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5 GATCGTTCTGCSGCTGTGGtTGTGGSTTACACCGTATsCACCACGCGATGCAsGATCTGAAATCCACGTACiTGCGG6GCAAAT GGGTTTTCIACGGTCTGGCTGCTAT
3, CTAGCAAGACGGCGACACCACACCAAATGTG&CATACGTGGTGCGCTACGTGCTAGACTTTTAGGTGCATGGACGCCCGTTTACCCAAAAGATGCCAGACCGACGATA

-120 -80
Termilnation 1

-35 region -10 region Met0ch t..4 MetPheLysThrThrLeu
CCTrACA MCGCTGATTGQTGTCGT TMCGCATCGCCAATGTAAATCCGGsCCGCCTATGGCGGGCCGTTITGTATGGAAACCAGACCCTATGTTCAAAACCGCTC
G&ACT GCGACTACCACAGCA TTGCGtAGCGGTTACATTTAGGCC GGCGGATACCGCCCGGCAAACTACCTTTGGTCTGGtACAAG TTTTGCTGCGAG

-40 +1 +40

20 40
CysAl aLeuLeu I 1eThrA] aSerCysSerThrPheAl ai4laProGl nG n Il1eAsnAsp Il1eVal1H isArgThrIl1eThrProLeu Il1eGl uGl nGlnLys Il1eProGlyMetAl a~a1
TG8GCCTTATTAATTACCGCCTCTTGCTCCACATTTGCTGCCCCTCAACAAATCAACGATATTGTGCATCGCACAATTACCC GCTTATAGAGCAACAAAAGATCCCGG&TATGGCGGTG
AC GCGGAATAATTAATGGCGGAGMCGAGGTGTAAACGAIEGG GAGTTGTTTAGTTGCTATAACACGTAGCGTGTTAATGGGGCGAATATCTCGTTGTTTTCTAGGGCCCATACCGCCAC
+80 +120 +160 XmaI

60 80
A1 aVa ll1eTyrGl nGlyLysProTyrTyrPheThrTrpGlyTyrAl aAspIl1eAl aLysLysGl nPro~al ThrGl nGl nThrLeuPheGl eLeu~lySerVal1SerLysThrPheThr
GC GTMTTTATCAGGGTAAAC TTATTACTTTACCTGGGGCTATGCGGACATCGCCAAAAAGCAGCCCGTCACACAGCAMCGTTGTTTGAGTTAGGTTCGC'TCAGCAAMACATTTACT
CGCCATTAAATAGTCCCATTTGGAATAATGAAATGGACCCCGATACGCCTGTAGCGGTTTTTCGTCGGGCAGTGTGTCGTTT CAACAACTCAATCCAAGC AGTCGTTTTGTAAATGA
+200 +240 +280

100 120
GlyVa 1LeuGlyGlyAspAl a I1eAl aArgGlyGl u I1eLysLeuSerAspProThrThrLysTyrTrpProGl uLeuThrAl aLysGl nTrpAsnGlyIl1eThrLeuLeuHi sLeuAl a
GG& G TGCTTGGTGGCGACGCTATTGCTC&AGGGGAATCAAGITATMGCGATCCCACAMACAAAATACTGGCCTGMACTTACCGCTAAACAGTGGAATGGGATCACACTATTACATCTCGCA
CCGCAC&MCCACCGCTGCGATAACGAGCTCCCCTTTAGTTCAATTCGCTA&GGTGTTGTTTtAT&ACCGGACTTGMATGGCdATTTGTCACCTTACCCTAG;TGTGATAATGTAGAGCGT
+320 XhoI +360 +400

140 160
ThrTyrThrAlaGlyGlyLeuProLeuGl nVal ProAspGl uVal LysSerSerSerAspLeuLeuArgPheTyrGl nAsnTrpGl nProAlaTrpAlaProGlyThrGl nArgLeuTyr
ACiTACACTGCTGGCGGCCTGC ATTGCAGGTGCCGGATGAGQTGAAATCCTCMGCGACTTQCTGCGCTTCTATCAAAACTGGCAGCCTGCATGGGCTCCAGGAACACAMCGTCTGTAT
TGGATGTGACGACCGCCGGACGGTAACGTCCACGGC CTACTCCACTTTAGGAGTTCGCTGAACGACGC GAGATAGTTTTGA:CGTC GGACGTACCCGAGGTtCTTGTGTTGCAGACATA
+440 +480 +520

180 200
A1 aAsnSerSerI eGlyLeuPheGl yAl aLeuAl aVa 1LysProSerGl yLeuSerPheGl uGl nAl aMetGl nTh rArgVal1PheGl nProLeuLysLeuAsnH isThrTrpIl1eAs n
GCMAACTCCAGTATCGGTTTGTTCGGCGCACTGGCTGTGAAGV CGTCTGGTTTGAGTTTTGAQCAGGCGATGCAAACTCGTGICTTCCAGCCACTCAAACTCMACCATACGTGGATTAAT
CG TTGAGGTCATAGCCAAACAAGCCGCGT GACCGACACTTCGGCAGACCAAACTCAAACTCGTCCGCTACGTTTGAGCACAGAAGGTCGGTGAGTTTGAGTTGGTATGCACCTAATTA
+560 +600 +640

220 240
Val ProProAlaGluGl uLysAsnTyrAlaTrpGlyTyrArgGl uGlyLysAlaValHisVa iSerProGlyAl aLeuAspAlaGl uAl aTyrGlyVal LysSerThrI 1 eGl uAsPMet
GTACCGCCCGCAGAAAAAAGAATTACGCCTGGGGATATCGCG&AAGGTAAGGCAGT&CATGTTTCGCCTGGGGCGTTAGATGCTGMGCTTATGGTGTGAAGTCGACCATTGAAGATATG
CAtGGCGGGCSTCTTCTTTTCT;AATGCGGACCCCTATAGCGCTTCCAtTTCCGTCACGSTACAAAGCGGACCCCGCMTCTACGACTTSCGAATACCACACTT CAGCTGGTAAC TTCATAC
+680 +720 +760 Hind III SailI

260 280
AlaArgTrpValG1 nSerAsnLeuLysProLeuAspI 1 eAsnGl uLysThrLeuGl nGl nGlyI leGi nLeuAl aGl nSerArgTyrTrpGlnThrGlyAspMetTyrGl nGlyLeuGly
GC CGCTGGGTGCAAAGCAATIAAACCC CTTGATATCAATGAGAAAACGCTTCAACAAGGGATACAACTGGCACAATCTCGCTACTGGCAAACCGGC GATATGTATCAGG&CCTGGGCCGGGCGACCCACGTTTCGTTAAATTTTGGGGAACTATAGTTACTCTTTTGCGAAGTTGTTCCCTATGTTGACCGTGTTAGAGC GATGACCGTTTGGCCGCTAtACATAGTCCCGGACCCG
+800 +840 +880

300 320
TrpGl uMetLeuAspTrpProVal AsnProAspSerI le IleAsnGlySerAspAsnLys I leAlaLeuAlaAlaArgProVal LysAlaI leThrProProThrProAl aVal ArgAla
TGgGAAATGCTGGACTGGCCGGTAAATCCTGsACAGCATCATTAACGGCAGTGACATMAAATTGCACTGGCAGCACGCCCCGIAAAAGCGATTACGCC CCCMACTCCTGCAGTACGCGCA
ACCCTTTACGACCT&ACC&CCTTTAGGACTGTCTAGTAAtTGCCGTCACTGTTATTTTAACGTGACCGTCGTGCGGGGCATTTTCGCTMTGCGGGGGTtGAGGACGTCATGCGCGT
+920 +960 +1000 PstI

340 360
SerTrpValHi sLysThrGlyAlaThrGlyGlyPheGlySerTyrValAlaPheI 1eProGl uLysGl uLeuGlyl leValMetLeuAlaAsnLysAsnTyrProAsnProAlaArgVal
TCATGGGTACATAAAACAGGGG GACCGGCGGATTTGGTAGCTATGTCGCGTTTATTCCAGAAAAAGAGCTGGGTATCGTGATGCTGGCAAACAAAAACTAT CCAATCCAGCGAGAGTC
AGtACCCATGTATTTTGTCCCCGCTGGCCGCCTAAACCATCGATACAGCGCAATMGGTCTtTTTCTCGACCCATAGCACTACGACCGTTTGTTTTTGATAGGGTTAGGTCGCTCT'CAG
+1040 +1080 +1120 Sall

AspAlaAlaTrpGlnIleLeuAsnAlaLeuGinOch Termination?
GACGCCGCCTGGCAGATTCTTAACGCTCTACAGTAAAATTCCATCGGGTCCGAATTTTCGGASCTTTTCTCCGCTTTTCCTTgCTGTCATCTACACTTAGAAWAAAACCAGTAAGGAAACCTGCGGCGGACCGTCTAAGAATTGCGAGATGTCATTTTAAGGTAGCCCAGGCTTAAAAGCCTGGAAAAGAGGCGMAAGGAACGACAGTAGATGTGAATCTTTTTTTGGTCATTCCTTTG
+1160 +1200 +1240

ATTATGC.GCCTGCTCCCTCTCgTTGCCGCAGC GACAGCTGCATTTCTGGTC GTTGCCTGCAGTTC TCCTACGCCGCCGCGT6GCGTGACCGTAGTAAATAA TC GA 3~
TAR TACGCGGACGAGGGAGAGCAACGGCG&TCGCTGTCGACGtAMAGACCAGCMACGGACGTAGAGGATGCG&CGGCGSCA CCGCACTGGCATCATTTATTAAGCT 5+1280 +1320 PstI +1360

FIG. 2. DNA sequence of the ampC gene from E. coli K-12. Every 20th bp is marked with a dot between the strands. The position of the first
base in the ,¢lactamase mRNA was chosen as position + 1 and the count was written below every second dot. The three-letter abbreviations for the
amino acids of the ampC ,/lactamase appear directly over their three-base codons and are numbered (every 20 amino acids) starting from the first
methionine. The positions of restriction enzyme sites (Fig. 1) are marked with a horizontal line between the strands, and the names of the enzymes
are written below the strands. The start of transcription is marked by + 1 and the wavy arrow. The major and minor termination points of the
attenuator (19) are indicated by vertical solid and dashed arrows, respectively. The regions of dyad symmetry in the attenuator and the possible
terminator are marked by horizontal arrows. Solid lines designate possible ribosome binding sites (31, 32). The boundary between the signal peptide
and the mature ,&lactamase is marked by a vertical dashed line. The -35 and -10 regions of the ,3lactamase promoter are marked by stippled
boxes.

noncoding strand. Such features are common to rho-indepen- mase mRNA may terminate around nucleotide positions + 1225
dent terminators (37X. We have no indications of the existence to + 1230 (Fig. 2).
of a second structural gene downstream from ampC in the (& Codon Distribution in ampC. Table 2 summarizes the dis-
lactamase operon. We therefore think that the ampC 3lacta- tribution of codons used in the assembly of the E. coli /3-lac-
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'4900 Biochemistry: Jaurin and Grundstrom

Table 1. Amino acid composition of ampC flactamase

Residue
Glycine
Alanine
Valine
Leucine
Isoleucine
Serine
Threonine
Aspartic acid
Asparagine
Glutamic acid
Glutamine
Phenylalanine
Tyrosine
Tryptophan
Cysteine
Methionine
Proline
Lysine
Histidine
Arginine

Total

Protein
hydrolyzate*

28.9
36.3
21.5
30.1
20.3
19.3
23.6

31.1

41.1

9.6
14.2

0
5.6

24.6
21.7
5.3

11.7

DNA sequence

29
37
22
31
22
18
23
14
16
15
25
9

15
13
0
6

26
21
5

11

358

Results are shown as residues per molecule.
* Data are from Lindstr6m et al. (25). The results presented are the
means of composition determinations made from enzyme purified
from two different E. coli K-12 strains. We have recalculated the
number of residues per molecule on the basis of the molecular weight
of 39,600 found by us. Aspartic acid and glutamic acid were not dis-
tinguished from their respective amino derivatives. Tryptophan was
degraded during the analysis.

tamase. We find a higher preference for codons for the major
iso-accepting species of tRNAs than that found in most E. coli
genes of known sequence. The frequency ofCGY (Y = pyrim-
idine) for arginine is 82%, 'GGY for glycine is 72%, ATY for iso-
leucine is 91%, GAA for glutamic acid is 60%, and AAAfor lysine
is 68%. Preference for these codons has also been found in the
lad gene (38) and to an even greater extent in some sequenced
r-protein genes (39). One exception is CUG, which is prefer-
entially used for leucine in the lad and these r-protein genes
(61% and 91%, respectively); the usage in ampC is only 29%.
ampC ,B-Lactamase Is Distinct from Previously Analyzed

B8-Lactamases. At present, the complete or partial amino acid

sequences offour penicillinases are known from direct analysis.
Although of'different origin, these penicillinases show extensive
sequence homologies with each other throughout the whole
length of the polypeptide chain (7). When these enzymes were
aligned (7) the same amino acid was found in all four proteins
at 20% of the positions; at only 15% of the positions were four
different amino acids found.
A computer search for sequence homology between the

ampC ,f3lactamase and the three flactamases with known com-
plete amino acid sequence was kindly performed by W. Barker
and M. Dayhoff at the National Biomedical Research Foun-
dation (Washington, DC). The program ALIGN (28, 29), with
MDM250 scoring matrix, a bias of6, and a gap penalty of6, gave
alignment scores (Z values) of 0.67, 1.89, and 0.99 when the
sequence was compared to that of the S. aureus, B. lichenifor-
mis, and TEM-1 13-lactamases, respectively. These values are
significantly lower than 3.0, considered to be the limit of sig-
nificance for homology (29). Likewise, no significant homologies
were found by using the program RELATE (29, 30). For all
three comparisons the homology score with this program was
less than 0.11 SD above the random score. We therefore con-
clude that the ampC f3-lactamase is distinct from previously
analyzed P3-lactamases.

Sequence Around Serine-80 Shows Homologies to the Active
Site Region of Pseudomonas aeruginosa fLactamase. Serine-
44 of the B. cereus -lactamase I and the corresponding pep-
tides from the'TEM-1 /3-lactamase and the S. aureus 83-lacta-
mase can be covalently coupled to active-site-directed substrate
analogues (10-12). Furthermore, serine-36 ofthe B. subtilis and
B. stearothermophilus D-alanine carboxypeptidases can be co-
valently coupled to active-site-directed substrate analogues (9,
13). Significant homology exists in the active-site region be-
tween these penicillinases and the D-alanine carboxypeptidases
(7, 9). Therefore, these two groups ofenzymes seem to be evo-
lutionary related (7, 9). None ofthe serine residues in the ampC
/3lactamase is within a sequence with significant homologies
to the active site region of these enzymes.
A (B-lactamase with a preference for cephalosporins from P.

aeruginosa binds an active-site-directed analogue to the serine
in the peptide Ile-Gly-Ser (40). Additional studies have ex-
panded the sequence to 14 residues (S. Waley, personal com-
munication). Eleven of the 14 amino acids are identical when
this peptide is compared to the segment from residues 70 to 83
of the ampC product. Each of the three differences (Gln-72
-* Pro; Gln-73 -> Glu; Leu-78 -) Ile) can be explained by a
single base substitution. These findings strongly suggest that

Table 2. Use of codons in ampC 3-lactamase gene

Phe
Phe
Leu
Leu
Leu
Leu
Leu
Leu
Ile
ne
Ile
Met
Val
Val
Val
Val

TTT

TTA
TTG
CTT
CTC
CTA
CTG
ATT
ATC
ATA
ATG
GTT
GTC
GTA
GTG

7 Ser
4 Ser
7 Ser
5 Ser
6 Pro
4 Pro
2 Pro
10 Pro
12 Thr
9 Thr
2 Thr
7 Thr
1 Ala
5 Ala
6 Ala
10 Ala

TCT
TCC
TCA
TCG
CCT
CCC
CCA
CCG
ACT
ACC
ACA
ACG
GCT
GCC
GCA
GCG

3
3
2
3
7
7
6
6
4
8
9
6
10
9
12
9

Tyr TAT
Tyr TAC

TAA
TAG

His CAT
His CAC
Gln CAA
Gln CAG
Asn AAT
Asn AAC
Lys AAA
Lys AAG
Asp GAT
Asp GAC
Glu GAA
Glu GAG

10 Cys
5 Cys
1
O Trp
5 Arg
0 Arg
14 Arg
11 Arg
8 Ser
8 Ser

15 Arg
7 Arg
7 Gly
7 Gly
9 Gly
6 Gly

TGT
TGC
TGA
TGG
CGT
CGC
CGA
CGG
AGT
AGC
AGA
AGG
GGT
GGC
GGA
GGG

0
2
0

13
2
7
1
0
3
6
1
0
10
11
3
5

The numbers represent how many times the codons are used in the structural gene for ampC 3-lac-
tamase, including its signal peptide. TAA is the terminator used.

Proc. Nad Acad. Sci.VSA 78 (1981)
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serine-80 is the active-site residue of the ampC f3-lactamase.
The protein sequence homology around the active site that

is common to all f-lactamases mentioned above is limited to a
phenylalanine four residues on the NH2-terminal side of the
serine and a lysine three residues from the serine toward the
COOH terminus. Only the lysine is common also to the D-ala-
nine carboxypeptidases.
ampC B-Lactamase Is a Member ofa Third Structural Class

of (3-Lactamases. Ambler (7) has suggested that the 13-lacta-
mases have a polyphyletic origin. The previously reported
serine f3-lactamases with extensive sequence homologies with
each other and with a preference for penicillin substrates are
grouped as class A enzymes. The B. cereus f-lactamase II is a
zinc-requiring enzyme. Preliminary partial sequence analysis
suggests it to be structurally unrelated to the class A enzymes.
In addition to this class B enzyme, other (-lactamases have been
found that do not fit into either of these groups (7).

Interestingly, DNA probes from ampC of E. coli K-12 hy-
bridize to fragments of the same size from the chromosome of
many Gram-negative enterobacteria (41). This shows that the
chromosomally encoded /3-lactamases of many species of En-
terobacteriaceae have extensive sequence homologies. They
therefore constitute a third group of 3-lactamases (class C) that
are serine enzymes but probably have an evolutionary origin
different from that of serine penicillinases.
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