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Peptide transport in Bacillus subtilis — structure and specificity in
the extracellular solute binding proteins OppA and DppE

Adam M. Hughes', John F. Darby', Eleanor J. Dodson’, Samuel J. Wilson', Johan P. Turkenburg', Gavin H. Thomas?* and
Anthony J. Wilkinson™*

Abstract

Peptide transporters play important nutritional and cell signalling roles in Bacillus subtilis, which are pronounced during sta-
tionary phase adaptations and development. Three high-affinity ATP-binding cassette (ABC) family transporters are involved
in peptide uptake — the oligopeptide permease (Opp), another peptide permease (App) and a less well-characterized dipeptide
permease (Dpp). Here we report crystal structures of the extracellular substrate binding proteins, OppA and DppE, which serve
the Opp and Dpp systems, respectively. The structure of OppA was determined in complex with endogenous peptides, mod-
elled as Ser-Asn-Ser-Ser, and with the sporulation-promoting peptide Ser-Arg-Asn-Val-Thr, which bind with K values of 0.4
and 2 M, respectively, as measured by isothermal titration calorimetry. Differential scanning fluorescence experiments with a
wider panel of ligands showed that OppA has highest affinity for tetra- and penta-peptides. The structure of DppE revealed the
unexpected presence of a murein tripeptide (MTP) ligand, L-Ala-p-Glu-meso-DAP, in the peptide binding groove. The mode of
MTP binding in DppE is different to that observed in the murein peptide binding protein, MppA, from Escherichia coli, suggesting
independent evolution of these proteins from an OppA-like precursor. The presence of MTP in DppE points to a role for Dpp in
the uptake and recycling of cell wall peptides, a conclusion that is supported by analysis of the genomic context of dpp, which
revealed adjacent genes encoding enzymes involved in muropeptide catabolism in a gene organization that is widely conserved
in Firmicutes.

INTRODUCTION

Sporulation is a complex adaptive process enabling long-term survival in adverse conditions and in the bacterium Bacillus subtilis
is initiated when a threshold concentration of the phosphorylated form of the transcription factor SpoOA (Spo0OA~P) is achieved
[1]. Phosphorylation promotes dimerization of Spo0OA [2] and binding to numerous promoters, ultimately switching on scores
of genes required for sporulation [3]. Spo0OA is the most downstream element of an expanded two-component signalling system
termed the sporulation phosphorelay [4] (Fig. 1). The phosphorelay is fed by up to five sensor kinases (KinA-KinE) which detect
and respond to environmental and intracellular signals by using ATP to autophosphorylate on a conserved histidine [5]. The
phosphoryl group is then relayed, via SpoOF and Spo0B, onto an aspartate residue in SpoOA. In opposition, the phosphorelay
is drained by protein phosphatases belonging to the Rap and SpoOE families that dephosphorylate SpoOF~P and SpoOA~P
respectively [6, 7]. This signal integration system ensures that the commitment to the sporulation pathway is made only when
other survival strategies have been exhausted.

The identities of the molecular stimuli which lead to activation of the sensor kinases remain unknown, though pyruvate was
discovered bound to the distal of two PAS domains in a crystal structure of KinD [8]. In contrast, peptide regulation of Rap
phosphatase activity was elucidated early on following the discovery that the spoOK lesion [9], which blocks the first step in spore
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Fig. 1. Peptide transport and sporulation signalling in B. subtilis. B. subtilis is served by three ATP-binding cassette (ABC)-type peptide uptake
systems termed dipeptide permease (Dpp), oligopeptide permease (Opp) and another peptide permease (App). Each consists of lipid-anchored solute
binding proteins (DppE, OppA and AppA respectively), membrane spanning channels (DppBC, OppBC and AppBC) and ATPases (DppD,, OppDF and
AppDF) associated with the cytoplasmic face of the membrane. In the sporulation phosphorelay shown at the bottom, up to five sensor kinases (Kin)
autophosphorylate and relay a phosphoryl group via SpoOF and Spo0OB to Spo0OA. Flux through the phosphorelay is reduced by the action of Rap
phosphatases (blue) which dephosphorylate SpoOF~P (red arrows). The phr gene (phrA or phrE) situated downstream of a cognate rap phosphatase
gene encodes a 44 residue polypeptide (red) which is exported from the cell by the Sec system with removal of a secretion signal peptide to yield
a 19-mer. Under circumstances that favour sporulation, environmental proteases cleave the peptide producing short oligopeptides such as the
pentapeptides shown, which may be imported into the cell by either App or Opp. The imported peptides bind to the cognate Rap phosphatase and

prevent it from dephosphorylating SpoOF phosphate (Spo0F~P). This allows increased flux through the sporulation phosphorelay and the accumulation
of Spo0A~P so that sporulation may commence.

formation, maps to the oligopeptide permease operon, opp [10, 11]. Opp is an ATP-binding cassette (ABC) transporter which
allows the uptake of peptides of variable length and diverse sequence. The sporulation defects of opp mutants can be suppressed
by deletions in the rapA and rapB genes [12]. Genes encoding Rap phosphatases are often adjacent to and transcriptionally
coupled to phr genes (Fig. 1). Phr proteins are synthesized as precursors comprising approximately 45 residues which are secreted
to produce ~20 residue extracellular peptides. Subsequent processing generates pentapeptides, which, following re-uptake by
the Opp system, inhibit their cognate Rap phosphatases [13, 14]. Thus, the PhrA (ARNQT) and PhrE (SRNVT) pentapeptides
specifically inhibit the phosphatases RapA and RapE respectively. Rap phosphatase inhibition leads to increased flux through the
sporulation phosphorelay, accumulation of SpoOA~P and transcription of genes needed for sporulation.

ABC uptake systems in bacteria, such as Opp, comprise five components (Fig. 1). Two form a channel that spans the cell
membrane and two are ATPases situated on the cytoplasmic face of the membrane. The fifth component is a substrate binding
protein (SBP) which is lipidated and anchored on the extracellular face of the membrane in Gram-positive bacteria. This
receptor protein — OppA in the Opp system - defines the specificity of the transporter, capturing extracellular solutes and
delivering them to the membrane components for uptake into the cell. Since peptides play an important nutritional role in
B. subtilis, Opp is expected to handle peptides of variable length and sequence, so that in collaboration with the two other
high-affinity peptide transporters, the dipeptide permease, Dpp, and another peptide permease, App, a broad repertoire of
peptides can be taken up. The SBPs of the three systems, OppA, AppA and DppE, are sequence- and structurally related and
belong to the cluster C structural grouping of ABC SBPs [15, 16].
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Table 1. Primers for amplification of sequences encoding extracellular components of B. subtilis DppE and OppA

Primer identifier Sequence*

F_BsOppA* 5" tccagggaccagcaAAAGGAAAGACGACACTTAACATTAATATTAAAACTGA
R_BsOppA* 5" tgaggagaaggcgcg TTATTTAAAATATGCGTTTCTGAAATAAACCTCACC
F_BsDppE* 5" ccagggaccagcaAGCGGAGAAAAGGTGCTGTATGTAAATAAT

R_BsDppE* 5" tgaggagaaggcgcg TCAGTTTTTATCTGCCCATTTTAAATCGATATAGC
F_YSBLLIC3C 5" CGCGCCTTCTCCTCACATATGGCTAGC

R_YSBLLIC3C 5' TGCTGGTCCCTGGAACAGAACTTCC

T7promoter 5' TAATACGACTCACTATAGGG

T7terminator 5" GCTAGTTATTGCTCAGCGG

*Sequence complemetary to the pETYSBLLIC vector is in lowercase in contrast to gene-specific sequence in uppercase.

App was discovered as another peptide permease in strains defective in opp in which sporulation is restored [17]. Fluo-
rescence titration experiments revealed that its receptor protein, AppA, could bind to a nonapeptide [18], an observation
supported by a crystal structure of AppA which revealed the presence of an endogenous nonapeptide ligand [19]. Dpp
was first identified following analysis of a transcript that accumulated under conditions which favour sporulation [20].
Sequencing of the associated operon (earlier called dciA) revealed a putative ABC-type peptide permease. As null muta-
tions in dciAE abolished the capacity of a proline auxotroph to grow on Pro-Gly as the sole proline source, the permease
was classified as a dipeptide transporter and renamed Dpp. DppE is the SBP component, with DppB and DppC serving as
the transmembrane channel elements and DppD serving as the ATPase component (Fig. 1). This is exceptional for cluster
C type ABC transporters, which normally comprise five separate genes, one for each of the components. Analysis of dpp
expression led to the discovery of its regulation by the transcription factor CodY (Control of dpp Y), a branched chain
amino acid and GTP sensor which is now recognized as a global regulator of transcription [21-24]. During vegetative
growth, CodY represses genes that are required under conditions of nutrient limitation, suggesting a role for the Dpp
system in nutrient scavenging.

Collectively, these studies suggest that the three high-affinity ABC peptide transporters of B. subtilis have complementary
specificities with respect to the length of the peptides they transport: Dpp handling short substrates (principally dipeptides),
Opp covering an intermediate range including pentapeptides and App handling longer peptides. To address the specificity of
these peptide uptake systems, we determined the structures of OppA and DppE from B. subtilis and measured ligand binding
to OppA. Structures of OppA were determined in complex with an endogenous tetrapeptide and with the PhrE peptide,
SRNVT, revealing a similar ligand binding site to OppA from Salmonella typhimurium, featuring strong interactions with
the peptide main chain and large, hydrated side chain pockets [25]. Remarkably, the DppE structure revealed unambiguous
electron density for a murein tripeptide and further analysis of its genome context suggests that it plays a dedicated role in
the recycling of cell wall peptides.

METHODS
Plasmid construction

DNA fragments encompassing the coding sequences of dppE and oppA were amplified from B. subtilis 1G20 (168trpC2)
genomic DNA by PCR using the oligonucleotide pairs F_BsDppE/R_BsDppE and F_BsOppA-F/R_BsOppA (Table 1). The
PCR primers were designed to incorporate specific flanking sequences to facilitate cloning into pETYSBLLIC3C [26], a deriva-
tive of pET-28a. In total 50 pmol of each primer pair was mixed with 25 ng of template DNA in a 50 ul reaction containing
0.2mM dNTPs and 1 Unit of KOD Hot Start Polymerase (Novagen). The expected 1540 and 1559 bp PCR products amplified
from dppE and oppA respectively were purified by PCR clean up (QIAquick PCR Clean up) and each was mixed with linearized
PETYSBLLIC3C vector obtained by PCR using the primers F_YSBLLIC3C and R_YSBLLIC3C (Table 1). HiFi reactions
(New England Biolabs) were carried out following the supplier’s instructions and the ligation products were introduced
into Escherichia coli NEB 5a competent cells. Plasmids recovered from kanamycin-resistant transformants were sequenced
(Eurofins) using the T7promoter and T7terminator primers (Table 1). The verified plasmids pAH101 and pAH102 encode
proteins consisting of residues 19-521 of B. subtilis DppE and 17-525 of B. subtilis OppA respectively, each N-terminally
fused to a human rhinovirus 3C cleavable hexahistidine tag.
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Protein production and purification

E. coli BL21 (DE3) cells harbouring pAH101 or pAH102 were grown as 1litre LB cultures supplemented with kanamycin (30
pgml™) at 37°C to an OD, of 0.6-0.8 before induction of recombinant protein production by addition of IPTG to 1 mM. Four
hours later, cells were harvested by centrifugation at 5000 r.p.m. for 50 min using an F10S rotor.

Recombinant DppE and OppA were purified by similar procedures as follows. Cells were resuspended in 35 ml buffer A (50 mM
Tris/HCI, 500 mM NaCl, 20 mM imidazole pH 8.0) and a complete EDTA-free protease inhibitor cocktail was added before sonica-
tion (five cycles at 16kHz for 305, at 1 min intervals at 4 °C). Cell debris was removed by centrifugation (15000 r.p.m. for 50 min
in an §§34 rotor) and the supernatant was applied to a nickel-charged HisTrap FF column (GE Healthcare) pre-equilibrated with
buffer A. This column was developed using a 20-500 mM imidazole gradient in buffer A. Fractions were analysed by denaturing
polyacrylamide gel electrophoresis (SDS-PAGE), and those enriched in a recombinant protein of apparent M =55-60kDa were
combined and dialysed overnight against buffer A in the presence of HRV 3C protease (1:100 ratio of protease : substrate protein)
to remove the N-terminal hexa-histidine tag. The digestion products were passed through a second nickel affinity column and
the flow-through fraction was concentrated by pressure membrane filtration (30000 Da cut off) and subjected to size exclu-
sion chromatography using an $200 16/600 column. Protein-containing fractions were analysed by SDS-PAGE, combined and
concentrated. The yields of the purified proteins were typically 20 mg per litre of cell culture.

To obtain unliganded DppE and unliganded OppA, the Ni-NTA column chromatography purification procedure was modified so
that after the binding and washing steps, the column was washed with buffer B (buffer A containing 2 M guanidine hydrochloride),
to partially unfold the immobilized protein and allow dissociation of endogenous ligands [27]. After washing with 10 column
volumes of buffer B, the concentration of guanidinium hydrochloride was decreased to zero in a series of five steps. The protein
was then eluted from the column by applying an increasing imidazole concentration gradient as before.

Circular dichroism (CD) spectroscopy

CD spectra for purified proteins were recorded on a J-810 spectropolarimeter (Jasco). Protein samples at 0.2 mg ml™ were analysed
in 20mM Tris pH 8.0 and 50mM NaCl buffer. Spectra were recorded at 20°C in a 1 mm path-length quartz cuvette (Starna)
over the wavelength range 190-260 nm at 200 nm min~' with 0.5nm pitch. The spectra were analysed using the SpectraManager
version 1.53.00 (Jasco) software.

Crystallization and structure determination

Crystallization experiments were performed in MRC-Wilden 96-well plates using the commercial screens PACT (Molecular
Dimensions) and Index (Hampton Research) set up using Hydra 96 and Mosquito liquid handling systems to dispense well and
drop solutions respectively. Optimization of initial crystal hits was carried out in 24-well hanging drops set up manually.

OppA

Crystals of OppA were obtained from hanging drops composed of 2l of reservoir solution consisting of 0.1 M MMT (malic
acid, 3-(N-morpholino)ethanesulfonic acid, Tris), 22.5% PEG 1500 and 2.5% DMSO pH 8.0 and 2 pl protein at 18 mgml™ with
crystal optimization following a seeding protocol. A single crystal was captured in a nylon loop and cryo-protected with mother
liquor containing 15% glycerol. X-ray diftraction data were collected at Diamond Light Source on beamline i03 to a resolution
of 1.5 A. The crystal structure of BsOppA was solved by molecular replacement in the program PHASER with the search model
1RKM, the structure of the unliganded form of S. typhimurium OppA which shows a 35% sequence identity to BsOppA. There
are two molecules of BsOppA in the asymmetric unit with residues 17-525 well defined in the electron density map of chain A
and residues 18-525 well defined in chain B. Iterative rounds of model building using COOT [28] and refinement in REFMAC5
[29] followed initial model building. Data collection and refinement statistics are shown in Tables 2 and 3.

Crystals of BsOppA in complex with Ser-Arg-Asn-Val-Thr where grown from the products of an isothermal titration calorimetry
experiment described below. This recovered material was fed into a crystallization screening experiment as described above. A
single crystal of BsOppA-SRNVT grown from 0.1 M SPG (succinic acid, sodium dihydrogen phosphate, glycine), 25% (w/v) PEG
1500 pH 4.0, was harvested and cryocooled in liquid nitrogen. X-ray diffraction data extending to 1.9 A spacing were collected at
Diamond Light Source on beamline i04-1. The crystal belongs to space group C2 with one protein molecule in the asymmetric
unit. The structure was resolved by molecular replacement using the coordinates of BsOppA-SNSS as the search model. Electron
density defining the Ser-Arg-Asn-Val-Thr peptide was clearly observed in the peptide binding cavity.

DppE

Crystals of DppE suitable for X-ray analysis were obtained from hanging drops formed by mixing 1 ul of reservoir solution
containing 0.1 M Bistris-propane pH 8.5, 0.4 M MgCl,, 22.5% PEG 3350 and 2.5% DMSO with 1 ul of protein at 13 mgml™" .
Crystals were transferred to solutions of mother liquor containing 30% ethylene glycol and cryocooled in liquid nitrogen. High-
resolution data extending to 1.5 A resolution were collected from a single crystal at the Diamond Light Source on beamline i03. The



Hughes et al., Microbiology 2022;168:001274

Table 2. Data collection statistics

OppA-SNSS OppA-PhrE (8ARE) DppE (8AZB) DppE-MTP (8AY0)
(8ARN)

Diffraction source i03 104 i02 i04
Wavelength (A) 0.8200 0.9159 0.9795 0.9795
Temperature (K) 100 100 100 100
Space group C2 12 P222 P1
a, b, c(A) 101.5, 65.9, 153.3 83.9, 63.7, 100.1 54.5,91.1, 106.7 60.9,61.3,124.1
a,b,g(°) 90, 101.0, 90 90, 114.4, 90 90, 90, 90 78.1,82.7,61.6
Resolution range (A)* 54.96-1.50 52.21-1.90 46.09-1.40 53.17-1.51

(1.53-1.50) (1.94-1.90) (1.42-1.40) (1.54-1.51)
Total reflections* 661094 (32583) 155874 (9854) 777527 (22361) 512020 (25224)
Unique reflections* 158694 (7829) 37997 (2442) 104821 (5040) 233391 (11306)
Completeness (%)* 99.9 (99.9) 100.0 (100.0) 99.6 (98.2) 96.3 (93.8)
Multiplicity* 42 (4.2) 4.1 (4.0) 7.4 (4.4) 22(2.2)
W=Dy 12.6 (1.6) 32(1.2) 20.9 (3.4) 8.4 (1.1)
Rpim*,T 0.029 (0.479) 0.149 (0.688) 0.026 (0.197) 0.053 (0.759)
CC,* 0.998 (0.609) 0.955 (0.758) 0.999 (0.886) 0.998 (0.572)
Overall B Factor Wilson plot (A2 20.79 16.91 13.17 17.45

*Values in parentheses correspond to the outer resolution shell.
R, =precision-indicating merging R-factor; Lo L1/ (n=11"23 1l =<I>1/7,, Y I where [ is the intensity of the ith measurement of a reflection with
indices hkl and </> is the statistically weighted average reflection intensity.

data were processed using the program Xia2 [30]. The crystal belonged to space group P1 with three molecules in the asymmetric
unit. PHASER [31] and BUCCANEER [32] were used to resolve the structure by molecular replacement using the Enterococcus
faecalis PrgZ pheromone receptor (coordinate set 4FA]J [33]) as the search model. PrgZ and DppE have 33% sequence identity.
Iterative rounds of manual refinement using COOT [34] and REFMACS5 [29, 35] were undertaken to complete model building.

Ligand-free DppE was crystallized in a sitting drop formed by mixing 150 nl of the unliganded protein at 9 mgml ™ with 150 nl of
0.1 M MIB buffer pH 4.0, 25% (w/v), PEG 1500. A crystal was captured from the nanodrop in a nylon loop and cooled in liquid
nitrogen. Diffraction data extending to 1.4 A were collected on Diamond Light Source beamline i02. Structure determination
was carried out using auto-processed data obtained from Xia2. The space group of the crystal is P2 2 2, with one molecule in the
asymmetric unit. Molecular replacement was performed with PHASER using the DppE coordinate set truncated of ligand and
water molecules, as the search model. Anticipating a probable domain opening, two searches were performed with models related

by splitting the protein chain at residue 243. Data collection and refinement statistics are shown in Tables 2 and 3.

Ligand binding — OppA

Thermal shift assays were performed with BsOppA and a variety of peptide ligands. Initial experiments were performed in 50 mM
Tris, 150 mM NaCl pH 8.0 to establish the optimum protein and dye concentrations for these assays (Fig. SI available with the
online version of this article). Peptide binding experiments were subsequently performed in triplicate with protein at 20 uM
and SYPRO Orange dye present in five-fold excess. A 100-fold molar excess of ligand was used for all experiments with ligands
dissolved in the same buffer as the protein. A Stratagene Mx3005P real-time quantitative PCR instrument (Qiagen) was used
with fluorescence excitation at 517 nm and emission measured at 585nm following 1°C/30's temperature increments over the
range 25-96 °C. Data analysis was performed using JSTA.

Isothermal titration calorimetry (ITC) was carried out with BsOppA in 50 mM Tris, 150 mM NaCl, pH 8.0 buffer. The protein was
present at a concentration of 90 uM. Titrations were performed with a stock concentration of ligand at 1.6 mM over the course of
19x0.5 pl injections with stirring at 750 r.p.m. at 25 °C. Experiments were performed using a Micro-Cal Auto-iTC200 instrument
(Malvern Instruments) with data analysed using MicroCal PEAQ-ITC software. All experiments were performed in triplicate.
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Table 3. Structure refinement

OppA-SNSS (8ARN) OppA-PhrE (8ARE) DppE (8AZB) DppE-MTP (8AY0)
Resolution range (A)* 55.02-1.50 52.26-1.90 (1.95-1.90) 46.09-1.40 (1.44-1.40) 60.74-1.51
(1.54-1.50) (1.55-1.51)

Completeness (%)* 99.9 (99.9) 99.4 (99.6) 99.5 (98.5) 96.3 (94.0)
No. of reflections, working set* 150844 (11102) 35978 (2633) 99479 (7225) 221900 (16044)
No. of reflections, test set* 7849 (574) 1811 (152) 5232 (354) 11490 (789)
Final R *t 0.177 (0.296) 0.252 (0.560) 0.182 (0.226) 0.185, 0.322
Final R, *% 0.207 (0.297) 0.308 (0.561) 0.208 (0.267) 0.221,0.332
No. of non-H atoms

Protein 8131 4032 4092 11932

Ligand 54 40 - 81

H,0 884 220 513 1206

Tons/additives - 5 - 96

Total 9069 4297 4605 13315
R.m.s. deviations

Bonds (A) 0.010 0.007 0.012 0.008

Angles (°) 1.614 1.391 1.810 1.500
Average B factors (A2

Protein 24.88 17.14 18.14 27.26

Ligand 34.53 15.51 22.37

H,0 35.53 17.78 2691 34.88

Tons/additives - 39.70 - 43.18
Ramachandran plot

Favoured regions (%) 98.3 97.1 98.0 97.8

Additionally allowed (%) 1.7 2.8 2.0 24

Outliers (%) 0 0.2 0 0

*Values in parentheses correspond to the outer resolution shell.
tR __=7YllFol - IFoll/Y|Fol where Fo and Fc are the observed and calculated structure factor amplitudes, respectively.

cryst
IR, isthe RCry calculated with 5% of the reflections chosen at random and omitted from the refinement.

free st

Genome analysis
We used the SEED viewer to identify gene clusters homologous to the B. subtilis dpp region [36].

RESULTS

OppA and DppE are expected to be lipoproteins anchored to the outer leaflet of the cytoplasmic membrane of B. subtilis following
secretion and processing of the precursor proteins and their fatty acid acylation on Cysl of the mature proteins. For soluble
recombinant protein production in E. coli and subsequent crystallization, we amplified truncated coding sequences to remove
the signal peptides, the amino terminal cysteines and further residues at the amino terminus which we judged to be intrinsically
unstructured based on sequence and structure alignments. Thus, purified OppA and DppE consist of residues 17-525 and 19-521
respectively, each with a vestigial GPA sequence at the N terminus produced by HRV 3C protease cleavage.

To establish the integrity of the purified proteins, their masses were determined by electrospray ionization MS to be 57902 and
57795 Da for OppA and DppE respectively, in agreement with the expected masses calculated from the sequences of 57934 and
57796 Da. CD spectra recorded using a Jasco J810 spectrophotometer suggested that both proteins possess a complement of
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Fig. 2. The structure of OppA from B. subtilis. (a) Ribbon tracing of chain A from the crystal structure of OppA. The chain is colour ramped from the N-
terminus (blue) to the C-terminus (red). The bound ligand is displayed as spheres coloured by atom type. (b) Electron density maps in the interdomain
region of the OppA structure displayed on the ligand from the refined structure. (c and d) Schematic representation of the polar interactions (dashed
lines) of OppA with the main chain of (c) the tetrapeptide ligand Ser-Asn-Ser-Ser and (d) the pentapeptide Ser-Arg-Gln-Val-Thr. (e and f) The position
2 side chain binding pocket showing the interactions of the Arg2 (e) and Asn2 (f) side chains of the peptide ligand (cylinder format with grey carbons)
of SRNVT and SNSS respectively with the surrounding protein (ball-and-stick format with green carbons). The Arg2 side chain makes abundant direct
polar interactions with the protein and displaces four water molecules (purple spheres) which are present when Asn2 is bound.

secondary structure elements consistent with a natively folded protein (Fig. S2). The preservation of this secondary structure
following guanidinium hydrochloride treatment to produce the ligand-free protein was also confirmed by CD spectroscopy
(Fig. S2).

Structure determination and overall structure of OppA

To elucidate the molecular basis of peptide recognition by B. subtilis OppA (BsOppA) we grew crystals of the recombinant protein
and resolved and refined its structure with diffraction data extending to 1.5 A spacing (Tables 2 and 3). The crystals have two
molecules in the asymmetric unit and the main chain electron density is contiguous from residue K17 to residue K525 in chain
A (Fig. 2a) and K19 to K525 in chain B. The A and B molecules of the asymmetric unit are very closely superimposable with
pairwise positional rmsA values of 0.2 A for 507 equivalent Ca atoms. Each chain consists of two lobes with lobe 1 comprising
residues 17-276 and 497-525 and lobe 2 made up of residues 277-496 (Figs 2a and S3). A structural similarity search of the protein
database in the program PDBeFOLD revealed a number of high scoring hits with Z-values of ~20, and rmsA values of ~1.5 A
for ~480 aligned residues. The most closely similar protein structures to BsOppA include PrgZ from Enterococcus faecalis (PDB
Entry: 4faj), MppA from Escherichia coli (309p) and the OppA proteins of Listeria monocytogenes (5kzt), Borrelia burgdoferi
(4g18), Burkholdderia pseudomallei (3zs6), S. typhimurium (1b58) and Escherichia coli (3tcf).
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The peptide binding pocket of OppA contains a tetrapeptide

Upon completion of the main chain tracing, we observed unoccupied electron density at the core of both protein chains in the
putative peptide binding site (Fig. S4A). We would expect BsOppA to purify with a heterogeneous mixture of peptides bound
in the pocket, reflecting the anticipated function of the protein in the uptake of general peptides. In the crystal, this would give
rise to electron density that is averaged over these different peptides. Guided by the shape of this electron density, we modelled
a tetrapeptide Ser' Asn®Ser*Ser* as the most satisfactory fit to the experimental data (Fig. 2b). There is positive-difference density
extending beyond the modelled side chains at positions 1 and 2, indicating that larger side chains are present at these positions.
As previously observed for OppA of S. typhimurium, the hydrogen bonding and electrostatic potential of the peptide main chain
is fulfilled by complementary interactions with the protein (Fig. 2¢). Thus, the a-amino group of the ligand forms an ion-pair
with the carboxylate of Asp429 and additional charge-dipole interactions with the phenolic hydroxyl of Tyr117 and the >C=0
of Leu427. At the other end of the ligand, the a-carboxylate group forms what is expected to be an ion pairing interaction with
the side chain of His381 and a further polar interaction to the side chain of Asn376 (Fig. 2c). Meanwhile, the polar groups of
the first and second peptide bonds form P-sheet-like interactions with residues 427-425 (anti-parallel) and 39-41 (parallel).
The carbonyl and amide groups of the third peptide bond form polar interactions with the side chains of Arg423 and Ser4l
respectively. Prominent in the binding site too are the indole side chains of Trp426 and Trp407 whose rings lie parallel to the
plane of the first and third peptide bonds respectively. The side chains of Arg423 and Lys27 may contribute favourably to binding
of the tetrapeptide’s a-carboxylate since their side chain guanidinium/amino nitrogens respectively are situated 3.5 A from the
carboxylate oxygens. With respect to the binding of peptides of different lengths, these side chains are also well placed to form
salt bridges with the terminal carboxylate of tripeptide and pentapeptide ligands respectively.

Consistent with the notion that Opp in B. subtilis serves a nutritional role as a general peptide transporter and that OppA is a
sequence-independent peptide binding protein, there are no strong polar interactions between the protein and the side chains of
the tetrapeptide ligand which would confer specificity. Instead, buried water molecules mediate interactions between the peptide
side chains and the protein. These water molecules act as molecular cushions, filling volume not occupied by the ligand and
possessing hydrogen bond donor and acceptor character which can be adaptably deployed according to the ligand’s character.

Specificity and affinity of peptide binding in BsOppA

To measure binding to BsOppA of the Ser-Asn-Ser-Ser peptide that was modelled in the crystal structure, we used a thermal
shift (differential scanning fluorimetry) assay in which BsOppA was mixed with the dye, SYPRO-Orange, and the fluorescence
emission was monitored as a function of temperature in the presence and absence of the peptide. The dye binds non-specifically
to hydrophobic surfaces exposed as the protein unfolds and this is monitored as an enhancement of fluorescence (Fig. S1). The
unfolding process can be quantified by a melting temperature T derived from plots of relative fluorescence versus temperature
[37]. A shiftin T in the presence of the peptide signals binding. As shown in Table 4 and Fig. S5, we observed a large positive
AT =16°C in the presence of synthetic Ser-Asn-Ser-Ser. In a follow-up study using ITC, this peptide was shown to bind to
BsOppA with high affinity, K;=0.4 uM, in an enthalpically driven process (Table 5).

The binding of three other tetrapeptides was tested in the thermal shift assay. Lys-Lys-Lys-Lys and Val-Ala-Pro-Gly binding
gave AT values of 4 and 8°C respectively (Table 4) while no shift in T was observed for Asp-Asp-Asp-Asp. ITC measurements
revealed a K, value of 10 uM for the Val-Ala-Pro-Gly ligand (Table 5). Next we assayed the binding to BsOppA of Ala-Arg-Asn-
Gln-Thr and Ser-Arg-Asn-Val-Thr, which are known substrates of Opp in B. subtilis [13, 14]. These peptides are derived from
the phosphatase regulators PhrA and PhrE respectively. As shown in Table 4, in the presence of the PhrA and PhrE peptides,
unfolding of BsOppA exhibited 12 and 20°C increases in T respectively. ITC measurements revealed K, values of 23 uM for
ARNQT and 2 pM for SRVNT in strikingly entropically driven binding processes (Table 5; Fig. S6).

Table 4. Peptide binding* to BsOppA measured by thermal shift analysis

Peptide T (°C) sDt AT, (°C)
None 50.4 0.4 -
KKKK 54.5 0.1 4.2
VAPG 59.1 0.2 8.7
ARNQT (PhrA) 62.4 0.3 12.0
SNSS 66.8 0.2 16.4
SRVNT (PhrE) 71.0 0.2 20.6

*Experiments carried out at 298 K.
tBased on three replicates.
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Table 5. Peptide binding* to BsOppA measured by ITC

Peptide K, (tM) N AH -TAS AG

(kJ mol™) (kJ mol™) (kJ mol™)
VAPG 9.97+3.00 0.78+0.02 13.13+1.10 —41.77+0.47 —28.63+0.84
ARNQT (PhrA) 22.53+3.01 1.36+0.03 17.30+0.87 —43.83+0.57 -26.57+0.38
SNSS 0.43+0.03 0.91+0.08 —29.93+0.28 —6.44+0.44 —36.35+0.21
SRVNT (PhrE) 2.16+02.8 0.80+0.01 19.87+0.67 -52.23+0.29 —-32.37+0.38

*Experiments carried out in triplicate at 298 K.

The binding of three longer peptides was investigated, the heptapeptide Gly-Arg-Gly-Asp-Ser-Pro-Lys, the octapeptide Asp-Tyr-
Lys-Asp-Asp-Asp-Asp-Lys and the decapeptide Arg-Gly-Asp-Ser-Pro-Ala-Ser-Ser-Lys-Leu. We found no evidence of peptide
binding in the thermal shift assays at peptide concentrations up to 2mM.

The findings described here are in accord with previous peptide binding studies performed with BsOppA in which changes in
intrinsic protein fluorescence were monitored [18]. This study showed binding of the tripeptides Arg-Gly-Gly, the tetrapeptide
Gly-Leu-Gly-Leu and the pentapeptide Ser-Leu-Ser-Gln-Ser with K, values of 50, 5 and 1M respectively. No binding of the
longer peptides tested was observed. Together, with the limited dataset presented here, it appears that BsOppA has highest affinity
for tetrapeptides and pentapeptides.

Structure of BsOppA bound to the PhrE-derived peptide

The products of the ITC experiment measuring binding of the PhrE-derived peptide Ser-Arg-Asn-Val-Thr to BsOppA were
recovered and fed into a crystallization screening experiment. This yielded a different crystal form whose structure was resolved
by molecular replacement using the coordinates of BsOppA bound to SNSS as the search model (Tables 2 and 3). Electron density
defining the Ser-Arg-Asn-Val-Thr peptide was clearly observed in the peptide binding cavity.

The SNSS and SRNVT ligand backbones superpose closely and residues 1-3 of the two peptides make the same set of interactions
with the protein (Fig. 2d). The >C=0 of Val4 forms hydrogen bonds to the imidazole of His381 and the side chain amide of Asn376.
The >N of Thr5 in SRNVT, which superposes with a carboxylate oxygen of SNSS, does not form an obvious polar interaction with
the protein, while the carboxylate of Thr5 forms an ion pair with Arg423, a charge dipole interaction with the phenolic -OH of
Tyr496, a further polar interaction with a water molecule and finally an intramolecular interaction with the side chain amide of
Asn3. The Arg423 side chain plays an important role in ligand binding: through direct interactions with residues 3 and 5 of the
peptide and by forming bridging interactions to Asn376 and Tyr496, which also interact with the peptide main chain.

As discussed above, the side chains of peptide ligands in the structures of OppA we have resolved form few or no direct interac-
tions with the protein since such interactions would introduce specificity, which is not desirable in a protein whose function is
sequence-independent peptide binding and transport [38]. In this regard, Arg2 of the PhrE peptide is of note as its guanidinium
group forms five polar interactions with BsOppA including a striking two-pronged salt bridge to the side chain carboxylate of
Asp449 (Fig. 2e). Relative to the position 2 binding pocket in the SNSS complex (Fig. 2f), the side chain of Asp449 has an altered
conformer and four water molecules have been displaced. Interestingly, Arg2 is the most conserved residue in the Phr peptides
of B. subtilis [14].

Structure determination and overall structure of DppE

While OppA in B. subtilis has been studied previously, the function and specificity of DppE (BsDppE) has not been investigated.
We therefore purified and crystallized the protein and solved its structure (Tables 2 and 3). The electron density is contiguous
over residues 21-521 of chain B with residues 261-265 and 521 in chain A and residues 256-271 and 521 in chain C missing and
presumed to be disordered. The three molecules of the asymmetric unit are very closely superimposable with pairwise positional
rmsA values of 0.3 A for 480 equivalent Ca atoms. Each chain consists of two lobes with lobe 1 comprising residues 21-273 and
494-521 and lobe 2 made up of residues 274-493 (Fig. 3a). A structure similarity search revealed that the most similar entry to
DppE in the protein data bank is OppA from B. subtilis whose structure is described above. Pairwise superposition of the chains
from the DppE and OppA structures gives rmsA values of 1.2 A for 480 or so equivalent Ca atoms.

The DppE crystal structure reveals a murein tripeptide binding site

As a result of their moderate to high affinities, the substrate binding proteins of ABC transporters frequently co-purify with
their ligands and this has proved a useful tool for assigning specificity and inferring function [39]. After the DppE sequence
had been built into the maps, we observed prominent electron density at the heart of all three protein molecules in the site
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(a)

Fig. 3. The structure of DppE from B. subtilis. (a) Ribbon tracing of chain B from the crystal structure of DppE. The chain is colour ramped from the
N-terminus (blue) to the C-terminus (red). The bound ligand is displayed as spheres coloured by atom type. (b) Electron density map (contoured at 10)
in the interdomain region of the DppE structure displayed on the murein tripeptide ligand from the refined structure. (c) Ribbon tracing coloured as in
(a) (left) and electrostatic surface rendering (right) of unliganded DppE. (d) Surface renderings of the structures illustrating the Venus flytrap binding
mechanism. The murein tripeptide ligand, which is shown as green spheres, has been superimposed onto the open structure where it is visible in the
binding cleft. Upon binding and domain closure, the ligand is completely enclosed and invisible from the exterior.

normally occupied by the ligand (Figs 3b and S4B). We were unable satisfactorily to model a conventional peptide into this
electron density. Experience gained from determination of the structure of MppA in complex with murein tripeptide [40] led
us to the realization that the same ligand was present in DppE and L-Ala-D-Glu-meso-DAP was very straightforwardly fitted
into the maps (Fig. 3b). The murein tripeptide (MTP) ligand is enclosed in the protein interior such that it has no solvent
accessible surface area.

Crystal structure of unliganded DppE reveals a 30° domain opening

Unliganded DppE was also prepared and crystallized as described in the Methods. The structure of these crystals was determined
using diffraction data extending to 1.4 A resolution allowing complete tracing of residues 21-521 of the single chain in the asym-
metric unit. As shown in Fig. 3¢, the unliganded protein is superficially similar in structure to the MTP-bound DppE, with closer
inspection revealing that there has been a movement of Lobe 1 relative to Lobe 2. Analysis in the program DynDom suggests the
structural change can be described as an inter-lobe rotation of 33° with the most significant changes in main chain conformation
occurring at residues 273-277 and 492-494 which form the segments connecting the lobes. This observation is consistent with
the Venus fly-trap mechanism of ligand binding reported for other solute binding proteins [41]. According to this mechanism
the ligand binds to the open conformation of the protein as modelled in Fig. 3d (left), and is subsequently completely buried in
the protein interior upon domain closure (Fig. 3d, right).
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Mode of MTP binding

The murein tripeptide (L-Ala-y-D-Glu-meso-DAP) ligand adopts an identical conformation in each of the three molecules of
the asymmetric unit and essentially identical interactions are formed with the protein as shown schematically in Fig. 4(a, c). The
a-amino group of Alal forms an ion-pairing interaction with the carboxylate side chain of Asp426 and charge-dipole interac-
tions with the main chain >C=0 of Leu424 and with a water molecule. The carbonyl oxygen of Alal forms a hydrogen bond
with the >NH of Leu424. The >NH of p-Glu2 in turn forms a hydrogen bond with the main chain carbonyl oxygen of Phe41.
The a-carboxylate of D-Glu2 forms a two-pronged salt bridging interaction with the side chain guanidinium group of Arg445.
Moving along the peptide the >C=0 and the >NH of the y-peptide linkage form hydrogen bonds with the main chain amide
of Asn43 and the side chain hydroxyl of Ser422 (Fig. 4a). The a-carboxylate of meso-DAP does not form any direct interactions
with DppE, but instead participates in interactions with a number of ordered water molecules (Fig. 4c). At the extremity of the
peptide, the free amino group of the DAP forms charge-dipole interactions with the side chain amide oxygen of GIn273 and the
main chain >C=0 of Asn493 (Fig. 4b). Meanwhile the carboxylate forms a salt bridge to Arg237 in molecules A and C, though
interestingly not in molecule B where the Arg237 side chain is poorly defined in the electron density maps. The hydrogen
bonding potential of the ligand that is not satisfied by protein-ligand interactions is fulfilled by supplementary interactions with
well-defined buried water molecules (Fig. 4c).

Murein tripeptide bound to DppE has a closely similar conformation to Mtp bound to the murein tripeptide binding protein,
MppA, from E. coli [40] and all of the ligand atoms of the respective structures are closely superimposable (Fig. 4b). There are
nevertheless interesting differences in their mode of binding (Fig. 4c, d). Asp426 in DppE aligns with Asp417 in MppA and these
residues are functionally equivalent in tethering the a-amino groups of Alal (Figs 4c, d and S7). In both cases, the a-carboxylate
group of Glu2 forms a two-pronged salt-bridge to an arginine side chain. In this case, Arg445 of DppE does not correspond to
Arg402 in MppA on the basis of sequence alignment (Fig. S7), suggesting convergent evolution of a specific interaction to the
D-Glu a-carboxylate group in MppA and BsDppE. For the two carboxylate groups of the meso-DAP in DppE, the first interacts
exclusively with water molecules while the second forms a charge-charge interaction with the side chain of Arg237. For MppA,
these interactions are reversed and the first carboxylate forms an ion pair to an arginine (Arg 411) while the second is fully
hydrated. Finally, the amino group of meso-DAP in both systems forms a charge-dipole interaction with an equivalent residue
GIn273 in DppE, and GIn267 in MppA.

Analysis of the Dpp region in B. subtilis supports a proposed role for Dpp in peptidoglycan recycling

In a study of the murein tripeptide binding protein MppA from E. coli, we noticed that it was encoded on the genome of various
gammaproteobacteria adjacent to, and probably co-regulated with, genes with roles in peptidoglycan recycling [40]. We went on
to characterize one of these enzymes, MpaA, confirming the existence of the new scavenging pathway [42]. The pathway consists
of an ABC transporter that handles murein tri-/tetra- or penta-peptides, a series of enzymes that cleave the peptide from the
glycan and progressively shorten the peptide, and an isomerase that converts the b-Glu to L-Glu (Fig. 5a).

Closer analysis of the dpp locus in the genomes of B. subtilis and related bacteria suggests that a similar pathway exists in Firmicutes.
The first clue is the presence of the gene, ykfD, downstream of the other dpp genes. The ykfD gene encodes a second ATPase subunit,
the first being DppD, which is likely to be the ‘missing’ element in a five-component transporter, DppBCDE-Yk{D (Fig. 5b).
Although homodimeric arrangements of ATPase subunits are found in bacterial ABC transporters, heterodimers are much
more common especially in the cluster C grouping. Secondly, inserted between the genes encoding the transporter components,
DppE and YkfD, are three additional genes, ykfABC (Fig. 5b), which are homologous to genes known to be involved in murein
recycling pathways. These encode an L-alanine-D/L-glutamate epimerase (Yk{B), a y-p-glutamyl-L-lysine endopeptidase (YkfC)
and a putative murein peptide carboxypeptidase (YkfA) [43]. Thirdly, the gene immediately upstream of the dpp transporter
genes, which is known as dppA, encodes a well-characterized p-alanyl-endopeptidase that is able to initiate the catabolism of the
murein tetra- and penta-peptides [44, 45] (Fig. 5a). This gene organization is conserved in related Bacillus species and components
are conserved in more diverse Firmicutes, including examples from species of Listeria, Enterococcus and Clostridium (Fig. 5b).

DISCUSSION

In bacteria, peptides play important signalling roles in adaptations to changes in the cellular environment [46]. Peptide signal-
ling in bacteria was discovered in B. subtilis through studies of the regulation of sporulation, following the recognition that
the sequence of the spoOK locus determined by Perego and Hoch bore striking similarity to the opp operon of S. typhimurium
characterized by Higgins et al. [47]. Parallel studies of competence implicated Opp in the control of this adaptation in the same
species [10]. The more widespread importance of peptide permeases as conduits for signalling peptides in Gram-positive bacteria
became apparent in subsequent years with examples including (i) control of excision and transfer of mobile genetic elements
[48], (ii) lysis to lysogeny decision-making in bacteriophages [49], (iii) pheromone-mediated plasmid conjugation of Enterococcus
faecalis [50], and (iv) virulence in B. thuringiensis [51] and Listeria monocytogenes [52].
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Fig. 4. Mode of murein tripeptide binding in DppE. (a) Schematic representation of the polar interactions (dashed lines) between DppE and the murein
tripeptide ligand. (b) Superposition of the murein tripeptide ligands from the crystal structures of DppE from B. subtilis and MppA from E. coli. The
colouring is by atom type: oxygen, red; nitrogen, blue; carbon, green in DppE and grey in MppA. (c and d) Stereo images illustrating the interactions
of murein tripeptide shown in cylinder format (grey carbons) and the residues of the binding pocket shown in ball-and-stick format (green carbons).
Polar interactions of the Mtp ligand and the surrounding protein and water molecules (red spheres) are indicated by dashed lines. In (c), EDO refers to
ethane diol introduced during crystal cryoprotection.
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Fig. 5. The muropeptide catabolic pathway in Firmicutes. (a) Schematic representation of the steps in the uptake and catabolism of the muropeptide,
beginning from the largest substrate, the murein pentapeptide. We propose uptake of the tetra- and tri-peptides is also mediated by Dpp, in which case
only a subset of the enzymes would be required for catabolism. (b) Schematic of the layout of the dpp transporter genes and the associated murein
catabolic enzymes. The colours specifying the gene functions match those for the protein components as defined at the top of part (a) and the bottom
of part (b). Note that some of the more divergent clusters have additional/alternative genes that could encode proteins catalysing similar reactions;
for example, bla is equivalent to dppA.

In most but not all cases, signalling peptides will be imported on oligopeptide transporters that play important nutritional roles.
Many bacteria have evolved a set of high-affinity peptide uptake systems with distinct but overlapping specificities to enable the
transport of peptides of variable length and diverse sequence. The range of ligands handled and the determinants of specificity
have been studied most extensively for the oligopeptide permeases of S. typhimurium [38] and Lactococcus lactis [53]. An outcome
of the present work is a complete set of structures of the ABC peptide transporter receptors in B. subtilis, namely DppE, OppA
and AppA. Electron density in the cavity between the protein lobes clearly reveals the presence of endogenous peptides. In DppE,
the ligand is murein tripeptide, while in OppA and AppA, the ligands of best fit are the tetrapeptide Ser-Asn-Ser-Ser and the
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nonapeptide Val-Asp-Ser-Lys- Asn-Thr-Ser-Ser-Trp respectively [19]. There is ambiguity in these interpretations consistent with
the expectation that Opp and App are, to a large extent, sequence-independent peptide transporters and that OppA and AppA are
therefore sequence-independent peptide-binding proteins. The somewhat limited available evidence suggests that Opp transports
shorter peptides with highest affinity for tetra- and pentapeptides with App handling longer peptides of up to nine residues.
Meanwhile, Dpp may transport dipeptides, but its major role appears to be in the transport of cell wall peptides as discussed below.

In Fig. 6(a), peptide ligands from DppE, OppA and AppA from B. subtilis, DppA and MppA from E. coli, OppA from S. typhimu-
rium and OppA from Lactococcus lactis are displayed following superposition of the main chains of the respective proteins. All
of the peptides occupy an overlapping volume and there is close superposition of the peptide main chains. With the exception of
the nonapeptide ligands in AppA and LIOppA, the a-amino groups of the peptides form a salt-bridge to a conserved aspartate
that effectively anchors the ligand (Fig. 6b, c). As a result, peptides of different length differ in the position of their carboxyl
termini in this set of SBPs.

It is interesting to consider the length dependence of oligopeptide binding in relation to the conservation of a signature sequence
that appears as R*MGWLGD*” in BsOppA and which forms an important and extensive surface of the binding site. The side
chain of the residue corresponding to D** in OppA binds the ligand’s a-amino group while that corresponding to Trp**® stacks
onto the first of the peptide bonds. The residues equivalent to R*** mediate direct or indirect interactions with the a-carboxylate
of the ligand. AppA binds its nonapeptide such that residues 4-8 overlap with the pentapeptide in BsOppA, giving a three-residue
extension at the N-terminus and an additional residue at the C-terminus. AppA thus lacks the Asp and Arg residues of the
signature sequence [19]. LIOppA, which also lacks the signature Asp and Arg residues, binds its nonapeptide so that residues
5-9 correspond to the pentapeptide in BsOppA. In fact, LIOppA does not anchor either the N- or the C-termini of its ligand
and instead binds peptides in variable registers according to the sequence [53]. This is a manifestation of its binding to peptides
of widely varying length (4-35 residues). Meanwhile, the dipeptide binding protein, DppA, lacks the signature Arg residue as it
uses a different residue, Arg**, to bind its shorter substrates [54].

With its D-Glu residue and y-peptide linkage, murein peptide is very different to a conventional peptide. However, the
D-stereochemistry of residue 2 and its isopeptide linkage to meso-DAP represent compensating structural changes in three
dimensions [40] so that murein tripeptide ligands in DppE and MppA overlap quite well with the conventional peptide ligands
in the other proteins (Fig. 6a). Both exploit the conserved Asp residue (Asp** and Asp*" respectively) in binding the a-amino
group of L-Ala (Fig. 6¢). In MppA, the signature Arg"' forms a salt-bridge to the terminal carboxylate of the murein tripeptide.
As discussed earlier, the murein tripeptide binding pocket in DppE is differently organized - the signature Arg is missing (Fig. 6¢)
and its role is taken by Arg®” (Fig. S7).

The results presented here suggest that DppE is functionally orthologous to MppA of E. coli. However, whereas MppA is an orphan
solute binding protein which serves the Opp membrane components, DppE is encoded and cotranscribed with a cognate set of
membrane components. In addition to this gene organizational divergence, our analysis shows that BsDppE and EcMppA have
evolved distinct modes of murein tripeptide binding, probably from an OppA-like ancestor. This is evident in the differences in
the arginine residues deployed in binding the three carboxylate groups of the MTP ligand.

A striking result from this work is the unexpected discovery of murein tripeptide in the binding pocket of DppE, suggesting
strongly that Dpp is a murein tripeptide transporter. Insertional mutagenesis of the dppA and dppE genes had no effect on
growth or sporulation in complex media [20]. The clearest phenotype associated with dppE mutation was observed following
its introduction into a proline auxotrophic strain which lost the ability to grow on minimal media supplemented with Pro-Gly
[20]. The capacity of the dppE strain to grow on defined media containing murein tripeptide has yet to be tested and represents
an interesting and important future experiment.

Dpp is under the transcriptional control of CodY in B. subtilis. Also contained in the CodY regulon and transcribed from the
dpp promoter are a group of genes ykfABCD and dppA located downstream of dppE, and upstream of dppB respectively [55]. As
discussed above and illustrated in Fig. 5, these genes encode a putative murein peptide carboxypeptidase (YkfA), an L-alanine-
D/L-glutamate epimerase (Yk{B), a y-p-glutamyl-L-lysine endopeptidase (YkfC) and a p-alanyl-endopeptidase (DppA) that are
either known or highly likely to function in cell wall catabolism [44, 45]. These observations reinforce the interpretation that Dpp
is a murein tripeptide transporter that functions in the uptake and recycling of cell wall peptides. Moreover, dpp regulation by
CodY, and the persistence of the dpp transcript under nutrient-limiting conditions and during sporulation [55] are consistent with
(i) the need to conserve resources in stationary phase and (ii) the extensive cell wall restructuring that accompanies asymmetric
septation and mother cell engulfment of the forespore during spore formation [56].

Scavenging of murein peptides is well known in Gram-negative bacteria [57] and there is evidence that it also takes place in Gram-
positive bacteria where the murein layer in the cell wall is much thicker. In B. subtilis turnover of up to 50% of the murein takes
place per generation, accompanied by release of murein tripeptide into the medium [58]. This accumulates to high concentrations
in the medium of growing cultures of B. subtilis and would constitute an excellent source of carbon, nitrogen and energy at a
later stage in growth. The presence of DppA, a well-characterized intracellular p-alanyl-aminopeptidase, suggests that the Dpp
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Fig. 6. Comparison of peptide binding across SBP structures. (a) Overlay of the peptide ligands from BsAppA-VDSKNTSSW (1XOC; white), LIOppA-
SLSQSLSQS (3RYB; light grey), BsOppA-SRNVT (orange), BsOppA-SNSS (light blue), BsDppE-Mtp (yellow), EcMppA-Mtp (309P; green), EcDppA (1DPP;
grey), StOppA-KKK (20LB; purple) and StOppA-KK (2RKM; red) — left with all of the above structures and right with BsAppA-VDSKNTSSW and LIOppA-
SLSQSLSQS omitted. The structures were superposed using the SSM superpose routines in CCP4mg [61] applied to protein atoms (matching rmsA =
0.3-2.0 A for 453-508 equivalent atom pairs). Ligands are coloured according to structure. (b) Schematic summary of the overlay in (a) emphasizing the
relative positions of the peptides in the respective binding pockets. Each residue is represented by a block and the colouring is as in (a). (c) Variations on
the sequence of the peptide binding motif which appears as R**AGWCAD*'"” in StOppA. Residues in red font form interactions with the ligands' charged
termini with underlined aromatic residues packing against peptide bonds in the ligands.

system may also mediate the uptake of tetra- and or penta-peptides derived from peptidoglycan. These peptides are likely to be
produced by the action of the secreted amidase, AmiE (YbbE), which cleaves the amide linkage in N-acetylmuramyl-L-alanine to
produce MurNAc and the cell wall-derived stem peptides [59]. Peptidoglycan-derived MurNAc uptake and recycling in B. subtilis
has subsequently been shown to occur during the transition to stationary phase [60]. We propose that the DppE-containing ABC
transporter combined with other gene products in this region, which are similarly produced under nutrient-limiting conditions,
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take up and catabolize the released stem peptides (Fig. 5a), providing complete re-assimilation of all the components of the
peptidoglycan.
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