THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 5, pp. 2630-2643, January 30, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

The 3-Lactamase Gene Regulator AmpR Is a Tetramer That
Recognizes and Binds the p-Ala-p-Ala Motif of Its Repressor
UDP-N-acetylmuramic Acid (MurNAc)-pentapeptide®

Received for publication, October 15, 2014, and in revised form, December 3, 2014 Published, JBC Papers in Press, December 5, 2014, DOI 10.1074/jbc.M114.618199

Grishma Vadlamani* ,MlstyD Thomas“ Trushar R. Patel®?, Lynda J. Donald®, Thomas M. Reeve*, Jorg Stetefeld®,
Kenneth G. Standing®, David J. Vocadlo, and Brian L. Mark*3

From the Departments of 1EM/crob/ology, SChemistry, and "Physics and Astronomy, University of Manitoba, Winnipeg, Manitoba
R3T 2N2, Canada and the! Department of Chemistry, Simon Fraser University, Burnaby, British Columbia V5A 156, Canada

p-Ala-p-Ala motif.

competitive binding with UDP-MurNAc-pentapeptide.

differentially induce ampC expression.
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(Bacl(ground: Peptidoglycan metabolites regulate AmpR-mediated control of ampC B-lactamase expression.
Results: AmpR binds DNA as a tetramer and interacts with up to four copies of its repressor UDP-MurNAc-pentapeptide via its

Conclusion: p-Ala-p-Ala recognition supports 1,6-anhydroMurNAc-pentapeptide as an AmpR activator, probably through

Significance: Understanding how peptidoglycan metabolites modulate AmpR provides insight into how B-lactam classes

N
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Inducible expression of chromosomal AmpC B-lactamase is a
major cause of B-lactam antibiotic resistance in the Gram-neg-
ative bacteria Pseudomonas aeruginosa and Enterobacteriaceae.
AmpC expression is induced by the LysR-type transcriptional
regulator (LTTR) AmpR, which activates ampC expression in
response to changes in peptidoglycan (PG) metabolite levels
that occur during exposure to f3-lactams. Under normal condi-
tions, AmpR represses ampC transcription by binding the PG
precursor UDP-N-acetylmuramic acid (MurNAc)-pentapep-
tide. When exposed to 3-lactams, however, PG catabolites (1,6-
anhydroMurNAc-peptides) accumulate in the cytosol, which
have been proposed to competitively displace UDP-MurNAc-
pentapeptide from AmpR and convert it into an activator of
ampC transcription. Here we describe the molecular interac-
tions between AmpR (from Citrobacter freundii), its DNA oper-
ator, and repressor UDP-MurNAc-pentapeptide. Non-denatur-
ing mass spectrometry revealed AmpR to be a homotetramer
that is stabilized by DNA containing the T-N,;-A LTTR binding
motif and revealed that it can bind four repressor molecules in
an apparently stepwise manner. A crystal structure of the AmpR
effector-binding domain bound to UDP-MurNAc-pentapeptide
revealed that the terminal p-Ala-p-Ala motif of the repressor
forms the primary contacts with the protein. This observation
suggests that 1,6-anhydroMurNAc-pentapeptide may convert
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AmpR into an activator of ampC transcription more effectively
than 1,6-anhydroMurNAc-tripeptide (which lacks the p-Ala-p-
Ala motif). Finally, small angle x-ray scattering demonstrates
that the AmpR-DNA complex adopts a flat conformation similar
to the LTTR protein AphB and undergoes only a slight confor-
mational change when binding UDP-MurNAc-pentapeptide.
Modeling the AmpR-DNA tetramer bound to UDP-MurNAc-
pentapeptide predicts that the UDP-MurNAc moiety of the
repressor participates in modulating AmpR function.

Induction of chromosomal AmpC S-lactamase by the LysR-
type transcriptional regulator (LTTR)* AmpR is a mechanism
of B-lactam antibiotic resistance that is common to many
enterobacteria as well as Pseudomonas aeruginosa and other
nonfermenting Gram-negative bacilli. AmpC enzymes are of
considerable medical concern because they confer resistance to
a broad range of B-lactams, and their activity is not sufficiently
suppressed with clinically available B-lactamase inhibitors (1).
The genes encoding AmpC and AmpR form a divergent operon
(ampR-ampC), which allows AmpR to bind to overlapping pro-
moters within the intergenic region of the operon to control the
transcription of both genes (2). Moreover, AmpR has also been
found to exert transcriptional control over an additional chro-
mosomal class D (B-lactamase gene as well as numerous viru-
lence-associated genes in P. aeruginosa (3, 4). Accordingly,
there has been an increased interest to better understand how
AmpR regulates gene expression.

AmpR controls transcription of AmpC by binding to metab-
olites of the Gram-negative peptidoglycan (PG) recycling path-
way (Fig. 1) (5, 6). Despite its critical structural role, PG is a

“The abbreviations used are: LTTR, LysR-type transcriptional regulator; PG,
peptidoglycan; MurNAc, N-acetylmuramic acid; 1,6-anhydroMurNAc, 1,6-
anhydro-N-acetylmuramic acid; GIcNAc, N-acetylglucosamine; PBP4, pen-
icillin-binding protein 4; EBD, effector-binding domain; SAXS, small angle
x-ray scattering; RB, resuspension buffer; PDB, Protein Data Bank.
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FIGURE 1. Simplified schematic of the PG recycling pathway (see Refs. 5
and 6 for details). GIcNAc-1,6-anhydroMurNAc-peptides (only the penta-
peptide species is shown) are excised from the PG layer and then transported
to the cytosol via the AmpG permease, where glycosidase NagZ removes
GlIcNAC to yield 1,6-anhydroMurNAc-pentapeptide (or -tripeptide species),
which have been implicated as activators of AmpR. The amidase activity of
AmpD separates the stem peptide from 1,6-anhydroMurNAc, which depletes
the cytosolic levels of the AmpR activator ligands, and the products are used
to generate the AmpR repressor molecule UDP-MurNAc-pentapeptide (via
multiple steps), which is eventually reincorporated into the PG layer.

dynamic macromolecule that is continuously turned over and
recycled during microbial growth (5-8). Turnover is carried
out by periplasmic autolysins that excise GlcNAc-B(1—4)-
1,6-anhydroMurNAc-peptide fragments from the PG sacculus
(9), and the fragments are transported to the cytosol by the
AmpG permease (10) for recycling. In the cytosol, the non-
reducing GlcNAc residue is removed from the fragments by the
glycosidase NagZ (11-13) to yield a series of 1,6-anhydroMur-
NAc-tripeptides, -tetrapeptides, and -pentapeptides. The ami-
dase AmpD cleaves the amide bond linking the remaining
sugar, 1,6-anhydroMurNAc, to the peptide stems (14, 15), and
the resulting pool of monosaccharide and peptide catabolites
are subsequently used to build UDP-MurNAc-pentapeptide, an
essential anabolite of cell wall synthesis (5). In the absence of
B-lactams, UDP-MurNAc-pentapeptide binds to AmpR and
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causes the repression of ampC transcription (16). In contrast,
disruption of PG metabolism by B-lactams increases the cyto-
solic concentration of 1,6-anhydroMurNAc-peptides, which
appears to overwhelm endogenous AmpD activity and allows
either the 1,6-anhydroMurNAc-tripeptide (16, 17) or -penta-
peptide species (7, 18) to bind to AmpR. It has been proposed
that these 1,6-anhydroMurNAc species competitively displace
UDP-MurNAc-pentapeptide from AmpR, thus converting
AmpR into an activator of ampC transcription (16, 19). The
expressed AmpC is then exported to the periplasm, where it
hydrolyzes the B-lactam to re-establish normal cell wall
homeostasis.

Some B-lactams are weak inducers of ampC transcription
(e.g. ceftazidime) and are thus effective against bacteria harbor-
ing the ampR-ampC system, although they are susceptible to
AmpC (1). However, spontaneous inactivation by mutations
within ampD occurs frequently and causes accumulation of
cytosolic 1,6-anhydroMurNAc-peptides and production of
AmpC to levels that confer resistance even to these B-lactams
(14, 20-23). Inactivation of dacB, which encodes penicillin-
binding protein 4 (PBP4), also causes AmpR-dependent AmpC
hyperproduction and high level B-lactam antibiotic resistance
(24). Loss of PBP4 has recently been found to be the leading
cause of single-step mutational resistance to B-lactams in
P. aeruginosa (25). Interestingly, PBP4 removes the terminal
D-Ala residue from PG catabolites prior to being transported to
the cytosol for recycling (26), suggesting that the terminal p-Ala
residue may be important for AmpC activation. Although
occurring less frequently than ampD or dacB null mutations,
mutations in ampR have also been found to drive constitutive
high level AmpC production (21, 25, 27, 28).

LTTR proteins, including AmpR, function as oligomers, typ-
ically as homotetramers, to regulate gene transcription in
response to effector molecule binding (29, 30). Most LTTRs
repress transcription in the absence of an effector molecule and
only initiate transcription upon binding an activator ligand.
AmpR, however, is controlled by both a repressor ligand (UDP-
MurNAc-pentapeptide) and an activator ligand (1,6-anhydro-
MurNAc-tripeptide or -pentapeptide), providing an additional
level of metabolite-controlled regulation over AmpC expres-
sion (16, 18).

AmpR is a 32-kDa protein, that like other LTTRs, has a well
conserved N-terminal DNA-binding domain, containing a
winged helix-turn-helix motif, and a C-terminal effector-bind-
ing domain (EBD) (31). It recognizes and binds to a 38-base pair
(bp) region within the overlapping promoters of the ampR-
ampC operon, shown by Lindquist et al. (32) to be protected by
AmpR in DNase footprinting assays (Fig. 2). This region
includes a canonical LTTR high affinity T-N,;-A motif (29, 30)
and, according to the “sliding dimer” model of LTTR proteins
(29, 30), may also include two additional low affinity binding
sites for AmpR that directly control ampC gene expression as
described below (Fig. 2). When LT TR proteins tetramerize, the
N-terminal DNA-binding domains of the monomers work
together in pairs to bind DNA. Whereas one pair of DNA-bind-
ing domains binds with high affinity to the T-N;;-A motif (29),
the other pair is thought to be mobile and interacts with at least
two low affinity sites that are close to the RNA polymerase
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FIGURE 2. The intergenic region of the ampR-ampC operon of C. freundii containing the high affinity LTTR binding motif T-N, ,-A (underlined) and the
promoter regions of the divergently transcribed ampR and ampC genes (32), which according to the sliding dimer model of LTTR proteins (29, 30) are
predicted to contain low affinity binding sites for AmpR. The sequences of the 21- and 38-bp DNA that were bound to AmpR in this study are as indicated,
with the latter region corresponding to the DNase-protected region identified by Lindquist et al. (32).

recognition site (—35 site) of the regulated gene (33-35).
According to the sliding dimer model, interaction of the mobile
pair of DNA binding domains with these sites causes DNA
bending to occur, and when the pair binds to a low affinity site
near the —35 site, it shields the site from the RNA polymerase
and suppresses transcription. However, when bound to an
appropriate effector ligand, conformational changes in the
LTTR protein prompt the domains to “slide” upstream to an
alternate low affinity site, relaxing the DNA bend and exposing
the —35 site to the polymerase to permit transcription (29, 30).

Although a number of crystal structures of full-length LTTRs
have been determined, including one bound to its natural acti-
vator ligand (36), none have been determined in complex with a
natural repressor molecule. Nor have any full-length LTTR
complexes with DNA been structurally studied, thus the inter-
actions with promoter elements and associated conformational
changes that underpin the switch from gene repression to acti-
vation remain poorly understood.

Here we provide new structural insights into the archetypal
AmpR protein from Citrobacter freundii to further our under-
standing of how this LTTR protein modulates AmpC B-lacta-
mase gene expression. Using non-denaturing mass spectrome-
try, we demonstrate that AmpR is a tetramer that possesses two
independent DNA binding sites that have high affinity for the
LTTR T-N;;-A DNA binding motif. We find that AmpR is able
to bind up to four molecules of UDP-MurNAc-pentapeptide,
the natural repressor ligand of this protein. To investigate how
AmpR binds UDP-MurNAc-pentapeptide, we determined the
crystal structure of the EBD of AmpR bound to the metabolite,
which is the first structure of an LTTR bound to a natural
repressor ligand. This structure reveals that the terminal p-Ala-
D-Ala motif of UDP-MurNAc-pentapeptide plays a central role
in the interaction of the ligand with AmpR. Finally, small angle
x-ray scattering (SAXS) studies of the full-length AmpR
tetramer bound to DNA indicate that it adopts a conformation
remarkably similar to AphB, an LTTR protein involved in vir-
ulence gene regulation in Vibrio cholera, and that the complex
undergoes a subtle conformational change upon binding
UDP-MurNAc-pentapeptide. Modeling the repressor-bound
AmpR-DNA complex (based on our X-ray data and the AphB
structure) suggests that whereas the pentapeptide of the repres-
sor and activator ligands are involved in binding AmpR, it is
likely the UDP-MurNAc and 1,6-anhydroMurNAc moieties of
the molecules that modulate AmpR function at the quaternary
level and control its ability to control transcription.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification of the AmpR EBD—Esch-
erichia coli BL21 (DE3) GOLD HTE cells harboring pMB400
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(31) were grown to mid-log phase (A4y, = 0.5) at 37 °C, with
shaking, in 500-ml volumes of LB media supplemented with 35
pg/ml kanamycin. Expression of the AmpR EBD was induced
with 1 mm isopropyl 1-thio-B-p-galactopyranoside for 4 h at
28 °C with shaking. Cells were pelleted by centrifugation and
stored at —80 °C. Pellets were thawed in 20 ml of ice-cold lysis
buffer (1 m NaCl, 20 mm Tris-HCI (pH 8.0), and 1 um PMSF)
and lysed using a French pressure cell press (Aminco). The
lysate was clarified by centrifugation and loaded onto a nickel-
nitrilotriacetic acid-agarose column that had been pre-equili-
brated with binding buffer (1 m NaCl and 20 mm Tris-HCI (pH
8.0)). The column was washed with 10 column volumes of bind-
ing buffer, followed by 2 column volumes of binding buffer
supplemented with 25 mm imidazole (pH 7.4) and 50 mm imid-
azole (pH 7.4), respectively. The AmpR EBD protein was eluted
from the column using binding buffer supplemented with 250
mMm imidazole (pH 7.4). The eluate was dialyzed overnight
against 300 mm NaCl and 20 mm MES (pH 6.0). Chromato-
graphic steps were performed using AKTA FPLC. All centrifu-
gation, chromatography, and dialysis steps were conducted at
4°C.

Protein Expression, Refolding, and Purification of Full-
length AmpR—The full-length ampR gene (GenBank™ ID
GU322411.3) was PCR-amplified from C. freundii ATCC8090
genomic DNA using oligonucleotide primers 5'-AGATATAC-
ATATGACGCGTAGCTATATCCCTC-3' and 5'-GATATA-
ACTAGTTTTGTGCAGCACCCCGGTC-3" and ligated into
a modified pET-28 vector using Ndel and Spel restriction sites
to generate plasmid pMB-AmpR. E. coli BL21 (DE3) GOLD
HTE cells transformed with plasmid pMB-AmpR were grown
in four 500-ml volumes of LB media supplemented with 35
pg/ml kanamycin to an A, of 1.0 at 28 °C. AmpR expression
was induced with 1 mm isopropyl 1-thio-B-p-galactopyrano-
side for 16 h at 28 °C with shaking. Cells from four 500-ml
cultures were combined together to yield two 1-liter volumes of
culture, pelleted by centrifugation, resuspended in lysis buffer
(50 mm Tris-HCI (pH 7.0) and 1 um PMSEF), and lysed using a
French pressure cell press (Aminco). The lysate was then
centrifuged at 12,000 rpm for 1 h, and the pellets from each
combined 1-liter preparation were reconstituted in 4 ml of
resuspension buffer (RB) (500 mm KCl, 10% glycerol, 10 mm
Tris-HCI (pH 7.0), and 1 mm DTT) with 0.1% Triton X-100.
Resuspended pellets were centrifuged again at 12,000 rpm for
20 min at 4 °C, supernatant was discarded, and pellets were
washed with RB containing 0.5% Triton X-100. Subsequently,
the centrifugation and wash steps were repeated using RB and
then in RB containing 10 mm guanidine hydrochloride, in RB
containing 50 mm guanidine hydrochloride, and finally in a final
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reconstitution buffer of RB only. The resuspended pellets were
then sonicated (Branson Sonicator) in 2 X 15-s bursts, each at
50% duty cycle at a power setting of 5. The sonicated pellet
resuspensions were then combined and denatured in 16 ml of
denaturation buffer (2 M guanidine hydrochloride, 10% glyc-
erol, 10 mMm Tris-HCI (pH 7.0), and 1 mm DTT) at room tem-
perature for 1 h, with vortexing every 10 min.

The denatured pellet was centrifuged for 40 min at 12,000
rpm at 4 °C, and the supernatant was poured into a syringe with
a stopcock. Denatured protein was slowly dripped dropwise
into 350 ml of refolding buffer (300 mm KCl, 10% glycerol, 10
mwMm Tris-HCl (pH 7.0), and 1 mm DTT) at 4 °C with slow stir-
ring. Refolded AmpR was centrifuged for 40 min at 3700 rpm at
4°C to pellet insoluble protein and then vacuum-filtered
through a 0.22-um cellulose membrane and concentrated to a
final concentration of 0.7 mg/ml prior to being loaded on to a
size exclusion gel filtration column (Superdex 200) pre-equili-
brated in gel filtration buffer (300 mm KCl, 10% glycerol, 10 mm
Tris (pH 7.0), and 1 mm DTT) at 4 °C. Gel filtration fractions
containing purified AmpR were pooled together in the pres-
ence of 50 mm NDSB-195 to prevent protein aggregation before
further concentration and biophysical analyses.

Preparation of Double-stranded DNA (dsDNA)—Pairs of oli-
gonucleotides were purchased from AlphaDNA (Montreal, Can-
ada) or Integrated DNA Technologies. Set 1 (21 bp) had only the
T-N,;-A motif: sense strand, 5'-CCTGTTAGAAAAACTTAT-
ATC-3' (6388.2 Da); antisense strand, 5'-GATATAAGTTTTTC-
TAACAGG-3' (6459.3 Da). Set 2 (38 bp) contained the T-N,,;-A
motif and the additional region shown to be protected during
DNase footprinting (32): sense strand, 5'-CCTGTTAGAAAAA-
CTTATATCTGCTGCTAAATTTAACC-3' (11,594.6 Da); anti-
sense strand, 5'-GGTTAAATTTAGCAGCAGATATAAGTTT-
TTCTAACAGG-3' (11,754.7 Da). Equimolar amounts of each
pair of sense and antisense DNA oligonucleotides were added to
buffer containing 50 mm NaCl, 10 mm Tris-HCI (pH 7.9), 10 mm
MgCl,, 1 mm DTT (NEBuffer 2, New England Biolabs) and
annealed by heating for 3 min at 98 °C, with a slow cool for 1 h to
room temperature.

Binding dsDNA to AmpR—dsDNA was added to purified
AmpR in a molar excess of 2:1 to the purified AmpR protein.
Concentrated AmpR-dsDNA complex was purified by gel filtra-
tion (Superdex 200) in a column pre-equilibrated in gel filtra-
tion buffer (300 mm KCl, 10% glycerol, 10 mm Tris (pH 7.0), and
1 mm DTT) at 4 °C. Purified AmpR-dsDNA fractions were
pooled together and stored at 4 °C.

Binding and Purification of AmpR-dsDNA with UDP-MurNAc-
pentapeptide—A molar excess of UDP-MurNAc-pentapeptide
(BaCWAN, University of Warwick) was added to the purified
AmpR-21 bp dsDNA complex, left to bind at room temperature
for 30 min, and then reloaded on to a Superdex 200 gel filtration
column pre-equilibrated in gel filtration buffer at room temper-
ature. Purified AmpR-21-bp dsDNA-UDP-MurNAc-pentapep-
tide gel filtration fractions were pooled together and concen-
trated for analysis by dynamic light scattering, small angle x-ray
scattering and mass spectrometry or stored at 4 °C for up to 5
days.

Non-denaturing Mass Spectrometry—After refolding and
purification of full-length AmpR, the pure protein was digested
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with trypsin and analyzed by MALDI mass spectrometry to
confirm its identification. Protein from precipitates and gel
slices was processed as reported (37). These spectra were
acquired on a prototype MALDI tandem quadrupole/time-of-
flight (QqTOF) instrument (38). Intact AmpR and the
AmpR-dsDNA complexes were desalted into 0.3—0.5 M ammo-
nium acetate buffer (Aldrich, 99.99%) with 1 mm DTT (Aldrich,
99%), using “waterbugs” (39, 40). Samples were diluted to about
2 uM and inserted into a New Objective PicoTip"™™ nanospray
capillary attached to an electrospray time-of-flight mass spec-
trometer built for these kinds of experiments (41). The declus-
tering voltage was adjusted to give the best resolution (42) but
can also be used to test the relative stability of large non-cova-
lent complexes (examples in Refs. 40 and 41). The UDP-Mur-
Nac-pentapeptide was lost during dialysis into volatile buffer.
Therefore, the AmpR-:dsDNA complex in 250 mMm ammonium
acetate and 1 mM DTT was mixed with increasing concentra-
tions of repressor UDP-MurNAc-pentapeptide (dissolved in
water) at 0, 5, 10, and 50 uMm, keeping the final concentration of
AmpR-dsDNA complex fixed at 2 um. The mixtures were then
held on ice for 1 h before the mass spectrometry experiments.
All data were analyzed using TOFMA, software developed with
the instruments, in the Department of Physics and Astronomy
at the University of Manitoba.

Crystallization of the AmpR EBD Bound to UDP-MurNAc-
pentapeptide and X-ray Data Collection—Purified wild-type
AmpR EBD was concentrated to 4.5 mg/ml using an Amicon
Ultra Centricon spin cartridge (Merck Millipore) and co-crys-
tallized with 5 mm UDP-MurNAc-pentapeptide. X-ray diffrac-
tion data were obtained from a single crystal formed in a solu-
tion of 10% PEG 3350, 9% glycerol, and 100 mm MES, pH 6.2, via
hanging drop vapor diffusion at room temperature. Crystals
were flash-cooled in liquid N, after replacing the mother liquor
in the drop with a cryosolution consisting of 35% PEG 4000 and
15% glycerol.

X-ray diffraction data were collected from a single crystal
(held at 100 Kin an N, gas stream) using beamline 08ID-1 at the
Canadian Light Source (Saskatoon, Canada). The x-ray data
were indexed using Mosflm (43) and then scaled and averaged
using SCALA (44). The AmpR EBD-UDP-MurNAc-pentapep-
tide complex structure was determined by molecular replace-
ment using PHASER (PHENIX package) (45) and a structure of
the AmpR EBD (PDB entry 3KOS) as the search model (from
which all solvent and ligands had been removed). The molecu-
lar replacement model was rebuilt using phenix.autobuild (45).
The restraint file for UDP-MurNAc-pentapeptide was gener-
ated using PHENIX eLBOW (45), and the ligand was manually
fit into its electron density in the complex. Further refinement
and model building were carried out using phenix.refine (45)
and Coot (46).

Dynamic Light Scattering— The dynamic light scattering pro-
file for AmpR-21-bp dsDNA with and without UDP-MurNAc-
pentapeptide was measured using the Zetasizer Nano S system
(Malvern Instruments Ltd., Malvern, UK) as described earlier
(47). AmpR-21-bp dsDNA was filtered through a 0.1-um filter
via centrifugation and diluted in 300 mm KCl, 10% glycerol, 10
mM Tris-HCl (pH 7.0), and 1 mm DTT to final concentrations
ranging from 2.9 to 4.1 mg/ml Similarly, AmpR-21-bp
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dsDNA-UDP-MurNAc-pentapeptide complexes were diluted
within 0.8 -2.3 mg/ml. For each measurement, the protein was
allowed to equilibrate for 4 min at 20 °C prior to dynamic light
scattering measurements, after which multiple records of the
dynamic light scattering profile were collected for data analysis.

Small-angle X-ray Scattering—SAXS data for the AmpR-21-bp
dsDNA complex and for AmpR-21-bp dsDNA-UDP-MurNAc-
pentapeptide complex were collected at multiple concentra-
tions (3, 4, 4.6, and 4.8 mg/ml and 0.8, 1.0, 1.4, and 1.8 mg/ml,
respectively) using a Rigaku three-pinhole camera (S-
MAX3000) equipped with a MicroMax +002 microfocus sealed
tube and confocal max-flux optics operating at 40 W, as
described earlier (47). The system was also equipped with a
200-mm multiwire two-dimensional detector for data collec-
tion. SAXS data were collected at a wavelength of 1.54 A (\)
with a scattering vector (q) of 0.008 = ¢ =026 A~ ! (g = (4=
sinf)/A, where 26 is the scattering angle) with 3 h of exposure
for each concentration. Raw data were processed and merged
together using the program PRIMUS (48) to obtain a single
output file (represented graphically in the inset to Fig. 8B),
which was further processed using GNOM (49) to obtain the
radius of gyration (R,) and maximum particle dimension (D,y,,,)
for both complexes as described previously (50, 51). Multiple ab
initio models for the AmpR-21-bp dsDNA complex and for the
AmpR-21-bp dsDNA-UDP-MurNAc-pentapeptide complex
were built using the program DAMMIF (52) with enforced par-
ticle symmetry of P22. These models were then rotated and
averaged using the program DAMAVER (53) to obtain a repre-
sentative model.

The program HYDROPRO (54) was employed to calculate
hydrodynamic properties, such as the R, R,, and D,,,,,, for each
ab initio model as described earlier (47, 50). The partial specific
volume of 0.738 ml/g for AmpR was calculated using
SEDNTERP from its amino acid sequence, whereas that for
DNA was considered to be 0.57 ml/g (55). By using Equation 1
from Dzananovic et al. (56) and considering the molecular mass
of tetramer for protein (130.8 kDa) and dimer of DNA (25.7
kDa), the partial specific volume of 0.710 ml/g was obtained.
Buffer density (1.03 g/ml) and viscosity (1.276 centipoises) were
also calculated using the program SEDNTERP (57) and were
used as the input parameters to run HYDROPRO.

RESULTS AND DISCUSSION

C. freundii AmpR Is a Tetramer in Solution with Two Active
DNA-binding Domains—C. freundii AmpR was overexpressed
as inclusion bodies in E. coli BL21 (DE3) GOLD HTE cells. Fol-
lowing denaturation of inclusion bodies in 2 M guanidine
hydrochloride, the protein could be refolded and purified using
an approach we significantly modified from that originally
described by Bishop et al. (58) (see “Experimental Procedures”).
Refolded AmpR was obtained as a single peak of ~130 kDa by
gel filtration, indicating that the protein is a tetramer in solu-
tion. The purified full-length protein was only stable at low
concentrations (<1 mg/ml). The poor stability and solubility of
LTTR proteins (30) is often associated with their DNA-binding
domains, which have been suggested to oligomerize in solution
in the absence of DNA, thus contributing to their aggregation
and precipitation (59, 60). However, binding AmpR to 21- or
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38-bp dsDNA fragments of the ampR-ampC intergenic pro-
moter, containing the T-N;;-A motif only or the complete
region that is protected by AmpR during DNase footprinting,
respectively (Fig. 2), greatly stabilized the protein and allowed it
to be concentrated for biophysical studies.

Nanospray mass spectrometry (MS) was used to measure the
mass of the components in the AmpR-dsDNA complexes to
investigate the oligomeric state of the folded protein and to
determine the stoichiometry of AmpR complexed with either
the 21- or 38-bp dsDNA. The measured mass of the AmpR
monomer was 32,725 Da, identical to the predicted mass of the
recombinant protein (Fig. 3, D and E), and our MS analysis also
revealed transient ions consistent with a tetramer (Fig. 4). The
AmpR tetramer was considerably more stable when bound to
DNA, and the spectra indicated that the difference in mass of
the most abundant ions could be accounted for by the mass of
two molecules of dsDNA bound to one AmpR tetramer (Fig. 5).
For the AmpR-21-bp dsDNA complex, the observed mass of
156,916 Da (Fig. 5A) agreed well with that expected for a
tetramer bound to two copies of dsDNA, calculated to be
156,590 Da. Similarly, for the AmpR-38-bp dsDNA complex
(Fig. 5B), the observed mass of 177,825 Da agrees with the cal-
culated 177,596 Da. Both spectra show a less abundant species
that is probably from a dimeric form of AmpR. Also present in
the sample, but only seen at low declustering voltage, were ions
from the DNA (Fig. 3, A and B), which meant that some disso-
ciation was occurring in the mass spectrometer.

If each AmpR tetramer was able to bind both the T-N,;;-A
motif and a putative low affinity site present in the 38-bp frag-
ment of dsDNA at the same time, then that complex would
have been smaller, only 154,246 Da. However, the same 4:2
binding stoichiometry of AmpR monomer to dsDNA was
observed with both the 38- and 21-bp dsDNA. We speculate
that each pair of DNA-binding domains of tetrameric AmpR
preferentially binds the high affinity T-N;;-A site on the DNA
molecules in our experiments rather than binding in tandem to
the high and low affinity binding sites, as would occur in vivo.

The AmpR-dsDNA Complex Binds up to Four UDP-MurNAc-
pentapeptide Repressor Molecules—Non-denaturing mass spec-
tra collected from mixtures of 2 um AmpR-21-bp dsDNA com-
plex and increasing amounts of UDP-MurNAc-pentapeptide
(up to 50 um) revealed four repressor-binding sites (Fig. 6). At 5
uM repressor (Fig. 6B), the most intense ions correspond to
those of the unliganded AmpR-21-bp dsDNA complex, having
charge states ranging from 24 to 28*. However, an additional
series of ions appeared with the same charge states but with an
m/z ratio equivalent to the complex plus one repressor mole-
cule (Fig. 6B). At 10 and 50 um concentrations of UDP-
MurNAc-pentapeptide (Fig. 6, C and D), additional series of
ions appear and increase in intensity while the abundance of the
unliganded species decreases. At a 50 uMm concentration of
UDP-MurNAc-pentapeptide, there are five ions at each charge
state, with a difference in m/z between each series correspond-
ing to the expected m/z for the repressor molecule (mass 1193
Da). These MS results provide a direct determination of the
binding stoichiometry of UDP-MurNAc-pentapeptide to the
AmpR-DNA complex. The data reveal that the tetramer can
bind four molecules of UDP-MurNAc-pentapeptide (Fig. 6D),
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FIGURE 3. A series of nanospray spectra from the same AmpR-21-bp dsDNA sample in the same capillary where only the declustering voltage was
changed, thus changing the internal energy of the ions. These spectra show all of the components of the AmpR-21-bp dsDNA complex. The full width-
half-maximum indicated at the arrows is a measurement of error (see Ref. 42). A, at low voltage, there are the major ions of the complex and monoisotopic
resolution of free dsDNA and ssDNA; B, an expansion of the spectrum at low m/z and deconvolution of the major labeled ions (inset). The mass of each
oligonucleotide comprising the dsDNA was 6388.2 and 6459.3 Da, respectively, with dsDNA expected at 12,847.5 Da. lons flanking the 6+ and 8+ of the dsDNA
ions are the 3+ and 4+ ions of the sense and antisense oligonucleotides, at monoisotopic resolution. A similar experiment with the AmpR-38-bp dsDNA
complex verified the mass of the 38-bp dsDNA to be 23,350 Da (data not shown); C, under our control conditions (200 V), there is only one major ion envelope
(see Fig. 6A); D, at maximum voltage, a new ion envelope from the protein monomer is present at low m/z. E, expansion of the low m/z region and deconvo-
lution of the main ions (inset) give a protein with a mass of 32,725 Da and a small amount at 32,824 Da, indicating some retention of the initial Met residue. From
the published amino acid sequence, the expected mass of AmpR is 32,523 Da (Swissprot P12529). The AmpR protein in our study has four extra vector-derived

amino acids, TSGS, on the C terminus. The addition of that extra mass gives an expected value of 32,855 Da, or 32,724 Da if the initial Met is processed off.

although full saturation was not possible because the high con-
centration of the repressor and associated sodium overloaded
the detector on the mass spectrometer. The observed binding
stoichiometry suggests that the effector-binding domain of
each monomer in the AmpR tetramer binds one molecule of
repressor. This proposed binding model is supported by our
crystal structure of the AmpR EBD bound to UDP-MurNAc-
pentapeptide as described below.

Itis well known that AmpR is able to “tune” ampC expression
in response to various levels of activator ligand, such as the
stepwise increase in AmpC production that occurs when the
three AmpD homologues are systematically deleted from
P. aeruginosa (61). Based on this observation, we suggest that
four UDP-MurNAc-pentapeptide molecules are needed to
most efficiently repress AmpR, and as the concentration of the
activator ligand increases during $-lactam exposure, AmpR-
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mediated ampC transcription increases in a stepwise manner
until all four UDP-MurNAc-pentapeptide molecules have been
displaced by activator ligand, at which point AmpR drives
ampC transcription at its maximal rate.

AmpR Recognizes and Binds the Peptide Motif of UDP-
MurNAc-pentapeptide—Although we were unable to crystal-
lize full-length AmpR, its EBD (residues 94 —289) could be crys-
tallized in complex with UDP-MurNAc-pentapeptide. The
structure of the complex was determined by molecular replace-
ment using the unliganded AmpR EBD (PDB entry 3KOS) as a
search model (31) and refined to 2.15 A (see Table 1 for crys-
tallographic and refinement statistics).

The AmpR EBD is known to dimerize in solution (31), and it
crystallized in space group P2,2,2 when bound to UDP-Mur-
NAc-pentapeptide, with four homodimers present within the
asymmetric unit. Each monomer of the AmpR EBD dimer is
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FIGURE 4. The major non-salt ions from two nanospray spectra showing
the ions expected for an AmpR tetramer. A, the beginning acquisition of
the purified protein prepared without dsDNA and buffer-exchanged into 0.3
Mammonium acetate, 1 mm DTT. Within 5 min, thision envelope was replaced
by a series best explained by aggregation; B, the beginning acquisition of the
AmpR-21-bp dsDNA complex showing the same ions. Within 5 min, this ion
envelope was replaced by the one shown in Fig. 5A. Although the observation
was transient, it happened frequently, always at the very beginning of the
experiment when there might be residual salts in the new capillary being
used for the test. Mass was manually determined from the m/z values of the
labeled ions.

composed of two subdomains that adopt «/B-Rossman-like
folds and are connected to each other by a hinge region (Fig. 7A)
(31). The effector-binding site is located between the two sub-
domains of each monomer, and electron density maps clearly
revealed that the effector-binding site of each monomer was
occupied by the pentapeptide motif of one UDP-MurNAc-pen-
tapeptide molecule (Fig. 7, A—C). The UDP-MurNAc portion of
each ligand (Fig. 7B) was disordered in all copies of the AmpR
EBD monomer with the exception of four monomers where the
MurNac sugar could be modeled into density.

It was striking to observe that the terminal p-Ala-p-Ala motif
of the pentapeptide plays a primary role in interacting with the
effector-binding site of AmpR (Fig. 7C). Buried deep within the
binding pocket, the carboxylate on the terminal p-Ala group
acts as an acceptor of three hydrogen bonds from the side chain
hydroxyl groups of Thr-103 (2.6 A), Ser-221 (2.7 A), and Tyr-
264 (2.5 A), which together form the base of the effector binding
pocket. The backbone oxygen of the penultimate p-Ala residue
forms a 3.0-A hydrogen bond with the amide backbone of Tyr-
192. Three additional hydrogen-bonding contacts are made
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FIGURE 5. Nanospray spectra of the complexes of AmpR protein with 21-
and 38-bp dsDNA. Insets, deconvolutions of the major labeled ions. A, with
the 21-bp dsDNA containing only the T-N,;-A motif, there is one major charge
envelope, the 24+ to 28+ ions of a species of mass 156,916 Da (full-width-
half-maximum, 573 Da). A minor series, 16+ to 18+, belongs to a species of
mass 68,987 Da (full-width-half-maximum, 22 Da). The complex was in 100
mM ammonium acetate buffer, and the declustering voltage was 200 V. B,
with the 38-bp dsDNA containing both the T-N,;-A motif and two putative
low affinity binding sites, as with 21-bp dsDNA, there is one major ion enve-
lope with almost the same charge states but shifted to higher m/z with mea-
sured mass 177,825 Da (full-width-half-maximum, 818 Da). Also present in
low abundance are ions at m/z 4000 (as in A) and unresolved ions in the m/z
5000 region, some of which, marked with an asterisk, may be from the
tetramer (see Fig. 4). The complex was in 50 mm ammonium acetate, 0.5 mm
DTT, and the declustering voltage was 200 V.

between the pentapeptide and AmpR residues at the entrance
of the effector-binding pocket; the indole ring nitrogen of Trp-
152 participates in a 2.8-A hydrogen bond with the side chain
carboxylate group of the p-Glu within the pentapeptide. The
carbonyl group of the meso-DAP side chain forms a hydrogen
bond within 2.8 and 3.0 A of the side chain groups of Arg-193
and Asn-132. Six water molecules are also present within the
effector-binding pocket and form hydrogen-bonding interac-
tions with either the bound repressor or residues of the pocket
(Fig. 7C).

Previously, in an attempt to predict how both 1,6-anhydro-
MurNAc-tripeptide and -pentapeptide species appear to
behave as AmpR inducers, we speculated that the sugar moiety,
1,6-anhydroMurNAc, played a key role in converting AmpR
into an activator of ampC transcription by binding within the
effector binding pocket (31) because the 1,6-anhydroMurNAc
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FIGURE 6. Parts of four nanospray spectra of the AmpR-21-bp dsDNA
complex mixed with increasing amounts of UDP-MurNAc-pentapeptide.
Arrows, ions at the same m/z as those in the control. Spacing between the
adducts can be explained by sequential additions of the repressor molecule,
with up to four present. A, control, no repressor; B, 5 um repressor; C, 10 um
repressor; D, 50 um repressor. High ion counts at low m/zfrom the free repres-
sor molecules, and fragments thereof caused serious interference at higher
concentrations of repressor. All samples were in 125 mm ammonium acetate,
0.5 mm DTT, and all spectra were at 200 V declustering voltage.

TABLE 1

Crystallographic and refinement statistics for the AmpR EBD from
C. freundii bound to UDP-MurNAc-pentapeptide

Data collection

Space group P2,22

Unit cell (A) a=627,b=183.6,c=197.81
) a=p=y=90

Wavelength (A) 0.9795

Resolution range (A) 59.3-2.15 (2.27-2.15)*

Total observations 495,866 (63,842)

Unique reflections 121,101 (17,581)
o, 8.3 (3.0)

Completeness (%) 97.7 (98.0)
merge 0.096 (0.497)
o 0.053 (0.316)

Multiplicity 4.1 (3.6)

Refinement statistics

Reflections (work) 120,936

Reflections (test) 2722

Total atoms refined 26,109

Ryorc Reiee) . 0.20 (0.25)

Mean B-values (A?)

Protein 36.03

Ligands 37.34

Solvent 39.87
Root mean square deviations

Bond lengths (A)/angles (degrees)  0.013/1.46
Ramachandran plot

Favored/allowed (%) 96.9/3.1

“ Values in parentheses refer to the high resolution shell.

sugar is common to both the 1,6-anhydroMurNAc-tripeptide
and -pentapeptide species (16, 18). However, our crystal struc-
ture of the AmpR EBD bound to UDP-MurNAc-pentapeptide
repressor now shows that it is the pentapeptide stem of the
repressor that is solely responsible for binding to the AmpR
EBD. This binding mode implies that 1,6-anhydroMurNAc-
pentapeptide (18) or possibly free pentapeptide (as suggested
by Park and Uehara) (7) bind in an identical fashion to UDP-
MurNAc-pentapeptide to outcompete the repressor in a con-
centration-dependent manner and convert AmpR into an
activator of ampC transcription. Although the terminal p-Ala-
D-Ala motif contributes the majority of the interactions of the
ligand to the AmpR EBD, additional interactions between the
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D-Glu and meso-DAP of the repressor and Arg-193, Asn-132,
and Trp-152 on the surface of the AmpR EBD ligand binding
pocket suggest that 1,6-anhydroMurNAc-tripeptide could also
displace UDP-MurNAc-pentapeptide from AmpR as observed
by Jacobs et al. (16). However, these binding interactions of the
tripeptide species would probably be weaker than those of 1,6-
anhydroMurNAc-pentapeptide or free pentapeptide that con-
tain the D-Ala-D-Ala motif. Moreover, involvement of the
D-Ala-p-Ala motif in AmpR regulation is entirely consistent
with the observed AmpC hyperproduction that occurs upon
loss of PBP4 (24) because this protein has a pb-peptidase activ-
ity that removes the terminal b-Ala residue from PG catabolites
(26). Thus, our findings support a scenario where loss of PBP4
causes 1,6-anhydroMurNAc-pentapeptide (or free pentapep-
tide) to accumulate and drive AmpR to hyperproduce AmpC.
Finally, as pointed out previously by Park and Uehara (7), it is
interesting to note that the strongest inducers of AmpR-medi-
ated ampC transcription, such as cefoxitin and imipenem, are
those that generate pentapeptide-containing PG fragments (7,
18).

A general examination of the repressor-bound AmpR EBD
monomers revealed little change in the relative orientation of
secondary structural elements between each monomer within
the asymmetric unit. However, superposition of a crystal struc-
ture of the AmpR EBD monomer bound to the buffer molecule
MES (PDB entry 3KOS) or a variant of the AmpR EBD (T103V/
S221A/Y264F) that is unable to bind MES (PDB entry 3KOT)
with the AmpR-UDP-MurNAc-pentapeptide complex revealed
that the hydrogen bonds with y-p-Glu and meso-DAP residues
in the pentapeptide tether Trp-152 and Arg-193 such that they
point toward the center of the interdomain cleft (Fig. 7D). Sim-
ilarly to the terminal p-Ala stem of the repressor, MES forms
hydrogen-bonding interactions at the base of the binding
pocket with Thr-103, Ser-221, and Tyr-264. However, in the
absence of hydrogen-bonding interactions at the opening of the
binding cleft, Trp-152 and Arg-193 and the loop regions they
reside on exhibit more flexibility in the wild-type AmpR
EBD-MES complex and the unliganded AmpR variant relative
to the UDP-MurNAc-pentapeptide-bound structure (Fig. 7D).
This change might be involved in modulating AmpR function
because it has been suggested that conformational changes in
the EBD upon effector molecule binding may trigger larger
reorganization of the LTTR homotetramer (62).

The AmpR-21-bp dsDNA Complex Adopts a Flat Conforma-
tion That Undergoes Only a Slight Conformational Change
upon Binding of UDP-MurNAc-pentapeptide—Given that we
identified a stable AmpR-21-bp dsDNA quaternary complex by
non-denaturing MS, we decided to examine the effects of
repressor ligand binding on the conformation of this complex
using SAXS measurements. Prior to SAXS data collection,
dynamic light scattering was used to confirm that the complex
remained monodisperse in the presence and absence of UDP-
MurNAc-pentapeptide over a protein concentration range of
0.8 —4.1 mg/ml (Fig. 84 and Table 2). Analysis of the SAXS data
collected from the complex with and without UDP-MurNAc-
pentapeptide using GNOM (49) yielded a radius of gyration (R,)
0f4.40 = 0.32 nm for the AmpR-DNA complex and R, 0f4.63 *
0.10 nm for the AmpR-DNA-repressor complex (Table 2).
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FIGURE 7. A, the crystal structure of the AmpR EBD dimer (monomers indicated by purple and gray schematics) bound to UDP-MurNAc-pentapeptide (stick
format; oxygen atoms are indicated in red, nitrogen atoms in blue, and carbon atoms in yellow) refined to 2.15 A resolution. The hinge regions connecting each
subunit within a monomer are colored magenta. The UDP moiety of the repressor was disordered and not visible in electron density maps, as were some of the
MurNAc sugars. B, chemical schematic of UDP-MurNAc-pentapeptide (the UDP moiety not visible in the electron density maps is colored red). C, o-A-weighted
2F, — F_ density map contoured at 1.00 showing the MurNAc-pentapeptide portion of the repressor bound within the AmpR effector-binding pocket.
Hydrogen-bonding interactions between residues forming the binding site and the pentapeptide stem of the repressor are shown by dashed magenta lines.
Waters are shown as red spheres. D, superposition of AmpR EBD monomers comprising the asymmetric unit of the AmpR EBD-UDP-MurNAc-pentapeptide
crystal structure (gray) with the AmpR EBD bound to MES (PDB entry 3KOS; shown in cyan) and the inactivated variant AmpR EBD (T103V/S221A/Y264F) (PDB
entry 3KOT; shown in pink). UDP-MurNAc-pentapeptide and MES molecules are represented by sticks, with carbon atoms indicated in yellow and pink,

respectively, and oxygen and nitrogen atoms in red and blue. Regions with relative shifts in loop/residue position are circled in orange.

The maximal particle dimension (D,,,,,) of the repressor-free
AmpR-21-bp dsDNA complex was calculated from the pairwise
distribution (p(r)) function as 12.5 nm, which only increased
slightly to 13.8 nm upon binding UDP-MurNAc-pentapeptide
(Fig. 8B). Using the program DAMMIF (52), ab initio models of
the AmpR-DNA complex alone and bound to UDP-MurNAc-
pentapeptide were calculated and were in excellent agreement
with the experimental SAXS data (Table 2). Interestingly, a rep-
resentative ab initio model for the AmpR-21-bp dsDNA com-
plex possesses a large central cavity, which is flanked at opposite
ends by two smaller cavities present along a diagonal of the
tetramer, which are absent in the ab initio model of the com-
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plexbound to UDP-MurNAc-pentapeptide, suggesting that the
surface indents may become occupied by repressor ligands (Fig.
8, Cand D).

Only slight conformational changes appear to occur in
AmpR upon binding UDP-MurNAc-pentapeptide according to
our SAXS data. The prevailing model of LTTR activation pro-
poses that small conformational changes in the EBD of LTTR
proteins translate to larger conformational changes in their
linker helix and DNA binding domains to trigger transcription
(63). TsaR, the only full-length LT TR crystallized with its native
inducer ligand did not demonstrate significant conformational
changes relative to the unliganded protein (36). In the case of
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FIGURE 8. Low resolution solution structures of the AmpR-21-bp dsDNA complex determined by SAXS. A, hydrodynamic radii (R,) determined for
the AmpR-21-bp dsDNA complex (blue) and AmpR-21-bp dsDNA-UDP-MurNAc-pentapeptide complex (red) at various protein concentrations. SAXS data
were collected using an in-house instrument (Rigaku) at multiple concentrations, from which pair distribution functions (p(r)) for the AmpR-21-bp
dsDNA complex (blue) and AmpR-21-bp dsDNA-UDP-MurNAc-pentapeptide complex (red, scaled data to AmpR-DNA p(r) data) were calculated using
GNOM (49) from merged data revealing that AmpR undergoes only a slight conformational change upon binding the repressor (B). Guinier plots for
AmpR complexes are shown in B (inset). Ab initio modeling of the unliganded AmpR-21-bp dsDNA complex (C) and UDP-MurNAc-pentapeptide-bound
complex (D) using DAMMIF (52) with a particle symmetry of P22 suggests that repressor binding causes a slight conformational change in AmpR, most
notably demonstrating an absence of the central surface pocket observed in the unliganded AmpR-DNA complex. E, fitting the structure of the AphB
(NTOOE) variant on to the ab initio SAXS model of the AmpR-DNA complex indicates that the central cavity in the AphB tetramer is consistent with the
indent in the SAXS model. 21-bp dsDNA fragments are placed within the ab initio model such that the a3-recognition helices of AphB (N100E) (colored
in red) fit into the major groove of the dsDNA. Error bars, S.D.
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TABLE 2
Measurements and statistics from SAXS and DLS analysis of the AmpR-21 bp dsDNA complex with and without repressor UDP-MurNAc-penta-
peptide
AmpR-DNA complex AmpR-DNA-UDP-MurNAc-pentapeptide
Experimental value HYDROPRO-DAMMIF* Experimental value HYDROPRO-DAMMIF

R, (nm)® 4.95 = 0.01 5.10 = 0.03 5.18 = 0.01 5.05 = 0.02

R, (nm)° 4.20 = 0.10 4.30 = 0.20

R, (nm)” 4.40 = 0.32 4.45 = 0.05 4.63 = 0.10 4.72 = 0.08

D,,., (nm)? 12.5 13.4 +0.30 13.8 15.0 = 0.28

Chi 0.85 0.72

NSD* 0.53 = 0.18 0.68 = 0.11

“ Data calculated from ab initio models using HYDROPRO.

? Experimentally determined using dynamic light scattering.

¢ Experimentally determined from SAXS data using Guinier analysis.

4 Experimentally determined from SAXS data from p(r) analysis by GNOM.

¢ Normalized spatial discrepancy.
the DntR EBD, however, it was observed that binding of its
inducer (salicylate) triggered a noticeable conformational
change within the protein relative to other LTTRs bound to
their respective ligands (62). We did observe a small conforma-
tional change within the crystal structure of the AmpR EBD
when bound to UDP-MurNAc-pentapeptide (Fig. 7D), and
although our SAXS data do not suggest that this translates into
large changes at the quaternary level, it is possible that the full
scope of conformational changes within full-length AmpR may
only become apparent when it is bound to one contiguous
strand of dsDNA rather than to separate fragments. This would
be technically challenging to achieve, however, due to prefer-
ential binding of the DNA-binding domains to the high affinity
T-N;;-A motif when presented with a molar excess of pro-
moter DNA in vitro, a scenario that may be common to other
tetrameric LTTR proteins.

The SAXS-based Solution Structure of the AmpR-21-bp
dsDNA Complex Closely Resembles the Structure of V. cholera
Virulence Regulator AphB—By individually fitting all known
crystal structures of full-length LTTR proteins into the SAXS-
based model of the AmpR-21-bp dsDNA complex, it became
clear that the shape of the AmpR-21-bp dsDNA complex most
closely resembles that of the tetrameric LTTR AphB, a protein
that regulates virulence factors in V. cholerae (64). A transcrip-
tional activator ligand for AphB has not been identified; how-
ever, the protein is known to respond to intracellular pH and
oxygen concentrations (64). Unlike other full-length tetrameric
LTTRs that have been structurally characterized (36, 65, 66),
AphB adopts a distinctively flat shape, with a linear arrange-
ment of its DNA-binding domains (64). Although AphB and a
variant of the protein (N100E) both bind DNA in solution,
AphB (N100E) crystallized in a conformation where the relative
orientations of the a-helices in its DNA-binding domains sug-
gest that this variant can bind a linear stretch of DNA, unlike in
the wild-type crystal structure, where the DNA binding
domains are not appropriately aligned (64). Thus, AphB
(N100E) was used as a basis for modeling the AmpR-21-bp
dsDNA complex into the ab initio SAXS envelope. The AphB
(N100E) tetramer fit comfortably into the SAXS envelope of the
AmpR-21-bp dsDNA complex (Fig. 8E), and interestingly,
AphB (N100E) has a somewhat hollow core that is consistent
with the central cavity that we observed in our SAXS model of
the AmpR-21-bp dsDNA complex (Fig. 8, C and E).

After fitting AphB (N100E) into the SAXS envelope, room
remained available within the envelope to also fit two 21-bp
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dsDNA oligomers onto the DNA-binding domain of AphB (Fig.
8E). The dsDNA was oriented such that the a3-recognition
helices of each DNA-binding domain (colored in red, Fig. 8E) fit
into the major groove of the dsDNA, as observed in a crystal
structure of dsDNA bound to the isolated DNA-binding
domain from the LTTR protein BenM (67). Based on the fitting
of AphB (N100E) and dsDNA into the SAXS envelope, we built
amodel of AmpR bound to the dsDNA molecules by superpos-
ing our crystal structure of the AmpR EBD homodimer bound
to UDP-MurNAc-pentapeptide onto the equivalent EBD
dimers of the modeled AphB-:dsDNA complex. Interestingly,
the superposition revealed that the effector binding site of each
of the four AmpR EBD domains was fully accessible to the sol-
vent because the sites reside on the side of the tetramer oppo-
site from the bound length of dsDNA (Fig. 9). Moreover,
although the pentapeptide motif of each repressor is bound
deep within the effector-binding pocket of each EBD monomer,
the superposition suggests that the UDP-MurNAc portion of
each bound repressor may project into the central cavity of
AmpR, which is consistent with the filling of the central cavity
in the ab initio SAXS model of the AmpR-21-bp dsDNA com-
plex that occurred after binding UPD-MurNAc-pentapeptide
(Figs. 8 (C and D) and 9).

Proposed Model for the Regulation of AmpR by PG Recycling
Intermediates—Ruangprasert et al. (60) recently proposed two
structural schemes, I and II, that describe the inactive and
active conformations of tetrameric LTTR proteins, respec-
tively. In scheme I (as adopted by the LTTR CbnR), the tetra-
meric interface is composed of contacts between the DNA-
binding domains and linker helices that connect the EBDs to
the DNA-binding domains as well as direct interactions
between adjacent effector-binding domains, which together
result in a “closed” conformation of the protein (60, 65).
Scheme II, on the other hand (as observed for the unliganded
TsaR, ArgP, and AphB LTTR proteins and a putative transcrip-
tional regulator from P. aeruginosa (PDB entry 2ESN)), pres-
ents a more “open” conformation, with an expanded hollow
core within the tetramer, and associating solely through the
linker helices and DNA-binding domains. Activation of a tetra-
meric LTTR by inducer binding is thought to trigger a confor-
mational rearrangement of the tetramer, converting it from
scheme I to scheme II (60, 64). Because Jacobs et al. (16) found
that AmpR is fully active in the absence of PG metabolites, our
SAXS envelope for the unliganded, activated AmpR-21-bp
dsDNA complex probably mimics the inducer-bound form
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FIGURE 9. Modeling of the AmpR-DNA complex bound to UDP-MurNAc-pentapeptide. A, based on the fitting of AphB (N100E) and dsDNA into our SAXS
envelopes of the unliganded and UDP-MurNAc-pentapeptide-bound AmpR:-DNA complexes, we built a molecular model of AmpR bound to the dsDNA
molecules by superposing our crystal structure of the AmpR EBD homodimer bound to UDP-MurNAc-pentapeptide (shown in gold) onto the equivalent EBD
dimers of the modeled AphB-DNA complex (shown in gray). A short, continuous fragment of double-stranded DNA (light blue) is shown docked onto the
DNA-binding domains of AphB. UDP moieties (carbon atoms are shown in magenta, nitrogen in blue, oxygen in red, and phosphorus in yellow) were manually
modeled on MurNAc-pentapeptide portions of the repressor that were visible in the electron density maps (green). B, a close-up of the central cavity predicted
to exist within the AmpR tetramer showing how the UDP-MurNAc moieties of the bound repressor ligands may become positioned to interact with each other
or with residues of the DNA-binding domains and/or EBDs to trigger conformational rearrangements in the quaternary structure of AmpR that cause it to bind

the operator DNA in a manner that represses gene transcription.

with a central cavity that corresponds to the “open” tetramer
described by scheme II. In comparison, the SAXS model for the
repressed AmpR-DNA-UDP-MurNAc-pentapeptide complex
does not contain any surface indents, unlike the unliganded,
active protein complex. It is possible that when AmpR is
repressed by UDP-MurNAc-pentapeptide, the ligand occupies
the space within the cavity and thus fills in the indents observed
in the unliganded complex. However, binding of the repressor
ligand may also trigger conformational changes within the
monomers of the tetramer that result in closing of the central
core via contacts between the EBDs, thus converting the pro-
tein into a form described by scheme I.

Finally, our model of the AmpR-dsDNA complex bound to
UDP-MurNAc-pentapeptide (Fig. 9A4) predicts that the UDP-
MurNAc-moiety of the repressor molecules are oriented such
that they could interact with each other as well as with residues
comprising the DNA-binding domains and areas of the EBDs
that flank the pentapeptide binding pocket (Fig. 9B). Given that
the UDP-MurNAc moiety is unique to the repressor UDP-
MurNAc-pentapeptide, compared with the putative activator
ligands, it is tempting to speculate that the UDP-MurNAc moi-
ety of the repressor may effect a conformational change in the
quaternary structure of AmpR that causes the protein to
repress ampC transcription (Fig. 9). Competitive binding of
1,6-anhydroMurNAc-pentapeptide and perhaps the tripeptide
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species would effectively remove the UDP-MurNAc moiety
and convert the protein into an activator of ampC transcrip-
tion. The molecular details underlying these ligand-induced
changes await high resolution crystallographic analyses, an
aspect we are currently exploring.

Significance—Although UDP-MurNAc-pentapeptide is gen-
erally accepted as the PG metabolite responsible for repressing
AmpR-mediated gene transcription, the identity of the activa-
tor ligand(s) remains controversial (7, 16, 18). In vitro transcrip-
tion studies by Jacobs et al. (16) showed that AmpR constitu-
tively activates ampC transcription in the absence of any PG
metabolites and that the addition of UDP-MurNAc-pentapep-
tide causes the protein to repress ampC transcription. Notably,
they found that the addition of 1,6-anhydroMurNAc-tripeptide
could reverse this repression (16). In vivo studies by Dietz et al.
(18), however, reported that two of the strongest AmpC induc-
ers (cefoxitin and imipenem) cause 1,6-anhydroMurNAc-pen-
tapeptide to accumulate in the cytosol, not the tripeptide spe-
cies, and thus argued that the pentapeptide species activates
AmpR. Park and Uehara (7) have also stated that, in addition to
1,6-anhydroMurNAc-pentapeptide, large quantities of free
pentapeptide accumulate in the cytosol of Gram-negative bac-
teria when challenged with strong ampC inducers such as
cefoxitin and imipenem, suggesting that free pentapeptide
could also activate AmpR. Our finding that the terminal p-Ala-
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D-Ala motif of UDP-MurNAc-pentapeptide forms the primary
interactions that bind the repressor to AmpR suggests that 1,6-
anhydroMurNAc-pentapeptide and free pentapeptide are
more potent activators of AmpR than the tripeptide species,
which is a possibility we are actively setting out to confirm by in
vitro transcription. Identification of the activator ligands of
AmpR has important implications in understanding how
AmpR modulates ampC gene expression and why some -lac-
tams induce AmpC production more potently than others,
which could be taken into account when developing next gen-
eration B-lactam antibiotics.
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