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Citrobacterfreundii encodes an inducible chromosomal I-lactamase. Induction requires the product of the
ampR gene, which is transcribed in the opposite orientation from the ampC I-lactamase gene. We show here
that the AmpR protein acts as a transcriptional activator by binding to a DNA region immediately upstream
of the ampC promoter. The DNase I footprint pattern was not affected by growth in the presence of ,-lactam
inducer or by the use of extracts prepared from cells carrying the ampD2 allele leading to semiconstitutive
production of ,-lactamase. It is suggested that activation of AmpR facilitates binding or open complex
formation for RNA polymerase at the ampC promoter. The AmpR-binding site overlaps the ampR promoter,
and ,B-galactosidase activity was decreased from an ampR-IacZ transcriptional fusion when AmpR was
expressed from a coresident plasmid, suggesting that ampR is autogenously controlled. The AmpR protein
belongs to a family of highly homologous transcriptional activators that includes LysR, which regulates the E.
coli lysine synthetase gene, and the NodD protein, which regulates expression of a number of genes involved in
nodulation in Rhizobium. The lack of sequence homology to any known ,-lactam-binding protein suggests that
AmpR does not bind directly to the I-lactam inducer but interacts with a second messenger of unknown nature.

In many gram-negative enterobacteria, including Citro-
bacterfreundii, Enterobacter cloacae, Serratia marcescens,
and indole-positive Proteus spp., expression of the chromo-
somal ,B-lactamase can be induced by 3-lactam antibiotics
(40). Induction in C. freundii is regulated by a trans-acting
protein, AmpR, which is encoded immediately upstream of
the ampC P-lactamase gene (21). In the absence of an
inducer, AmpR represses the synthesis of P-lactamase by
2.5-fold, whereas expression is induced 10- to 200-fold in the
presence of a r-lactam inducer (21). Mutations in a second
regulatory gene, ampD, lead to an AmpR-dependent consti-
tutive or semiconstitutive overproduction of 1-lactamase
(19). ampD is trans-active, suggesting that its gene product
either directly or indirectly affects the expression of 3-
lactamase.
DNA-binding regulatory proteins of the lambda-repressor

class have been extensively studied (31). Crystal structures
of the proteins alone and in complex with their target DNA
have been examined. A conserved feature of these proteins
is a helix-turn-helix motif that binds to the major groove of
the DNA helix. The ampR gene has been sequenced from E.
cloacae MHN1 (13); however, no DNA-binding domain
could be found in the deduced amino acid sequence of
AmpR. DNA-binding studies which could assess its mode of
action as a regulator have not been reported for the E.
cloacae AmpR protein.

In this paper we present the sequence of the aimpR gene
from C. freiindii OS60. We demonstrate that AmpR regu-
lates the expression of ampC at the level of transcriptional
initiation. Cell extracts containing the AmpR protein bind
directly to the region encompassing both the ampR and
ampC promoters, irrespective of the presence or absence of
inducer and of the allelic status of ampD. The AmpR protein
exhibits significant amino acid sequence similarity to the
transcriptional activators LysR, which regulates the lysine
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synthetase gene lysA in Escherichia coli (39), and NodD, a
DNA-binding regulator affecting the expression of inducible
nodulation genes in Rhizobium spp. (29, 34, 37). Like lysR
and nodD, the ampR gene was found to be autogenously
controlled.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli strains used in this
study were SNO3 (ampAl amnpC8 pyrB recA rpsL) (30) and
its ampD2 derivative SN0302 (19). E. coli MC1029 [araD139
A(ara leui)7697 A(1acZ)M15 galU galK rpsL recA56] (4) was
used in the transcriptional fusion assays, and JM103 (26) was
used for phage M13 propagation. Plasmid pNU305 carries
the C. fJelndii ampR and ampC genes, whereas pNU311
carries ainpR only (21). The ampR gene on plasmid pNU312
is truncated and does not express an active AmpR protein
(21). A derivative of pNU311, pNU316, was constructed by
digesting pNU311 with C/al, end-filling with the Klenow
fragment of DNA polymerase I (24), and inserting an 8-mer
Xhol linker (New England Biolabs). Similarly, an 8-mer
EcoRI linker (New England Biolabs) was introduced into the
Apal site of pNU305 to result in pNU371 (Fig. 1). The
ampC-/acZ transcriptional fusion plasmid, pNU330, was
constructed by ligating the BamHI-XhoI fragment of
pNU316 into the vector pRZ5255 (a Kan'r derivative of
pRZ5202 [32; L. Munson and W. S. Reznikoff, personal
communication]), digested with BamHI and Sall (Fig. 1).
The ampR-/acZ transcriptional fusion plasmid pNU372 was
constructed by ligating the BainHI-HpaI fragment of
pNU305 into the Ba,nHI-SmaI sites of vector pRZ5202 (Fig.
1).
Media and growth conditions. The rich medium used was

LB of Bertani (2) supplemented with medium E (41), 0.2%
glucose, and thiamine (1 mg/liter). Minimal medium was
medium E supplemented with 0.2% glucose, thiamine (1
mg/liter), and uracil (50 mg/liter). When required, chloram-
phenicol (10 mg/liter) was added. M9CA medium was M9
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FIG. 1. Genetic and physical map of the plasmid pNU305 and its derivatives. The black area in the ampC box represents the region

encoding the signal peptide. Only the restriction sites relevant to this paper are shown for plasmids pNU371, pNU311, and pNU316.

salt medium (28) supplemented with 0.2% glucose, thiamine
(1 mg/liter), uracil (50 mg/liter), and Casamino Acids (0.2%;
Difco Laboratories, Detroit, Mich.).
DNA sequencing. Digests of pNU305 plasmid DNA were

separated on low-melting-point agarose gels to purify the
appropriate suitable fragments (24). These were subse-
quently cloned into the phage vectors M13mp8, M13mp9,
M13mpl8, or M13mpl9 (27, 43) and transformed into E. coli
JM103. Single-stranded DNA was prepared as described by
Sanger et al. (35) and sequenced using the dideoxy chain-
termination method of Sanger et al. (36).

I8-Galactosidase assay. The specific activity of f-galactosi-
dase was assayed as described by Miller (28).

Isolation of total RNA and Northern blot hybridization.
Cells were grown at 37°C in M9CA medium to an optical
density at 420 nm of 0.8, and total RNA was extracted from
lysed cells by the hot-phenol method (42). The RNA was

separated on a 1% agarose-2.2 M formaldehyde gel and

transferred to nitrocellulose paper (Schleicher and Schull,
BA85) as described (1). To detect ampC transcripts, a

PstI2-ClaI2 fragment from pNU305 (Fig. 1) was cloned into
M13mpl8 and subsequently used to prepare a specific amnpC
probe labeled with [Qx-32P]dATP (14, 33). Similarly, a

BamHI1-PviII fragment was cloned from pNU305 to obtain
an ampR-specific probe.

Preparation of protein extracts. Protein extracts were

prepared essentially as described by Keegan et al. (17). Cells
were grown in 250 ml of minimal medium to an A420 of 1.2.
The culture was harvested, washed once in NaCl (150 mM),
and suspended in 2 ml of buffer A (25 mM HEPES [N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid], pH
7.5, 5 mM MgCl2. 0.1 mM EDTA, 5 mM 2-mercaptoethanol,
10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 p.M
pepstatin, 0.6 ,uM leupeptin). This mixture was sonicated on

ice by 10 cycles of sonication (15 s with a Branson sonifier at
setting 3 and 30 s of cooling on ice), and cellular debris was

Pvu ll Pvu 11
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MetThrArgSerTyrI LeProLeu
COG¢CCCGTCAGCCATCA ATAA"CACGTGTGACAAmACG7TAAAGAcAAGATATAAG-----T7TMACAGGCTTAATGAGACGCGTCTAATATCCCTT

Apal . . . . . 60 . RBS . . 120
AanSerLeuArgA LaPheGLuA taA taA baArgHisLeuSerPheThrArgA ZaA Zal LeGLuLeuAsnVa bThrHisSerA bal leSerGinHisVabLysSerLeuGbuGbnGtnLeu
AACTCGCT'GC G:TmACCCGGCCAGACATCTCAGCTITACCCGCGCTGCGAlsGAGCTCAACGTGACGCATTCTGCCATCAWCCAWCATGCAAATCGCTGGAGCAOCAOC7G

180 SacI . . PvuII
AsnCysG bnLeuPheVatArgGtySerArgGGyLeuMletLeuThrThrG LuGLyG tuSerLeuLeuProVa bLeuAsnAspSerPheAspArgMetA aG byMlfetLeuAspArgPheA La
AATTGCA--lli-V-lGCWl:TTCGlOGATTAAST Tu;CGACTGAAGGCGAAAGTCTGTACCGTCAC7TAATGACTCC7TCGATCal ATGCCCGGOAIVTTGGATCGTITrGCC

300 . . . 360
ThrLysG tnThrG InGLuLysLeuLysI beG ZyValValG yThrPheA lal beG byCysLeuPheProLeuLeuSerAspPheLysArgSerTyrProHisI beAspLeuHisl beSer
ACTAAACAGACCCAGGAAAAAClTAAAATTGCGTAGTCGGGACCTTTCTATCGCTltArGCGCGAlm AAGCOCAGTACCCCACATAIGAlTr=CATA7TCT

420 . . 480
ThrHfsAsnAsnArgVa lAspProA baA baG buG byLeuAspTyrThrlteArgTyrGbyG tyGyAtlaTrpHisAspThrAspA baG inTyrLeuCysSerA baLeufetSerProLeu
ACCCATAACAATCGCGICGCATCCCGCCGCCGAAGGGCTGGA xATACCATTCGCTACWGGTCGGAGCCTGGCACGATACCGATOGCCAATAT7'ATGTAGCGCGCTGATYllI CACTG

BasHI . . 540 . . . 600
CysSerProThrLeuA LaSerG btn beG bnThrProA baAspI LeLeuLyaPheProLeuLeuArgSerTyrArgArgAspG buTrpA baLeuTrpPetG IdnA aA baGLyG luA baPro
TGxT7CGCCAACA IIX OCAGAITCAAACGCGCG ?CGATATCCm"T'CGTA7CGA7CGTA'CGCGGATCGA7GCGWMCCGA7CAGOCOCCGAAGCOCCT

660 . . . . . 720
ProSerProThrHisAsnVa ZletVatPheAspSerSerVa bThrMfetLeuGbuA baAlaG tnd LaG bytetGbyVa LA Lal LeA baProVa dArgfetPheThrHisLeuLeuSerSer
CCGT'CACCGACGCACAAT=GAI%TGA T CTAGTCACCATGlTGGAAGC7OCACAGGCGGGAATGGTGG=W CAATTnGCGCCAGTCAGAATGlrCACGCA7ITACTCACCAGT

780 . . . 840

G LuArgI LeVa ZGbnProPheLeuThrG tnl beAspLeuG bySerTyrTrpl beThrArgLeuGtInSerArgProG uThrProA LaAetArgG buPheSerArgTrpLeuThrGlyVat
GAACOTATCGaTCAGCCGriimTTMCGCAGAl?ATTTGGGGCTACTGATAACGCGT=AATCTCGCCCGGAGACGCCGCCGATGCGTGAAmI CCCCIWI CCOOWIGT

LeuHisLys*** - -

960900
MT <--frdD---

1020

FIG. 2. The DNA sequence together with the deduced amino acid sequence of the C. freundii AmpR protein. The proposed ribosomal
binding site (RBS) and some relevant restriction sites are underlined. Arrows indicate the proposed ampR transcriptional terminator. The
frdD stop codon (TAA) is also marked.

removed by centrifugation at 48,000 x g for 30 min. Protein
concentration was determined according to Lowry et al.
(23).

Labeling of DNA. Plasmid pNU316 was digested with
either ApaI-BamHI or ApaI-XhoI and labeled with [a-
32P]dATP by filling in recessed 3' ends using the Klenow
fragment of DNA polymerase I (24). Plasmid pNU371 was
cleaved with EcoRI and similarly endlabeled with [a-32P]
dATP. Labeled DNA was digested with Sacl, and the
179-base-pair (bp) EcoRI-SacI fragment was purified from a
5% polyacrylamide gel. This small fragment carries the
intercistronic region between ampR and ampC, including
their respective promoters, and was used both in gel mobil-
ity-shift assays and in DNase I footprinting.

Gel mobility-shift assay. The method of gel mobility-shift
assay has been described by Fried and Crothers (9). Binding
reactions were carried out in 10 ,ul of buffer B (25 mM
HEPES, pH 7.5, 0.1 mM EDTA, 5 mM dithiothreitol, 10%
glycerol, 50 mM KCl) with 9 fmol of 32P-labeled DNA
fragment, 0.5 ,ug of poly(dI-dC), 0.5 ,ug of poly(dA-dT), and
various amounts of protein extract. The mixture was incu-
bated at 25°C for 15 min and analyzed on a 5% polyacryl-
amide gel (30:0.8, acrylamide-bisacrylamide) in Tris-glycine
buffer (40 mM Tris, 0.4 M glycine, pH 8.5).
DNase I footprinting. The technique of DNase I footprint-

ing has been described by Galas and Schmitz (10). Reaction
mixtures were prepared as described for the gel mobility-
shift assay but in a total volume of 50 ill. After 10 min of
incubation at 25°C, 2 ,ul of a freshly prepared solution of
DNase I (100 ,ug/ml) was added to each reaction. The DNase
I digestion was initiated by the addition of MgCl2 to 5 mM
and was stopped after 120 s by the addition of 10 ,u1 of stop
mix (250 mM EDTA, 1.5 M NaCl, and 1.5 mg of oyster
glycogen per ml). Reaction mixtures were extracted with
phenol-chloroform (1:1) and ethanol precipitated, and the
DNA pellet was dissolved in 3 p.1 of formamide-dye mix and

analyzed on a 7% polyacrylamide-urea gel (25). To localize
the footprint, the DNA fragment was sequenced as de-
scribed by Maxam and Gilbert (G+A reaction) (25). The
sequence reaction was loaded adjacent to the footprint
reactions on the gel.

RESULTS

Sequence analysis of the C. freundu OS60 ampR gene. The
DNA region between frdD and ampC in C. freundii OS60
(Fig. 1) encodes a 31.5-kilodalton trans-acting regulatory
protein designated AmpR (21). The nucleotide sequence of
this region was determined using the dideoxy chain-termina-
tion method (Fig. 2). The genetically determined position of
ampR encompasses one large open reading frame beginning
at position 97 and encodes a polypeptide with a calculated
molecular weight of 32,537 (Fig. 2). A ribosome-binding site
precedes the open reading frame.
The deduced amino acid sequence of AmpR from C.

freundii OS60 shows extensive homology to the correspond-
ing sequence determined from the ampR gene of E. cloacae
MHN1 (13). These two proteins differ at only 55 amino acid
positions. The intercistronic region between ampR and
ampC is also very conserved between these two species
(Fig. 3). We propose that the locations of the ampR and
ampC promoters in C. freundii are the same as has been
experimentally determined for E. cloacae (13).
The amino acid sequence of C. freundii AmpR was com-

pared with other sequences in the National Biomedical
Research Foundation protein sequence data bank by using
the FASTP program described by Lipman and Pearson (22).
Significant homologies were found with both LysR and
NodD (Fig. 4), two proteins known to act as transcriptional
regulators (29, 34, 37, 39).
AmpR affects ampC transcription. To monitor the effect of

AmpR on ampC transcription, the latter gene was transcrip-
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P-ampC
P-ampR

38bp protected region
-76 -66 -60 -48 -42-39 -35 -10

C. freund ii GCGTCATCATTAAGCCTGTTAGAAAAACTTATATCTGCTGCTAAATTTAACCCTTTGTCA ACACGGTGCAAATCAAACACACTGAITGCGTCTGACG
OS60 COCAGTAGTAATTCGGACAATCTrITTGAATATAGACGACGATTTAAATTGGCAAACAGT TGTGCCACCTTTACTTTGTCTGACTAACGCAGACTGC

<--ampR--Met RBS -10 -35
....(... * **---------- - - - - *-**---*-*--***--*-*-- *-- -- *-**-* -**- --- *-------

-35 -10 +1
E. c loacae CGCGTCATGGTCTCTTCCGTTAGAAAAATrAACAGCTAATGCTAAATTTAACCGTTTGTCAGGCACAGT CAAATCCAACAGACTACGCCTGTCTGACG

PN1 GCGCAGTACCAGAGAAGGCAATCTTTTTAATTGTCGATTACGATTTAAATTGGCAAACAGTCCGTGTCA CTTTAGCTTGTCTGATGCGGACAGACTGC
<--ampR--Met RBS +1 -10 -35

RBS Met---ampC--)
C. freund ii GGCCCGGACA CCC=ITGCT=AATTACGGAACTGA=TTCATGATGAAAAAATCG

OS60 CCGGGCCTGT GGGAAAACGAAAATTAATGCCTTGACTAAAGTACTACTTITT AGC

RBS Met --- ampC--)
E. c loacae GGCCCGGACATCCCC'1TGACTCGCTAlTACGGAAGAlTACTGATGATGAAAAAATCC

MHNI CCGGGCCTGTAGGGGAACTGAGCGATAATGCCTTCTAATGACTACTACTrTAGG

FIG. 3. Nucleotide sequence of the C. freundii OS60 and E. cloacae MHN1 ampR-ampC intercistronic region. The transcriptional start
points (+1) for the E. cloacae MHN1 ampR and ampC genes are shown. Based on sequence homology, it is likely that C. freundii OS60
initiates transcription at the same sites. The translational (Met) start points are shown. Also indicated are the proposed ribosomal binding sites
(RBS), the promoters (P-ampR and P-ampC) with their respective -10 and -35 regions, and the 38-bp region which is protected from DNase
I cleavage by an AmpR-containing extract. An asterisk (*) marks nucleotides that are identical in C. freundii and E. cloacae. The data from
E. cloacae are from Honore et al. (13).

tionally fused to lacZ to form plasmid pNU330. This plasmid
contains the 5' end of ampC and the intercistronic region
between ampC and ampR but lacks the ampR gene (Fig. 1).
Addition of the inducer 6-aminopenicillanic acid (6-APA; 2
g/liter) to MC1029(pNU330) had no effect on the P-galactosi-
dase activity. However, when ampR was introduced sepa-

rately on plasmid pNU311, ,3-galactosidase expression was

inducible (Fig. 5). Thus, ampR encodes a trans-acting regu-

lator which activates ampC transcription in the presence of
an inducer.
To further investigate this point, RNA was prepared from

E. coli SN03(pNU305) before and 10, 30, and 50 min after
the addition of inducer (6-APA at 2 g/liter). Northern (RNA)
blot analysis detected a 1,300-nucleotide-long transcript
when an internal ampC fragment (ClaI1-PstI2) was used as a

probe. There was a marked increase in the abundance of this
transcript after the addition of inducer (Fig. 6). These RNA
preparations were also analyzed with an internal ampR
probe (BamHI1-PvuII) (data not shown); however, no spe-
cific transcript was detected, suggesting that ampR is poorly
transcribed.

Effect of AmpR on ampR transcription. An ampR-lacZ
transcriptional fusion was constructed to monitor the effect
ofAmpR on ampR transcription. This plasmid, pNU372, has
the BamHI-ClaI fragment of pNU305 carrying the 5' half of
ampR and the ampR-ampC intercistronic region inserted
into pRZ5202. The ,-galactosidase activity of E. coli
MC1029(pNU372) was quite low but significantly higher than
that of the vector control (Table 1). Plasmids pNU311
(ampR+) and pNU312 (ampR) (Fig. 1) were transformed into
E. coli MC1029(pNU372). Expression of AmpR from
pNU311 (ampR+) resulted in a threefold decrease in expres-
sion of 3-galactosidase (14.7 to 5.1 U) from the coresident
plasmid pNU372. No effect on ,B-galactosidase was observed
when pNU372 (ampR-lacZ) and pNU312 (ampR) were

present in the same strain. Thus, ampR appears to be

autoregulated since AmpR has a repressor function on its
own transcription.
We have previously observed that the level of AmpR (as

determined in [35S]methionine-labeled minicells) is not af-
fected by the addition of inducer (21), suggesting that the
1-lactam induction of ampC is not due to an increased
production of AmpR. Accordingly, the expression of ,B-
galactosidase was not affected by the addition of 6-APA (2
g/liter) to MC1029(pNU372), MC1029(pNU372, pNU311), or
MC1029(pNU372, pNU312) (Table 1).

Binding of AmpR to DNA in the ampR-ampC intercistronic
region. Gel mobility-shift assays were used to examine the
binding of the AmpR protein to the ampR-ampC intercis-
tronic region. Cellular extracts were prepared from
SN03(pNU311) expressing the AmpR protein, from the
ampD2 mutant SN0302 harboring the same plasmid, from
SN03(pNU311) grown in the presence of inducer (6-APA at
2 g/liter) for 40 min, and from SNO3 harboring the vector
pACYC184 as a negative control. Plasmid pNU316 (Fig. 1)
was subjected to double digestion with either ApaI-BamHI
or ApaI-XhoI. These digests were subsequently end labeled
with [(x-32P]dATP by using the Klenow fragment of DNA
polymerase I (24). The 496-bp large BamHI-ApaI fragment
was retarded after incubation with extracts from AmpR-
expressing cells, but not after incubation with control prep-
arations. The 53-bp ApaI-XhoI fragment was not retarded by
the same cellular extracts (data not shown).
To define the binding region more precisely, the 179-bp

EcoRI-SacI fragment from plasmid pNU371 (encompassing
the intercistronic region between ampR and ampC) was used
in binding assays with the same cellular extracts described
above. This 179-bp fragment was retarded when mixed with
extracts from AmpR-expressing cells but not with extracts
from cells lacking ampR. No significant difference in mobil-
ity shift was detected between extracts prepared from the
wild type or the ampD2 mutant. Furthermore, the presence

VOL. 171, 1989
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AmpR (E. c )
AmpR (C. f)
LysR (E.C)
NodD (R.-)
NodD (R.1)

AapR (E.cl)
AmpR (C. f)
LysR (E.c)
NodD (R.u)
NodD (R.1)

AmpR (E.cl)
AmpR (c. f)
LysR (E.c)
NodD (R.u)
NodD (R.1)

AmpR (E.cl)
AmpR (C. f)
LysR (E.c)
NodD (R.a)
NodD (R.1)

ApR (E.cl)
AmpR (C. f)
LysR (E.c)
NodD (R.-)
NodD (R.1)

.------L.H.T H 53
MT RS PR-- PSRAPE A A A RH L SF RKHAAI E N VT HSJA IQHrKS36IQ Q{LjC QLLF 53
VH

A VM A G
S

L TEIA A
H L L[ HTS QPtIV SSR ElL ARtF'EIK LGK LF 51

IL.
I

EKV 56LSPHMROR G LD iL ÆVWLK ED K] IZRN L S Q P_A_MS AA'IR$T_r ElJ5
-K-S--S DR-D 53

*-V-----------N--------------I--------~---NHRA-----------------O
VH.N. NHRA.103

VF8RG S GrhiLiIT E EXSELLVDHDS- - - AF-DRAGA M- -W'R F AT KFT EK L KIG[V V G T 103
EIR!V HGC RIL EH!P G L H L FE E V,{ GDIV SAA-- KE S[R E F R?:~QIG EL SIALPV103
S M Q GS EjLL I P T| P R AL A AV R6A - - - LL!JQ L DVJAW D PL)JNF A F_jS RLRiFLRL L US D108
I * VR V E * - I E **- - * - * 105

* T * V S Q E R - - -- *L - - . 146
F]AWG CFrLt P - LS D[8FK - VPY HID SH STN N R V-------D P A AFET D [Y T R 146

SF LIP Q- LLQ PL A-H--- YP DV S LNH IV P S FLALEEWL Q RHDLHGDLT E!TLH 153

FMELVFARLP DDDJL P L ELD! L R-------RGD VF1IFOP D V 157
*A- - D K-*I L -L----- ----- ----- E * * * * --------- L * L 154

*. GE..E.F.H.P.L.A.T.D.I.AS.LH.S.**R.-T. * T-- 198
NJG0 [P7~3 W H D| Q YL C SA L M S 8P LJS TA--S Q Q AL K F PL YRR5YLR R E WA - - 198
T P AG T - ER]3L4LSLL &D E V C V1L PG H L --V K K VLLD FQ G ENYIJS L RD SYR - - 204
M S - -HP K L D E AL V'C V G P T N K K L[ G N S F E T S MHG HjVA A Q G EiM K P S V 211
*--GR .R- E-R---------.EQ Q-QL.LQ .---X--K.G L 208

-A .--H . H.R----------V-I- D . A . 253
-LjW!QQA AAGE APP SP T H NV VFTs-,Dsv AAQ AGMOVIA A P YjR MPT H LLSS E'RIVQ 253
- OILLID Q L FT E H Q V KR RiI V ET HSA ASV A N V R AG VG0I S V1V N P LT A L D Y A A SG'(iV VR 259
EIQWL LLEHGF NR RI E LV GET L I P R S G T N R I A T L RLKEQTPL-IVT 266
*----MQ--LK----------N---P----------I- HY-R---IE 263

AmpR (E.cl) * * A * 0 L * * * * * * A * * * * * * * * * * * * V E K M K * 291

ApR (E.c) P T Q I D L 0 S fI]T R S[ EE P A MR E[F1RI T G HH 291

LysR (E.c) R I A V P F T V R P H -RP SS A L VQ A[F JG,GL Q A PIPKL V[TSnIAILSSWA T T A 311
NodD (R.-) S PLIP L - - - -|F T E A J- [J A L H N T D P G N I L R E LL Q EAIS R IDJP Q S DW C 311

NodD (R.1) H * L V-- - - S *. V * - * . 1* - - - - - * * - - M * 0 * M I * * * L * - G I 303

FIG. 4. Alignment of the deduced amino acid sequences of AmpR of C. freundii, LysR from E. coli (38), and NodD from R. meliloti (7).
The amino acids are given according to the one-letter code. Gaps have been inserted into the sequences to improve alignment. Identical
residues or conservative replacements of amino acids are boxed. Comparisons of AmpR from C. freundii and E. cloacae (13) and the NodD
genes from R. meliloti and R. leguminosarum (37) are also presented. Asterisks indicate identical amino acids. The broken line indicates the
DNA-binding region for NodD (R. leguminosarum) as suggested by Shearman and co-workers (37).

of the inducer did not affect fragment retardation of the
wild-type strain (Fig. 7). These data indicate that AmpR is a

DNA-binding protein interacting with the ampR-ampC inter-
cistronic region.

Localization of the AmpR-binding site. To define the site of
AmpR binding in the ampRC control region, DNase I
footprinting was performed on the 179-bp EcoRI-SacI frag-
ment from plasmid pNU371 (Fig. 1). Protein extract from
SN03(pNU311) (ampR+) protected DNA from positions
-39 through -76 (Fig. 3 and Fig. 8, lanes C). No protection
was observed with a protein extract from the control strain
SN03(pACYC184) (Fig. 8, lanes A). The addition of inducer
(6-APA at 2 g/liter) 40 min before preparation of the extract
did not affect protection of this region (Fig. 8, lanes D).
Cellular extracts prepared in the absence of inducer from the
ampD2 mutant SN0302(pNU311) (ampR+) gave results
identical to those obtained with the wild type carrying the
same plasmid (Fig. 8, lanes B). In all cases an increase in the
amount of cellular extract from 0.1 to 3.8 ,ug did not affect
the binding pattern, suggesting that the intercistronic region
between ampR and ampC contains only one binding site for
AmpR.
The protected 38-bp region is positioned immediately

upstream of the ampC promoter and does not contain any

perfect direct or inverted repeats longer than 5 bp. However,
positions -42 to -48 and -60 to -66 show a 6-of-7-bp
homology. The first sequence is part of an 8-bp palindromic
sequence (5'-TAAATTTA-3').

DISCUSSION

The ampR gene and the ampRC control region are the
only regulatory factors unique to gram-negative enterobac-
teria with inducible P-lactamase production as opposed to
those with constitutive expression of the enzyme (21). Here
we have demonstrated that regulation of P-lactamase oper-
ates at a transcriptional level and have defined the site to
which AmpR binds in the ampRC control region. The AmpR
proteins from C. freundii and E. cloacae MHN1 are identical
at 236 of 291 (81%) amino acid positions. The region pro-
tected by AmpR in C. freundii has a 30-of-38-base homology
to the corresponding sequence of E. cloacae. Although the
ampR genes from these two species are functionally inter-
changeable, there are marked quantitative differences in the
induction levels achieved in the various complementation
pairs (20). Thus, the sequence differences between these two
species in AmpR and in their respective binding sites must,
at least partially, be complementary.
Honore et al. (13) have determined the 5' ends of each of

the ampR and ampC transcripts from E. cloacae, which has
led to the identification of the putative promoter regions.
Due to the extensive homology between the ampR genes of
E. cloacae and C. freundii, these observations can be
extrapolated to C. freundii (Fig. 3). The AmpR-binding site
covers the proposed ampR promoter and is located immedi-
ately upstream of the inferred ampC promoter. Thus, both
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FIG. 5. Induction of 3-galactosidase expression from the ampC-IacZ fusion plasmid pNU330 in E. coli MC1029. The inducer (6-APA at

2 g/liter) was added, and samples were then taken at 5-min intervals and assayed for P-galactosidase activity (28). Symbols: 0,

MC1029(pNU330) (induced; *, MC1029(pNU330) (noninduced); A, MC1029(pNU330, pNU311) (induced); A, MC1029(pNU330, pNU311)
(noninduced).

negative autoregulation and stimulation of ampC transcrip-
tion can occur by AmpR binding to this site.
A search through the National Biomedical Research Foun-

dation protein data base has revealed striking homologies
between AmpR and the LysR and NodD proteins. The three
proteins could be aligned over their entire lengths (Fig. 4).

0' 1O' 30' 50' kb

1.3
'1.1
K0.87
0.60

FIG. 6. Northern (RNA) blot analysis of the transcription of the
C. freundii ampC gene. Total RNA was extracted from E. coli
SN03(pNU305) before and 10, 30, and 50 min after induction with
6-APA (2 g/liter). The RNA sample was hybridized to an internal
ampC probe (see text). The arrow to the left indicates the amnpC
transcript; arrows to the right indicate molecular weight standards.

LysR is a positive activator of the lysA gene in E. coli,
whereas NodD transcriptionally regulates several nodulation
genes in Rhizobium spp. We have shown by the ,-galactosi-
dase transcriptional fusion experiments that ampR, like IysR
and nodD (34, 38), is autoregulated. A number of regulators
have recently been shown to belong to the LysR family of
activators (5, 11).

It has not been demonstrated that LysR is a DNA-binding
protein. However, cell extracts containing NodD bind to
DNA positioned upstream of the inducible nodulation genes.
It is likely that NodD binds to the conserved "nod box"
sequence (8).

TABLE 1. Effect of AmpR expressed in trans on ampR-lacZ
transcriptional fusions

Plasmids ,-Galactosidase sp act (U)
(genotype) Noninduced Induced"

pNU372 'P(ampR-1acZ) 14.7 14.0
pNU372 '$(ampR-IacZ) + 5.1 4.4
pNU311 (ampR+)

pNU372 'P(ampR-IacZ) + 12.8 14.7
pNU312 (ampR)

pRZ5202 (vector control) 4.6 4.0

" Inducer (6-APA at 2 g/liter) was added 40 min before samples were
withdrawn.

I
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FIG. 7. Gel mobility shift. A 32P-labeled, 179-bp EcoRI-Sacl

fragment from plasmid pNU371, carrying the ampR-ampC intercis-
tronic region, was mixed with various amounts of protein extract
prepared from (A) E. coli SN03 (ampD+) harboring plasmid
pACYC184 (vector control); (B) E. coli SN0302 (ampD2) harboring
plasmid pNU311 (ampR+); (C) E. coli SN03 (ampD+) with pNU311
(ampR+); and (D) SNO3 (ampD+) with pNU311 (ampR+) after
induction with 6-APA (2 g/liter) for 40 min. Upper arrow marks a
mobility shift which was observed when extracts containing the
AmpR protein were used.

On the basis of comparisons with the proposed DNA-
binding region of AraC and other DNA-binding proteins, it
has been suggested that the region from residues 36 to 49 in
the NodD protein of Rhizobium leguminosarum constitutes
a DNA-binding domain (37). The program PCOMPARE with
the Dayhoff MDM-78 matrix (6) identified the regions from
residues 23 to 42 in AmpR, 21 to 40 in LysR, and 26 to 45 in
NodD from Rhizobium meliloti to have the highest probabil-
ity of constituting DNA-binding domains. These regions all
overlap the proposed DNA-binding domain of NodD (R.
leguminosarum). Interestingly, the two AmpR proteins from
E. cloacae and C. freundii differ from each other at only two
positions in the proposed DNA-binding region.

All penicillin-binding proteins and serine 13-lactamases
contain the sequence Ser-X-X-Lys, in which the serine is
known to be acylated by the P-lactam (16). AmpR from C.
freundii and E. cloacae does not contain this or any other
sequences conserved among P-lactam-binding proteins. Fur-
thermore, ,-lactam antibiotics do not appear to be able to
penetrate the cytoplasmic membrane, since cytoplasmically
located ,-lactamase does not provide protection against
P-lactams in E. coli (3). Hence, we believe that the conver-
sion of AmpR to an activator is not by P-lactam acylation.

Unlike C. freundii and E. cloacae, Bacillus licheniformis
encodes a penicillinase whose induction requires the expres-
sion of at least two regulatory genes, blallpenl and blaRil
penJ, present in the same operon. In this species, blaIlpenl
encodes a 15-kilodalton repressor protein, while the gene
product of blaRJIpenJ behaves as an antirepressor (12, 15,
18). The 68-kilodalton BlaR1/PenJ protein contains the Ser-
X-X-Lys as well as several hydrophobic regions and has
been suggested to be a transmembrane protein capable of
binding the ,B-lactam. The mechanism by which the signal
from the sensor is transmitted to the repressor remains
unknown. Neither the Blal/Penl or BlaR1/PenJ protein has
any significant sequence similarity to AmpR.

In the AmpD/AmpR system of C. freundii, the sensor
protein is unknown. An IS1 insertion in ampD (ampD2)
leads to semiconstitutive overproduction of ,-lactamase,
whereas inactivation of blaRI/penI results in low-level con-
stitutive penicillinase expression. This latter response would
be expected to arise from inactivation of a gene encoding a
sensor protein. One possibility is that the ampD2 mutation
affects the level of a 1-lactam sensor or affects the signal
transmission from a sensor to the AmpR regulator.

0
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FIG. 8. DNase I footprint analysis of the C. freundii ampR-

ampC intercistronic region. Protein extracts were analyzed for their
ability to protect a 179-bp EcoRI-SacI fragment from plasmid
pNU371 carrying the ampR-ampC intercistronic region from DNase
I cleavage. Various amounts of protein extracts were prepared from
(A) E. coli SN03 (ampD+) with plasmid pACYC184 (vector control);
(B) E. coli SN0302 (ampD2) with pNU311 (ampR+); (C) E. coli
SNO3 (ampD+) with pNU311 (ampR+); and (D) E. coli SNO3
(ampD+) with pNU311 (ampR+) after induction with 6-APA (2
g/liter) for 40 min. AmpR-containing extracts protected a large 38-bp
region (indicated at the right).

DNase footprinting revealed that there were no differ-
ences in AmpR binding when cellular extracts were prepared
from noninduced or induced cells or from an ampD2 mutant.
This result may have been due to the loss of low-molecular-
weight effector molecules during the preparation of the
cellular extracts, or, alternatively, induction may not alter
the binding specificity of AmpR. Instead, induction may
evoke a conformational change in AmpR to an activator
state which then facilitates binding or open-complex forma-
tion, or both, between RNA polymerase and the ampC
promoter. In support of this hypothesis was the finding that
NodD binds to DNA in both the presence and absence of
inducer (8).
The most urgent need now is to clarify how, and in what

form, AmpR receives the induction signal and how it acti-
vates ampC transcription.

ACKNOWLEDGMENTS

We thank Monica Persson for skillful technical assistance.
This work was supported by the Swedish Medical Research

Council (Dnr 5428), the Swedish Natural Research Council (Dnr
3373), and the Swedish Board for Technical Development (Dnr
3384, 3206).

4p

i&
4

t

J. BACTERIOL.



BINDING OF C. FREUNDII AmpR REGULATOR 3753

LITERATURE CITED
1. Baga, M., M. Goransson, S. Normark, and B. E. Uhlin. 1985.

Transcriptional activation of a Pap pilus virulence operon from
uropathogenic Escherichia coli. EMBO J. 4:3887-3893.

2. Bertani, G. 1951. Studies of lysogenesis. I. The mode of phage
liberation by lysogenic Escherichia coli. J. Bacteriol. 62:293-
300.

3. Broome-Smith, J. K., and B. G. Spratt. 1986. A vector for the
construction of translational fusions to TEM P-lactamase and
the analysis of protein export signals and membrane protein
topology. Gene 49:341-349.

4. Casadaban, M. J., and S. N. Cohen. 1980. Analysis of gene
control signals by DNA fusion and cloning in Escherichia coli.
J. Mol. Biol. 138:179-207.

5. Chang, M., A. Hadero, and I. P. Crawford. 1989. Sequence of
the Pseudomonas aeruginosa trpI activator gene and related-
ness of trpl to other procaryotic regulatory genes. J. Bacteriol.
171:172-183.

6. Dayhoff, M. O., W. C. Barker, and L. T. Hunt. 1983. Establish-
ing homologies in protein sequences. Methods Enzymol. 91:
524-545.

7. Egelhoff, T. T., R. F. Fisher, T. W. Jacobs, J. T. Mulligan, and
S. R. Long. 1985. Nucleotide sequence of Rhizobium meliloti
1021 nodulation genes: nodD is read divergently from nodABC.
DNA 4:241-248.

8. Fisher, R. F., T. T. Egelhoff, J. T. Mulligan, and S. R. Long.
1988. Specific binding of proteins from Rhizobium meliloti
cell-free extracts containing NodD to DNA sequences upstream
of inducible nodulation genes. Genes Dev. 2:282-293.

9. Fried, M., and D. M. Crothers. 1981. Equilibria and kinetics of
lac repressor-operator interactions by polyacrylamide gel elec-
trophoresis. Nucleic Acids Res. 9:6505-6525.

10. Galas, D., and A. Schmitz. 1978. DNase footprinting: a simple
method for the detection of protein-DNA binding specificity.
Nucleic Acids Res. 5:3157-3170.

11. Henikoff, S., G. W. Haughn, J. M. Calvo, and J. C. Wallace.
1988. A large family of bacterial activator proteins. Proc. Natl.
Acad. Sci. USA 85:6602-6606.

12. Himeno, T., T. Imanaka, and S. Aiba. 1986. Nucleotide se-
quence of the penicillinase repressor gene penI of Bacillus
licheniformis and regulation of penP and penl by the repressor.
J. Bacteriol. 168:1128-1132.

13. Honore, N., M. H. Nicolas, and S. T. Cole. 1986. Inducible
cephalosporinase production in clinical isolates of Enterobacter
cloacae is controlled by a regulatory gene that has been deleted
from Escherichia coli. EMBO J. 5:3709-3714.

14. Hu, N., and J. Messing. 1982. The making of strand-specific M13
probes. Gene 17:271-277.

15. Imanaka, T., T. Himeno, and S. Aiba. 1987. Cloning and
nucleotide sequence of the penicillinase antirepressor gene penJ
of Bacillus licheniformis. J. Bacteriol. 169:3867-3872.

16. Joris, B., J.-M. Ghuysen, G. Dive, A. Renard, 0. Dideberg, P.
Charlier, J.-M. Frere, J. A. Kelly, J. C. Boyington, P. C. Moews,
and J. R. Knox. 1988. The active-site-serine penicillin-recog-
nizing enzymes as members of the Streptomyces R61 DD-
peptidase family. Biochem. J. 250:313-324.

17. Keegan, L., G. Gill, and M. Ptashne. 1986. Separation of DNA
binding from the transcription-activating function of a eucaryo-
tic regulatory protein. Science 231:699-704.

18. Kobayashi, T., Y. F. Zhu, N. J. Nicholls, and J. 0. Lampen.
1987. A second regulatory gene, blaRI, encoding a potential
penicillin-binding protein required for induction of P-lactamase
in Bacillus licheniformis. J. Bacteriol. 169:3873-3878.

19. Lindberg, F., S. Lindquist, and S. Normark. 1987. Inactivation
of the ampD gene causes semiconstitutive overproduction of the
inducible Citrobacter freundii I-lactamase. J. Bacteriol. 169:
1923-1928.

20. Lindberg, F., and S. Normark. 1987. Common mechanism of
ampC P-lactamase induction in enterobacteria: regulation of the
cloned Enterobacter cloacae P99 f-lactamase gene. J. Bacte-
riol. 169:758-763.

21. Lindberg, F., L. Westman, and S. Normark. 1985. Regulatory

components in Citrobacter freundii arnpC P-lactamase induc-
tion. Proc. NatI. Acad. Sci. USA 82:4620-4624.

22. Lipman, D. J., and W. R. Pearson. 1985. Rapid and sensitive
protein similarity searches. Science 227:1435-1441.

23. Lowry, O.H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

24. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

25. Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

26. Messing, J., R. Crea, and P. H. Seeburg. 1981. A system for
shotgun DNA sequencing. Nucleic Acids Res. 9:309-321.

27. Messing, J., and J. Vieira. 1982. A new pair of M13 vectors for
selecting either DNA strand of double-digest restriction frag-
ments. Gene 19:269-276.

28. Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

29. Mulligan, J. T., and S. R. Long. 1985. Induction of Rhizobium
meliloti nodC expression by plant exudate requires nodD. Proc.
Natl. Acad. Sci. USA 82:6609-6613.

30. Normark, S., and L. G. Burman. 1977. Resistance of Esche-
richia coli to penicillins: fine-structure mapping and dominance
of chromosomal beta-lactamase mutations. J. Bacteriol. 132:
1-7.

31. Pabo, C. O., and R. T. Sauer. 1984. Protein-DNA recognition.
Annu. Rev. Biochem. 53:293-321.

32. Reznikoff, W. S., and W. R. McClure. 1986. E. coli promoters,
p. 1-33. In W. Reznikoff and L. Gold (ed.), Maximizing gene
expression. Butterworths, Boston.

33. Ricca, G. A., J. M. Taylor, and J. E. Kalinyak. 1982. Simple
rapid method for the synthesis of radioactively labeled cDNA
hybridization probes utilizing bacteriophage M13mp7. Proc.
Natl. Acad. Sci. USA 79:724-728.

34. Rossen, L., C. A. Shearman, A. W. B. Johnston, and J. A.
Downie. 1985. The nodD gene of Rhizobium leguminosarum is
autoregulatory and in the presence of plant exudate induces the
nodA, B, C genes. EMBO J. 4:3369-3373.

35. Sanger, F., A. R. Coulson, B. G. Barrell, A. J. H. Smith, and
B. A. Roe. 1980. Cloning in single-stranded bacteriophage as an
aid to rapid DNA sequencing. J. Mol. Biol. 143:161-178.

36. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

37. Shearman, C. A., L. Rossen, A. W. B. Johnston, and J. A.
Downie. 1986. The Rhizobium leguminosarum nodulation gene
nodF encodes a polypeptide similar to acyl-carrier protein and is
regulated by nodD plus a factor in pea root exudate. EMBO J.
5:647-652.

38. Stragier, P., and J.-C. Patte. 1983. Regulation of diaminopime-
late decarboxylase synthesis in Escherichia coli. III. Nucleotide
sequence and regulation of the lysR gene. J. Mol. Biol. 168:
333-350.

39. Stragier, P., F. Richaud, F. Borne, and J.-C. Patte. 1983.
Regulation of diaminopimelate decarboxylase synthesis in Esch-
erichia coli. I. Identification of a lysR gene encoding an activa-
tor of the lysA gene. J. Mol. Biol. 168:307-320.

40. Sykes, R. B., and M. Matthew. 1976. The P-lactamases of
gram-negative bacteria and their role in resistance to P-lactam
antibiotics. J. Antimicrob. Chemother. 2:115-157.

41. Vogel, H. J., and D. M. Bonner. 1956. Acetylornithinase of
Escherichia coli: partial purification and some properties. J.
Biol. Chem. 218:97-106.

42. von Gabain, A., J. G. Belasco, J. L. Schottel, A. C. Y. Chang,
and S. N. Cohen. 1983. Decay of mRNA in Escherichia coli:
investigation of the fate of specific segments of transcripts.
Proc. Natl. Acad. Sci. USA 80:653-657.

43. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-119.

VOL. 171, 1989


