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Staphylococci produce autoinducing peptides (AlIPs) as quorum-
sensing signals that regulate virulence. These AIPs feature a
thiolactone macrocycle that connects the peptide C terminus to
the side chain of an internal cysteine. AIPs are processed from
ribosomally synthesized precursors [accessory gene regulator D
(AgrD)] through two proteolytic events. Formation of the thio-
lactone is coupled to the first of these and involves the activity of
the integral membrane protease AgrB. This step is expected to be
thermodynamically unfavorable, and therefore, it is unclear how
AlP-producing bacteria produce sufficient amounts of the thiolac-
tone-containing intermediate to drive quorum sensing. Herein, we
present the in vitro reconstitution of the AgrB-dependent pro-
teolysis of an AgrD precursor from Staphylococcus aureus. Our data
show that efficient thiolactone production is driven by two unan-
ticipated features of the system: (/) membrane association of the
thiolactone-containing intermediate, which stabilizes the macrocycle,
and (i) rapid degradation of the C-terminal proteolysis fragment
AgrDS, which affects the reaction equilibrium position. Cell-based
studies confirm the intimate link between AIP production and intra-
cellular AgrD€ levels. Thus, our studies explain the chemical prin-
ciples that drive AIP production, including uncovering a hitherto
unknown link between quorum sensing and peptide turnover.

Staphylococcus aureus | quorum sensing | thiolactone |
protein homeostasis | thermodynamics of proteolysis

uorum sensing (QS) is a process in which individual mi-
chobes produce and sense a diffusive signaling molecule
(known as the autoinducer) to coordinate behaviors of the pop-
ulation (1). In the commensal pathogen Staphylococcus aureus, QS
is required for the synchronized adjustment of gene expression
patterns that ultimately enables the pathogen to establish an in-
fection and endure the immune defense of the mammalian host
(2, 3). The chromosomal locus that encodes this QS machinery
is called the accessory gene regulator (agr). The autoinducer,
autoinducing peptide (AIP), contains a thiolactone ring formed by
condensation of the C-terminal carboxyl group and the sulfhydryl
group of an internal cysteine (Fig. 14, Inset). The resulting mac-
rocycle is absolutely necessary for binding of the peptide to its
receptor AgrC (2) and conserved in the autoinducer peptides
produced by a plethora of low-GC, Gram-positive pathogens, with
variations to oxolactones seen in a few cases (4, 5).

AIP biosynthesis is of particular interest to us, because for-
mation of the high-energy thiolactone linkage is thought to not
be coupled to ATP hydrolysis. It is unclear how the bacteria
overcome the thermodynamic challenge to produce AIP at a rate
sufficient for punctual QS induction. In the current AIP bio-
synthesis model (Fig. 14, black arrows), the peptide is riboso-
mally translated as a precursor, AgrD, in which the mature AIP
sequence is flanked by an N-terminal leader peptide and a
C-terminal recognition sequence (6). The N-terminal leader forms
an amphipathic helix, which attaches the precursor to the inner
leaflet of the cell membrane (7). In the first step, AgrD is pro-
cessed by a membrane-integrated peptidase, AgrB, such that the
C-terminal recognition sequence (AgrD®) is removed with con-
comitant installation of the thiolactone (Fig. 14, step 1) (8, 9).
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This intermediate, herein referred to as AgrD(1-32)-thiolactone,
is then translocated to the extracellular leaflet of the cell mem-
brane, where the general signal peptidase SpsB is thought to clip
off the N-terminal leader peptide (10), releasing AIP to the ex-
tracellular space (Fig. 14, step 2). The first proteolytic event in this
process is reminiscent of the ring closure step in the biosynthesis of
a spectrum of lactam-containing ribosomal peptide natural prod-
ucts, including cyanobactins, amatoxins, cyclotides, and orbitides
(11). However, although lactam formation through peptidyl
transfer is roughly isoenthalpic (and hence, entropically driven
overall), thiolactone formation through an analogous process is
expected to be an enthalpically uphill process and thus, overall
thermodynamically less favorable. We note that, although the
pathway discussed above is generally accepted, the existence of the
thiolactone intermediate has not been unambiguously proven (9,
12). Thus, an alternative and thermodynamically reasonable
pathway could involve a process in which AgrD is first cleaved by
AgrB to give a linear AgrD(1-32) peptide, which is then cyclized
to give the AgrD(1-32)-thiolactone on, for example, ATP-dependent
activation on the C-terminal carboxylate (Fig. 14, dashed arrows). A
full understanding of thiolactone formation in the AIP, therefore,
necessitates precise characterization of the product of step 1 and if
cyclization occurs, demonstration of its spontaneity under physiolog-
ically relevant conditions.

Herein, we present the in vitro reconstitution of the first step
in AIP biosynthesis using highly purified recombinant or synthetic
reagents. AgrB from S. aureus forms stable dimers and is func-
tional only when embedded in lipid bilayers. AgrB catalyzes the
efficient, reversible cyclization of AgrD into the thiolactone in-
termediate alongside a slow, irreversible hydrolysis reaction that
gives the linear AgrD(1-32) fragment. From a quasiequilibrium
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Fig. 1. AIP biosynthesis and models for free energy change estimation for
the thiolactone formation. (A) Models of AIP production in S. aureus cells as
exemplified by processing of AgrD-I. The generally accepted pathway and an
alternative pathway are depicted using black and dashed arrows, re-
spectively. (Inset) Sequences of AIPs produced by agr variants | and Il. (B) A
two-step model that recapitulates the thiolactone formation from a linear
peptide. Estimated values of free energy change and/or equilibrium constant
are shown for each step. Details are in the text.

state involving AgrD, AgrD(1-32)-thiolactone, and the AgrD®
fragment, we determined the equilibrium constant of the cycliza-
tion. Our data suggest that the bacterium can maintain a rea-
sonable intracellular level of thiolactone intermediate only when
the turnover of AgrD® through additional proteolysis is efficient.
Membrane targeting of this intermediate by the N-terminal leader
sequence induces lipid partitioning of the macrocycle and thereby,
enhances its stability against ring-opening thiolysis. This effect
partly ameliorates the enthalpic deficit of the thiolactone forma-
tion and renders the reaction more permissible than would oth-
erwise be expected.

Results

Estimation of the Free Energy Cost Associated with Thiolactone
Formation. To get a better picture of the thermodynamic chal-
lenge associated with conversion of AgrD into a thiolactone, we
first estimated the AG for the reaction based on existing data on
analogous model reactions. A two-step process would recapitu-
late such a reaction: the scissile peptide bond first undergoes
thiolysis with a CoA mimic, N-acetylcysteamine (NAC), to give
an N-terminal thioester fragment and an unmodified C fragment
(Fig. 1B), and the N-terminal fragment subsequently cyclizes into
a thiolactone to release NAC (Flg 1B). The standard AG
conditioned at pH 7 of step 1, AG,”" = 7.4 kcal/mol, is assigned
according to the well-documented data for the hydrolysis of a
Gly-Gly peptide bond or a thioester bond in acetyl-CoA (details
in SI Appendix) (13, 14). With respect to step 2, we assume that
the macrocycle resembles an unstrained large ring and that the
ring closure is isoenthalpic. As a consequence, the equilibrium
constant (K.q) of this ring closure should stay between 0.01 and
0.05 M as predicted from the effective molarity for the cycli-
zation of a bifunctional molecule into a large ring (details in S/
Appende) (15). This interval corresponds to a AGZU’ value
ranging from 1.8 to 2.8 kcal/mol We, hence, used AG,” = 2.3
keal/mol to calculate the AG® gyeran and the ch overall fOr the
strain-free thiolactone formation from a generic peptide (Egs. 1
and 2):

AGO

overall

=AGY + AGY =9.7 keal /mol [1]

and
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Keg, overat = Xp (= AG, o /RT) = 14107, [2]
The estimated K, overan» if applied to the AgrD(1-32)-thiolac-
tone formation from AgrD, would restrict the intracellular
abundance of the former to a level incompatible with the AIP
production rate required for agr autoinduction (Discussion).
Therefore, assuming the thiolactone intermediate to be the di-
rect product of AgrB-mediated proteolysis in vivo, some mech-
anism must exist to render the reaction more permissible.

Expression and Purification of Recombinant AgrB and AgrD Constructs.
Four agr allelic variants have been found in S. aureus, each pro-
ducing an AIP with distinctive QS specificity (6, 16). We elected to
study the AgrB and AgrD from alleles agr-I and agr-II in our re-
constitution studies. The current model of AIP biosynthesis has
been developed primarily based on cells possessing an agr-I allele,
which is significantly diverged from agr-II: AgrB-1I and AgrD-II
share 61% and 48% sequence identity with AgrB-I and AgrD-I,
respectively. Importantly, genetic studies show that heterologous
processing of AgrD is forbidden between these two alleles (6).
WT AgrD-I and AgrD-II as well as N-terminally FlagHisg-
tagged versions thereof were generated using a recombinant
fusion protein strategy (SI Appendix, Figs. S1 A and B and S9 and
Table S1). AgrB-I and AgrB-II were overexpressed in Escher-
ichia coli as Hises-tagged recombinant proteins and purified (S/
Appendix, Fig. S1C). Surprisingly, AgrB-I and AgrB-II showed
multiple bands when analyzed by SDS/PAGE, despite being
chemically homogeneous as indicated by MS (SI Appendix, Fig.
S1D). Suspecting that this behavior reflected oligomerization of
the protein, we used chemical cross-linking as well as a nanodisc
reconstitution assay (17) to show that AgrB forms proteolytically
active, stable dimers in lipid layers (SI Appendix, Fig. S2).

AgrD(1-32)-Thiolactone Is the Major Product of the AgrB-Catalyzed
Proteolysis of AgrD. We next set out to characterize the products
of AgrB-mediated proteolysis of AgrD. To this end, AgrB and
AgrD (from agr-I or agr-II) were coreconstituted into liposomes
composed of 1-palmitoyl-2-oleyl-phosphatidylcholine (POPC)
and 1-palmitoyl-2-oleyl-phosphatidylglyerol (POPG) at a ratio of
3:1. This lipid composition was selected based on preliminary
proteolysis assays using AgrB embedded in liposomes comprised
of POPC-POPG mixtures at different ratios (SI Appendix, Fig. S3
A and B) (18). Tris-Tricine SDS/PAGE revealed efficient pro-
teolysis occurring between cognate AgrB-AgrD pairs but not
heterologous ones (SI Appendix, Fig. S3C). Additional charac-
terization of the proteolysis products of nontagged AgrD-I and
AgrD-II was achieved using reverse-phase (RP) -HPLC and MS
(Fig. 2A4). For each reaction, RP-HPLC/MS identified three
products in addition to the starting material, namely AgrD®,
AgrD(1-32)-thiolactone, and linear AgrD(1- 32) (Fig. 2 B-E).
Importantly, the thiolactone is the major AgrD(1-32) fragment
in both reactions (Fig. 2 B, green arrow and D, green arrow),
which is in line with the AIP biosynthesis model depicted by
black arrows in Fig. 14. We, therefore, refer to the AgrB-cata-
lyzed processing of AgrD as the “proteolytic cyclization.”

AgrD Processing by AgrB Is a Reversible Process. In our initial re-
constitution trials, complete consumption of AgrD was never
observed, despite significant production of AgrD(1-32)-thi-
olactone. To account for this finding, we speculated that the
proteolytic cyclization might have reached a balanced equilib-
rium under our reaction conditions. To test this idea, we treated
AgrD-I (the FlagHiss-tagged version; 20 pM) with proteolipo-
somes containing 1 pM AgrB-I and analyzed the reaction mix-
ture by RP-HPLC at a series of time points (Fig. 34). We
observed time-dependent consumption of the starting material
as well as the production of three additional species identified by
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Fig. 2. AgrD(1-32)-thiolactone is the major product of AgrB-catalyzed pro-
teolysis of AgrD. (A) Schematic representation of the proteolysis reaction.
(B and C) C4 RP-HPLC chromatograms of the proteolysis reactions of
(B) AgrD-l and (C) AgrD-Il. Product peaks are indicated with arrows. (D and E)
Deconvoluted MS highlighting the isotopic profile of the AgrD(1-32)-thiol-
actone species (green arrows) generated from (D) AgrD-I and (E) AgrD-Il.
MW, molecular mass.

MS as the AgrD€ cleavage fragment and the thiolactone and
linear AgrD(1-32) fragments. The amount of starting material
and products were quantified based on integration of the RP-
HPLC traces, and the molarity of each species was normalized to
the starting molarity of AgrD (Fig. 3B and SI Appendix, Fig. S44).
During the initial stage of the reaction (# < 10 min), the full-length
precursor AgrD was efficiently cyclized to AgrD(1-32)-thiolactone
(with the concomitant release of the AgrD® fragment), whereas
only small amounts of linear AgrD(1-32) were generated. The
cyclization then gradually slowed down, reaching a maximum by
about 30 min, which is likely caused by the dynamic equilibrium
being reached (vide infra). In contrast to this equilibration behavior,
the linear AgrD(1-32) was produced irreversibly at a slow but
constant rate throughout the time course (Fig. 3B). Intriguingly, its
production after t = 30 min was coupled to a concerted decrease
in the molar fraction of AgrD and AgrD(1-32)-thiolactone (Fig.
3B). This kinetic observation can be understood in terms of a
preequilibrium model, in which the proteolytic cyclization is a
reversible process occurring much faster than the irreversible
production of linear AgrD(1-32). In this model, the fast reaction
reaches a quasiequilibrium state that approximates the real
thermodynamic equilibrium.

To further explore the apparent reversibility of the proteolytic
cyclization, we synthesized an AgrD-I€ peptide with a C-terminal
carboxyamide (AgrD-I“-NH,) and attempted to ligate it to the
recombinantly prepared AgrD-I(1-32)-thiolactone (FlagHisg-
tagged) (SI Appendix, Figs. S1A and S9 and Table S1) in the
presence of AgrB-I proteoliposomes, thereby generating the cor-
responding full-length AgrD-I construct. Because this ligation
product coeluted with the AgrD(1-32)-thiolactone starting ma-
terial on RP-HPLC (SI Appendix, Fig. S4B), quantification of
these two species relied on MS analysis using ratiometric stan-
dards (Fig. 3 C and D and SI Appendix, Fig. S4 C-E). The li-
gation reaction occurred rapidly, and a quasiequilibrium state
was achieved within 40 min. Importantly, the postequilibration
behavior of the ligation system (after # = 40 min) showed a
marked similarity to that observed with the proteolysis reaction
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(compare Fig. 3D with Fig. 3B): the molar fraction of both AgrD
and AgrD(1-32)-thiolactone dropped in a concerted fashion,
whereas the ratio between them stayed roughly constant. This
result unambiguously showed a balanced dynamic equilibrium of
AgrD proteolysis under our reaction conditions.

It has been proposed that the active-site cysteine within AgrB
(Cys84) attacks the scissile peptide bond in AgrD to form an
acyl-enzyme intermediate that subsequently undergoes an intra-
molecular transthioesterification to give the AgrD(1-32)-thiol-
actone (Fig. 3E) (8). Hydrolytic resolution of this acyl-enzyme
intermediate could potentially yield the linear AgrD(1-32) pep-
tide. In accordance with this model, the inactive AgrB<®** mu-
tant is unable to ligate the AgrD peptide to AgrD(1-32)-thiolactone
or hydrolyze the thiolactone (Fig. 3C, spectrum 1 and SI Appendix,
Fig. S4 F and G). Therefore, we conclude that the catalytic activity of
AgrB supports both the proteolysis/ligation equilibrium and the ir-
reversible production of AgrD(1-32) (Fig. 3E).

We next set out to determine the equilibrium constant of the
proteolytic cyclization reaction. To this end, the preequilibrium
positions in the presence of different concentrations of AgrD®
were monitored and plotted (Fig. 3 F and G, black circles). As
expected, the preequilibrium position shifted toward the for-
mation of full-length AgrD at higher AgrD® concentrations.
Linear regression of the plot in Fig. 3G returned an equilibrium
constant for the proteolytic cyclization (K.q = 1.0 X 1075) or if
one treats AgrD® as a reversible ligand for the thiolactone, a disso-
ciation constant (Kg) of 10 pM. This K4 value corresponds to a
AG? of 7.1 kcal/mol, which is 2.6 kcal/mol more favorable than
expected based on our initial estimate from model reactions.
Gratifyingly, the preequilibrium state obtained using AgrD as the
starting material (Fig. 3B) conformed well to this equilibrium
constant derived from the linear regression (Fig. 3G, red circle).

AgrD(1-32)-Thiolactone Is Stabilized by Phospholipids. Our experi-
mentally measured equilibrium constant for proteolytic cycliza-
tion indicates that the reaction is about 70-fold more favorable
than might be expected based on model reactions (K.q = 1.0 X
107 vs. 1.4 x 1077). In an effort to gain some insight into this
discrepancy, we asked whether the macrocycle within the AgrD
(1-32)-thiolactone was somehow stabilized under the reaction
conditions. To test this idea, we compared the susceptibility of
AIP-1 and FlagHiss-AgrD-I(1-32)-thiolactone with ring-
opening thiolysis by NAC to give the respective linear thio-
esters (Fig. 44). Equilibration between thiolactone and linear
thioester species was monitored at a series of NAC concentra-
tions by RP-HPLC/MS. Treating NAC as a ligand that reversibly
binds to the thiolactones, its dissociation constant, Kq nac, Was
calculated from the equilibrium positions. Importantly for the
following discussion, we observed essentially unbiased partitioning
of NAC between aqueous and 1-octanol phases at pH 7.5
(logP = —0.03) (SI Appendix, Fig. S5A). Thus, the effective
concentration of NAC should stay constant across the bulk so-
lution and the membrane environment.

To begin, we treated AIP-I with NAC ranging from 1.0 to
100 mM in aqueous solution buffered at pH 7.0 (Fig. 4B, circles
and dotted line and Table 1). The K4 nac for AIP-Iis 5.8 mM.
Ring closure of AIP-I from its linear thioester is, therefore, less
favorable than we estimated for the formation of an unstrained
thiolactone, for which the equilibrium constant would be 24 mM
(Fig. 1B). Because AgrD-I(1-32)-thiolactone is insoluble in the
buffer system used to establish the thiolysis equilibrium for AIP-I,
we dispersed this molecule in a suspension of lipid vesicles in
the presence of different NAC concentrations. With a calculated
K4, nac of 95 mM, this thiolactone seems to be much more stable
than AIP-1 (Fig. 4B, squares and black line and Table 1). The
less favorable ring opening is not an effect of hysteresis, be-
cause reactions starting from the purified AgrD-I1(1-32)-NAC
thioester reached roughly the same equilibrium positions
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(SI Appendix, Fig. S5B). Intriguingly, the stability of AIP-I toward
ring opening was only slightly enhanced (onefold) in the presence
of lipid vesicles (Fig. 4B, circles and black line and Table 1), despite
the fact that it shares the identical macrocycle with AgrD-I(1-32)-
thiolactone. It should also be noted that both thiolactones were
equally susceptible to ring-opening thiolysis in aqueous buffers
containing chaotropic agents (Table 1 and SI Appendix, Fig. S5C).
Thus, the remarkable disparity in stability must originate from
differential lipid bilayer association of the macrocycle moiety.
AgrD is thought to be targeted to the lipid bilayer by its N-ter-
minal amphipathic leader peptide (7). We confirmed this targeting
effect using a comigration assay on size-exclusion chromatography
(SEC), in which all AgrD constructs containing the N-terminal
leader peptide showed strong interaction to bilayer nanodiscs (S/
Appendix, Fig. S6 A-C). By contrast, AIP-I does not comigrate
with nanodiscs (SI Appendix, Fig. S6 D and E). Based on these
observations, we speculate that the membrane targeting property
of the leader peptide places the macrocycle into proximity with

Fig. 4. Ring-opening equilibrium of AIP-I and

circles) and proteolysis (red circle) systems. Error bars =
SD (n = 3).

the lipid bilayer and hence, induces its membrane partitioning,
thereby stabilizing it against ring-opening thiolysis.

To explore the molecular determinants of this putative parti-
tioning interaction, we examined atomic-resolution structures
available for S. aureus AIPs. We noticed that, in a crystal structure
determined for an mAb in complex to AIP-IV (19), three
endocyclic AIP amides donate hydrogen bonds to a glutamate
residue of the antibody, whereas side chains of residues Pheo6,
Ile7, and Met8 (all shared between AIP-IV and AIP-I) are
buried in a large, contiguous hydrophobic cleft on the antibody
surface (SI Appendix, Fig. S5 D and E). Based on this crystal
structure, we envisioned that the putative partitioning of the
macrocycle in the membrane might be driven by analogous in-
teractions (specifically, the anionic phosphodiester motif in lipid
head groups might form hydrogen bonds to the AIP endocyclic
amide groups, and hydrophobic side chains could be embedded
in the greasy interior of the bilayer) (Fig. 4C). In line with this
model, mutating all three endocyclic hydrophobic residues to Ala

o}

) - ) Ao S . (o} C
FIangsG—Ag.rD—I(1—32)»th.|olactone.. (A) Sc.h_err?atlc )LN'\.,SH - ring clt:nsureR SJ\NK
representation of the ring-opening equilibrium. H m —COEDW 60 H
(B) Double-log plot showing the thioester-thiol- NAC thiolactone 4 NAC-thioester “

actone molarity ratio at the equilibrum, [TE]/[TL], as B 1.5
a function of NAC concentration for AIP-I (circles) or =
AgrD-I(1-32)-thiolactone (squares) with the absence E' 1.01
(dotted line) or presence (black lines) of phospho- ~

lipids. Error bars = SD (n = 4). (C) Stick model of AIP-I E
and an arbitrarily positioned POPC depicting the = 0.0
proposed interactions by which lipid vesicles stabi- _6': 05 -

lize the macrocycle: carbon atoms in POPC, AIP-I
backbones, and Phe6, lle7, and Met8 side chains are
shown in green, cyan, and dark gray, respectively.
Hydrogen bonds are highlighted by black dashes.
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Side chains of Tyr1, Ser2, Thr3, and Asp4 in AIP-I are hidden for clarity. (D) Like in B, equilibrium positions were plotted for the mutant (white symbols) or WT
(black symbols) AIP-I (circles) or AgrD-1(1-32)-thiolactone (squares) in aqueous buffer alone (dotted lines) or that containing phospholipids (black lines) or

glycolipids (dashed lines).
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Table 1. Ring-closure equilibrium constants of thiolactones
Thiolactone and condition* K4, nac (MM)
AIP-I

HBS 5.8 +0.2

HBS and 2 mM POPC-POPG 1.4+ 1.1

6 M GuHCl 219+14
AgrD-1(1-32)

HBS and 2 mM POPC-POPG 95 + 31

HBS and 2 mM digalactosidyldiacylglycerol 56 +7

6 M GuHCl 15.6 + 2.2
AIP- tri-Ala"

HBS 8.0+ 04
AgrD-1(1-32) tri-Ala’

HBS and 2 mM POPC-POPG 11.0+04

HBS, Hepes-buffered saline [20 mM sodium 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonate (Hepes-Na) and 100 mM NaCl, pH 7.0].
*The POPC:POPG molar ratio is 3:1.
TConstructs bearing mutations F30A, 131A, and M32A (in AgrD-l numbering).

in AgrD-I(1-32)-thiolactone abolished stabilization of the mac-
rocycle in the presence of liposomes (Fig. 4D and Table 1), al-
though this mutant still associated with membranes, presumably
through its leader sequence, which remains intact (SI Appendix,
Fig. S6 A-C). Indeed, this mutant exhibited thiolysis equilibrium
positions similar to those of AIP-I: either the WT peptide or that
bearing the triple-Ala mutant macrocycle (Fig. 4D and Table 1).
In addition, liposomes primarily composed of a noncharged
glycolipid, digalactosidyldiacylglycerol, conferred slightly weaker
stabilization to WT AgrD-I(1-32)-thiolactone than did POPC-
POPG liposomes (Fig. 4D and Table 1). Collectively, these ob-
servations are consistent with roles for both hydrophobic and
polar interactions in the stabilization of the thiolactone macro-
cycle as a consequence of membrane targeting.

AgrD Processing by AgrB Is a Reversible Process in Vivo, and Perturbing
the Equilibrium Affects AIP Production. Finally, we asked whether the
reversibility of proteolytic cyclization observed in our in vitro
reconstituted system had relevance to AIP production in S. aureus
cells. To this end, we constructed S. aureus plasmids for pro-
duction of two AgrD-I® peptides: one with a WT sequence and
one with a scrambled sequence. These AgrD-I® peptides were
fused to a Flag-tagged ubiquitin (Ub-Flag,) for detection purposes
(Fig. 54). Both plasmids were introduced to an S. aureus strain
carrying an agr-I locus, resulting in two transformants with similar
growth rates (SI Appendix, Fig. S7). Immunoblotting revealed the
presence of AgrD-I-Ub-Flag,, the expected ligation product be-
tween the AgrD-I€ construct and endogenous AgrD-I(1-32)-thi-
olactone, in cells expressing the WT construct (Fig. 5B, lanes 1-4
and red arrowhead) but importantly, not the scrambled construct
(Fig. 5B, lanes 5-8). As expected, this hgatlon product was not
present in transformed agr KO cells expressing the WT AgrD-I¢

construct (Fig. 5B, lanes 9-12). Remarkably, AIP-I secretlon was
significantly lower in agr-I cells expressmg the WT AgrD-I€ con-
struct compared with those expressing the scrambled construct,
which was determined using an agr-I-specific reporter gene assay
(Fig. 5C). We interpret this as resulting from sequestration of
AgrD-1(1-32)- thlolactone as a consequence of AgrB-I-mediated
ligation with WT AgrD-1“-Ub-Flag, but not the scrambled control.

Discussion

Factors That Facilitate AgrD Proteolytic Cyclization. When a poly-
peptide undergoes proteolysis, the peptidyl fragment N-terminal
to the scissile bond is transferred to an acceptor nucleophile. Al-
though water is, by far, the most frequent acceptor, nature also
efficiently harnesses a spectrum of N- or O-nucleophiles, leading
to the formation of various branched, cyclic, or C-terminally
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modified peptides or proteins (11). To the best of our knowledge,
the first step in AIP biosynthesis is the only known proteolytic
event where an S-nucleophile serves as the final acceptor of the
peptidyl group—this definition excludes the transient, thioester-
linked acyl-enzyme intermediates associated with the activity of
cysteine proteases. It is noteworthy that nature typically couples
ATP hydrolysis to the conversion of a carboxyl group (through an
adenylation step) into a thioester (e.g., the activity of the ubiquitin
activating enzyme E1) (20). In this study, we broke down the
thiolactone-forming proteolysis reaction into the following half-
reactions: (i) thiolysis of AgrD at the scissile peptide bond and
(ii) ring closure from the resulted linear thioester (Fig. 1B). Using
chemical equilibrium approaches, we experimentally determined
the AG™ for the overall proteolytic cyclization reaction (7.1 kcal/mol)
and the ring closure from the linear AgrD(1-32)-NAC thioester
(1.4 kcal/mol; calculated from Ky nac = 95 mM). The former
reaction is 2.6 kcal/mol more favorable than our estimation
based on model reactions, whereas the latter is more favorable by
0.9 kcal/mol. This comparison indicates that the initial thiolysis
step is also more facile (by 1.7 kcal/mol) than might be expected.
To account for this difference, we propose that the scissile bond in
AgrD is more sensitive to proteolysis than a generic peptide bond.
Indeed, it has been shown that the free energy of hydrolysis for an
individual peptide bond may vary by a few kilocalories per mole as
a function of sequence context in folded proteins (21). Conceiv-
ably, targeting of AgrD to the lipid bilayer by the N-terminal
leader peptide could also help sensitize the scissile amide to
proteolysis caused by changes in the local chemical environment
around this bond (e.g., changes in the dielectric of the medium,
electrostatic effects, and so on). Additional experiments will be
required to test this idea.

Physiological Implications of Our Experimental AG" for Thiolactone
Formation. Autoinduction of the agr locus in S. aureus features an
abrupt up-regulation of the effector RNA levels during the ex-
ponential growth phase (22). A recent report showed that the
pheromone concentration in a liquid medium culture of a group I
strain reaches 5 pM in 2 h (23) By definition, this process generates
the same number of AgrD® fragments in the cytoplasm, which leads
to a considerably elevated intracellular concentration because
of the much smaller volume of the cytoplasm compared with
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Fig. 5. Reversibility of the proteolytic cyclization in vivo. (A) Schematic
representation of the experimental design: production in S. aureus of WT
AgrD-I€ peptide (purple) but not the scrambled control (teal), is expected to
give rise to AgrD-I-Ub-Flag, (red) through the reverse activity of AgrB-I.
(B) Western blot (WB) analysis of cells producing AgrD-I peptides: S. aureus
with indicated genotypes was grown at 30 °C to indicated ODggo before lysis.
A high-molecular mass slice of the gel was stained with Coomassie brilliant
blue (CBB) as a loading control. (C) Bar graph showing AIP-I activity in the
medium isolated from agr-/ cells producing indicated AgrD-I° peptides de-
termined by an agr-I-specific reporter gene assay. Error bar = SD (n = 6).
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the medium. For example, AgrD® production would reach an
accumulative concentration of 5 mM in 2 h at a rate of 700 nM/s
assuming that 1 mL cytoplasm is present in a 1-L cell culture in
late exponential phase (24). Constant and efficient AIP pro-
duction, therefore, necessitates simultaneous removal of AgrDC,
because as we have shown, elevating the levels of this fragment
can perturb the equilibrium of AgrB-mediated proteolytic cycli-
zation (Fig. 5). Assuming that equimolar amounts of AgrD and
AgrD(1-32)-thiolactone are present in a quasiequilibrium with
AgrD€ in postinduction S. aureus cells, the steady-state concen-
tration of AgrD® should be equal to the equilibrium constant for
the proteolytic cyclization, K.q = 10 pM. The half-life of AgrD€
would, therefore, be on the order of 10 s given a production (and
degradation) rate of 700 nM/s. This short lifetime of AgrD-I°
indicates a pathway in S. aureus that actively targets the peptide
for degradation.

The above estimation of the in vivo lifetime of AgrD® sheds
light on two long-standing puzzles with respect to the production
of staphylococcal AIPs. The first of these involves the observa-
tion that AIP production is greatly reduced as a consequence of
genetic or chemical KO of ClpP, the catalytic subunit of certain
major AAA+ proteases in S. aureus (25, 26). Although this phe-
notype has been known for more than a decade, the underlying
mechanism has been elusive. We propose that ClpP constitutes
the AAA+ protease that catalyzes the degradation of AgrD€ and
thus, fuels the proteolytic cyclization of AgrD. The second puzzle
relates to the remarkable sequence conservation of AgrD® (SI
Appendix, Fig. S8). Surprisingly, mutations at most highly con-
served positions on AgrD™ have no effect on the substrate rec-
ognition by AgrB (9). Given the necessity for rapid degradation of
AgrD€ on agr induction, we hypothesize that a conserved motif
within AgrD® targets the peptide to the degradation machinery
either through direct binding or mediated by a dedicated adaptor
protein. Experimental tests of this hypothesis are currently
in progress.

In conclusion, we have successfully reconstituted the first
biosynthesis step en route to the production of staphylococcal
AIPs. This reconstitution unambiguously confirmed that AgrB-
mediated proteolysis of AgrD is directly coupled to the forma-
tion of the thiolactone macrocycle. Detailed physicochemical
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characterization suggests that the protease that degrades AgrDC is
a critical and hitherto unappreciated participant in AIP production.
Additional understanding of the biosynthetic pathway will require
the identification of (i) the transporter that translocates the thio-
lactone intermediate across the cell membrane and (i) the players
involved in the turnover of AgrD®. Methods developed in course
of this study provide the starting point to address these questions.

Materials and Methods

Biochemical Assays Using AgrB Proteoliposomes. AgrB was first reconstituted to
proteoliposomes as detailed in S/ Appendix. The proteoliposomes were ex-
tensively washed and then, resuspended at 2x working concentration (2 pM
AgrB) in phosphate-buffered saline [20 mM sodium phosphate, 100 mM Nadcl,
2 mM tris(2-carboxyethyl)phosphine (TCEP), pH 7.5]. For ligation reactions, the
suspension buffer also contained the AgrD-INH, peptide at 2x working
concentration. To initiate a reaction, 1 volume proteoliposome suspension was
mixed with 0.9 volumes phosphate-buffered saline and 0.1 volumes 400 pM
stock of the appropriate substrate in DMSO. The reaction was incubated at
37 °C, and aliquots were withdrawn at indicated time points for SDS/PAGE or
HPLC analysis. Details are in S/ Appendix.

Ring-Opening Thiolysis of Thiolactone Macrocycles. At t = 0, the reaction
contains 20 pM thiolactone starting material, an appropriate amount of NAC
(ranging from 1 to 300 mM), 50 mM TCEP, and all of the buffer molecules
indicated in Table 1. The reaction was allowed to equilibrate at 37 °C under
an argon atmosphere. Aliquots were withdrawn at indicated time points for
RP-HPLC analysis as detailed in S/ Appendix.

Overproduction of AgrD-1°-Ub-Flag, in S. aureus. Production of the AgrD-1-Ub-
Flag, construct was achieved by constitutive coexpression of two proteins
(Sumo-AgrD-I-Ub-Flag, and the yeast Sumo protease Ulp1 from a plasmid).
The expression plasmids were introduced to appropriate stains using stan-
dard protocols (27). For a typical experiment, cells from an overnight culture
were washed thoroughly with water, transferred to fresh media, and grown
at 30 °C. Cultures removed at indicated ODgoo Were used to prepare whole-
cell lysate and cell-free medium for immunoblotting or reporter gene
analysis as detailed in S/ Appendiix.
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