon Source beamline NE-CAT 24-ID-C using a
Pilatus-6MF detector. The diffraction images for the c-di-AMP complex were
processed using HKL2000 (45). The diffraction images for the free enzyme
were processed using XDS (46), and scaled with the program Aimless in the
CCP4 package (47).

The structures were solved by the molecular replacement method with the
program Phaser (48), using the BC, CT, and BCCP domains of the Listeria
monocytogenes PC structure as the search models. Manual rebuilding was
carried out with Coot (49) and refinement with the program Refmac (50).

Mutagenesis and Kinetic Studies. Mutants were made using the QuikChange
kit (Stratagene) and confirmed by sequencing. They were expressed and
purified following the same protocol as described for the WT enzyme. The
catalytic activity was determined based on a published protocol (51), which
couples oxaloacetate production to the oxidation of NADH by malate de-
hydrogenase, followed spectrophotometrically by the decrease in absor-
bance at 340 nm. The activity was measured at room temperature in a
reaction mixture containing 20 mM Tris (pH 7.5), 200 mM NacCl, 5 mM MgCl,,
50 mM sodium bicarbonate, 50 mM ammonium sulfate, 5 units of malate
dehydrogenase (Sigma), 2 mM ATP, and pyruvate carboxylase and pyruvate
concentrations as stated. The k.,; was calculated based on PC monomers.

Bacterial Culture Conditions. L. /actis strains (Table S2) were grown at 30 °Cin
M17 media (Difco) (52) supplemented with 0.5% (wt/vol) glucose (GM17).
L. lactis pRV300 derivatives or L. lactis with freely replicating pGh9 were
grown at 30 °C in the presence of 3 pg/mL erythromycin (Em). E. coli NEB-5a
containing pRV300 derivatives were grown in Luria-Bertani broth (LB)
containing 100 pg/mL ampicillin at 37 °C with aeration at 230 rpm (OM11
Orbital mixer, Ratek). E. coli NEB-5a containing pGh9 derivatives were grown
in Heart Infusion media (Oxoid) containing 150 pg/mL Em at 30 °C with
aeration at 230 rpm (OM11 Orbital mixer, Ratek).

Construction of a ApycA Mutant and pycA Complemented L. Jactis Strains.
Primers and plasmids used in this study are shown in Tables S3 and S4. A
ApycA mutant strain was generated using a two-step single crossover ho-
mologous recombination process with the nonreplicating plasmid pRV300.
DNA fragments (~1 kb) upstream and downstream of pycA (lImg_0643)
were joined via overlap extension PCR (OE-PCR). A small amount (40 bp from
the start and 65 bp from the end) of pycA was included in the fragments to
limit disruption of upstream and downstream genes. The joined DNA was
ligated into Xhol- and Pstl-digested pRV300. The plasmid was transformed
into E. coli NEB-5q, verified by sequencing, and electroporated into L. lactis
MG1363 using a previously described method (53). A single recombinant was
selected on GM17 media containing 3 pg/mL Em (GM17Em) and plasmid
integration confirmed by PCR. The plasmid was then removed from the
chromosome by successive subculturing in GM17 broth supplemented with
L-asparagine (0.125 g/L) but without erythromycin (GM17-Asn). Asparagine
was added in case the ApycA strain possessed a growth defect due to low

E7234 | www.pnas.org/cgi/doi/10.1073/pnas.1704756114

asparagine/aspartate levels. To identify plasmid excision, colonies were
replica plated onto GM17-Asn with and without Em. PCR was used to con-
firm deletion of pycA in Em-sensitive colonies. For complementation, the
entire pycA gene was cloned into Pstl- and Xhol-digested pGh9. The
pGh9 plasmid is derived from pGh9::1SS7 (54), which contains an Em resis-
tance gene upstream of the Pstl site. The lack of a transcription terminator
after the Em gene likely allows for expression of the downstream cloned
pycA gene. The plasmid was transformed into E. coli NEB-5q, verified by
sequencing, and electroporated into the ApycA mutant.

Construction of pycA-, pycA""*-, and pycAS7%°A-Overexpressing Strains. OE-
PCR was used to generate pycA"”’°T and pycA®7#¢4 mutations by the fus-
ing of two ~1.5-kb DNA fragments. These joined fragments were ligated
into Xhol- and Pstl-digested pRV300, and the plasmids were verified by se-
quencing after transforming into E. coli NEB-5a. They were integrated into
L. lactis MG1363 and the gdpP mutant OS2 using the same two-step single-
crossover homologous recombination process as above, except L-asparagine
was not supplemented into the media. Strains containing the pycAY”’*T and
PycAS7464 \were obtained and confirmed by PCR and sequencing. However,
we noticed that, in strain OS2, osmoresistant suppressor mutations fre-
quently occurred during subculturing over several days in the plasmid exci-
sion step. Therefore, the complete mutated pycA genes were instead
amplified from MG1363 containing pycAY”’*T and pycA%7#4 in the chro-
mosome and cloned into Pstl- and Xhol-digested pGh9 and electroporated
into L. lactis OS2 along with the pGh9-pycA plasmid.

Growth in Chemically Defined Media. The chemically defined medium (CDM)
was prepared by supplementing important components for growth of Lac-
tococcus (55) into Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-
Aldrich; catalog no. D5921). Additional components were provided as in-
dicated: 0.011 g/L adenine, 0.001 g/L guanine, 0.0038 g/L xanthine, 0.023 g/L
uracil, 3.6 g/L KH,PO,4, 7.3 g/L K;HPO,4, 13.05 g/L Mops, 0.13 g/L L-histidine,
0.72 g/L r-arginine, 1 g/L t-leucine, 0.6 g/L L-valine, 0.584 g/L L-glutamine,
0.9 g/L potassium acetate, 0.006 g/L biotin, 0.0075 g/L EDTA, 0.004 g/L FeSO47H,0,
0.005 g/L ZnSO,4-7H,0, 0.00038 g/L MnSO,44H,0, and 5 g/L glucose. When re-
quired, CDM was supplemented with 0.125 g/L L-asparagine, 0.42 g/L L-aspartate,
0.1 g/L L-glutamate, 0.24 g/L L-alanine, or 3 pg/mL Em. L. lactis strains were
grown in GM17 at 30 °C overnight with or without Em as required. Over-
night cultures were then diluted 1:100 in fresh GM17 media with or without
Em until midexponential phase (ODgoo of ~0.6). Aliquots (1.5 mL) were
centrifuged and resuspended in 1 mL of DMEM, and then between 100 and
200 pL was used to inoculate CDM. Cultures were incubated at 30 °C, and
ODggp Was determined after 20 h of incubation using a spectrophotometer
(Lovibond). Averages and SDs were calculated based on three biological
replicates.

Growth and Acidification in Skim Milk. Cultures were grown in GM17 with or
without Em as required until an ODggo ~0.1. A 1- to 2-mL aliquot of cells was
harvested by centrifugation (8,000 x g, 5 min) and washed and resuspended
in 1 mL of 0.085% sterile NaCl. Cells were diluted a further 10-fold and 5 pL
was added to 50 mL of 10% (vol/vol) sterile skim milk (Difco) containing 1%
(wt/vol) glucose. Glucose was added since L. lactis MG1363 does not contain
lactose utilization genes. When required, the skim milk was supplemented
with 0.125 g/L L-asparagine, 0.42 g/L L-aspartate, 0.1 g/L .-glutamate, 0.24 g/L
L-alanine, or 3 pg/mL erythromycin for plasmid-containing cells. Colony-
forming units per milliliter were monitored by plating dilutions onto
GM17 (with or without Em), and pH was measured using a standard
benchtop pH meter (pH Cube; TPS). Averages and SDs were calculated based
on three biological replicates, and statistical analysis was carried out using
Tukey’s multiple-comparisons test.

Extraction and Quantification of Aspartate. L. /actis was grown in GM17 broth
with or without Em as required until ODgoo ~0.8. Cells (20 mL) were pel-
leted by centrifugation at 5,000 x g for 10 min and washed twice with
2 mL of 0.01 M phosphate buffer (pH 7). Cells were then resuspended in
1.7 mL of deionized water and mixed with 0.5-mL equivalent of 0.1-mm
zirconia/silica beads and disrupted using a Precellys 24 homogenizer
(Bertin Technologies) three times for 1 min each, with 1-min cooling on ice
in between. Glass beads were separated by centrifugation at 21,380 x g
for 5 min, and then supernatants were collected. Relative lysis efficiency
was determined by OD,go using a NanoDrop One (Thermo Scientific). As-
partate was quantified using an aspartate assay kit (MAKO095; Sigma-
Aldrich). In this method, aspartate is converted to pyruvate, which is
then oxidized by a probe that changes color (ODs;0). Reaction mixes for
samples consisted of 0.5 pL of aspartate enzyme mix, 0.5 puL of conversion
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mix, and 0.5 pL of probe, and were adjusted to 12.5 pL with aspartate assay
buffer. Reaction mixes for the background control (to correct for pyruvate
present in the sample) were set up the same as for samples, but omitting
the aspartate enzyme mix. Cell extracts (4 pL) were adjusted to 12.5 puL
with aspartate assay buffer and were added to each of the control and
sample reaction mixes (total volume, 25 pL). Concentrations were calcu-
lated by subtracting the ODsq of the blank from the sample and dividing
the obtained value by OD,go. Averages and SDs were calculated based on
three biological replicates.
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