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The nucleotide sequence of the ROB-1 P-lactamase gene from Haemophilus influenzae plasmid RROb was
determined. The structural gene encodes a polypeptide of 305 amimo acids, with an estimated molecular mass
of 30,424 for the mature form of the protein. The ROB-1 gene showed low homologies with other P-lactamases
at the nucleic acid level. By using two statistical computer methods, assessment of the extent of similarity
between ROB-1 and other known ,B-lactamase amino acid sequences suggested that ROB-1 is a class A enzyme.
Alignment of class A ,-lactamases with ROB-1 identified conserved residues. The use of a mutation matrix for
detecting distance relationships indicated that ROB-1 has higher values and homologies with ,-lactamases of
gram-positive bacteria, giving insight into its ancestry and divergence.

The ROB-1 ,-lactamase was first identified in ampicillin-
resistant Haemophilus influenzae type b isolates by Rubin et
al. (31) in 1981. The following year, plasmid-mediated ampi-
cillin resistance was reported in Actinobacillus pleuropneu-
moniae (17), and patterns of resistance suggested a TEM-
type P-lactamase. Medeiros et al. (25) discovered that
plasmid-mediated ,-lactamases from H. influenzae and A.
pleuropneumoniae were indistinguishable by isoelectric fo-
cusing orDNA hybridization. Further studies confirmed that
the ROB-1 structural gene showed no cross-hybridization
with other bla genes (22). The same enzyme was also found
on plasmids and on the chromosome in Pasteurella strains
(23). A prevalence study of the ROB-1 ,-lactamase among
161 ampicillin-resistant H. influenzae strains in the United
States showed that 8% produced ROB-1, whereas 92% of
strains produced TEM-1 (12).
Based on the broad-spectrum nature of the ROB-1 enzyme

that hydrolyzes penicillins and cephalosporins (25), ROB-1
was identified as a class 2b enzyme in the classification
scheme of Richmond and Sykes (29), as recently modified by
Bush (7). Considering the biochemical nature of ROB-1, it
would be tempting to speculate that this enzyme is a typical
class A P-lactamase in the classification of Ambler (1) and,
presumably, is related to TEM-type enzymes.
Here we report the nucleotide sequence of the ROB-1

structural bla gene isolated from H. influenzae plasmid RROb
and compare it with other known ,-lactamases to gain
insight into its evolution.

MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and

plasmids used in this study are listed in Table 1. Escherichia
coli DH5a was the recipient strain for recombinant plasmids
pMON418 and pMON419. JM101, the recipient for
M13mpl9 phage, was conserved on minimal medium with-
out proline (40). E. coli HB101 was the recipient host for
other plasmids. In all cases, bacterial cells were grown on
tryptic soy agar (Difco Laboratories, Detroit, Mich.) con-
taining appropriate antibiotics (ampicillin, 20 jig/ml; kana-
mycin, 50 ,ug/ml). For pBGS18+ and pBGS19+ and pTZ18R
phagemids, production of single-stranded DNA with the
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helper phage M13K07 was done as described by Spratt et al.
(35) and Vieira and Messing (38).

Preparation of DNA and related techniques. Plasmids were
prepared by the cleared lysate method, with modification to
cell lysis (1 mg of lysosyme per ml, 0.075 M disodium
EDTA, 1% sodium dodecyl sulfate), and purified by cesium
chloride-ethidium bromide gradient ultracentrifugation (33).
Plasmid DNA was digested with restriction enzymes by
using the conditions recommended by the manufacturers
(BamHI, DraI, and AluI [Bethesda Research Laboratories
Inc., Gaithersburg, Md.]; EcoRI, EcoRV, and HindIII
[Pharmacia LKB Biotechnology, Baie d'Urfee, Quebec,
Quebec, Canada]). Restricted DNA fragments were sepa-
rated by agarose gel (0.8%) electrophoresis. Subcloning and
transformation were done as described by Silhavy et al. (33).

Nucleotide sequencing and computer analysis. DNA se-
quencing was performed by the dideoxy polymerase chain
termination method (32). DNA fragments cloned in
M13mpi9 were sequenced with the Klenow fragment (Inter-
national Biotech. Inc., Toronto, Ontario, Canada), and clones
in pTZ18R or pBGS18+ and pBGS19+ were sequenced by
using the phage T7 polymerase (37) (Pharmacia). In addition
to the universal primers (Pharmacia), we synthesized four
17-mer oligonucleotide primers by phosphite triester chem-
istry (3) on the Gene Assembler Plus apparatus (Pharmacia).
Oligonucleotides were purified on 20% polyacrylamide-urea
gels (3). Analysis of the DNA sequence was performed with
the software package of the University of Wisconsin Genet-
ics Computer Group (15) and the protein sequence analysis
software of the Protein Identification Resource (13). Scores
obtained with the ALIGN program of Dayhoff (13) by using
the mutation matrix are based on amino acid replacements
between two aligned proteins indicating distance relation-
ships. Searches for similarities of ROB-1 with other DNA
sequences and proteins were performed with the GenBank,
European Molecular Biology Laboratory, and National Bio-
medical Research Foundation data bases.

RESULTS
Physical mapping and subcloning of the ROB-1 structural

gene. The recombinant plasmid pMON401 (Apr Cmr) was
constructed from a partial Sau3A digest of RROb (Apr) cloned
into the BamHI site of pACYC184 (22). In contrast to an
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TABLE 1. Bacterial strains, plasmids, and phages
used in this study

Strain, plasmid, Relevant Reference
or phage characteristicsa or source

E. coli strains
HB101 F- hsdS20(rB-, mB-) supE44 6

ara-14 galK-2 lacYl proA2
leu endA thi-2 rpsL20(Strr)
xyl-5 mtl-l RecA13

JM101 SupE thi A(lac-proAB) 40
(F' traD36 proAB
lacF'ZAM15)

DH5a F- 480dlacZA&M15 16
A(IacZYA-argF) U169
recAI endAI hsdRJ7
(rk, Mk ) supE44 thiI
gyrA relAI

Plasmids or phages
pACYC184 Cmr Tcr 11
pBGS18+/19+ Kmr lacPOZ' 35
RRob Apr 31
pTZ18R Apr lacPOZ' 38
pVM105 Apr Sur 17
M13mp19 lacPOZ' 26
M13K07 Kmr 38
pMON401 Cmr Apr This work
pMON402 Apr This work
pMON418 Kmr Apr This work
pMON419 Kmr Apr This work

a Abbreviations: Ap, ampicillin; Cm, chloramphenicol, Km, kanamycin;
Su, sulfonamide; Tc, tetracycline.

earlier report (22), finer restriction mapping confirmed that
the BamHI site fdund in pMON401 is not at one extremity of
the insert but is internal to the cloned fragment. To localize
the ROB-1 bla structural gene precisely, we mapped
pMON401 with restriction endonucleases BamHI, DraI,
EcoRI, and EcoRV (Fig. 1). Construction of pMON402
eliminated a 3.7-kilobase (kb) EcoRI fragment with retention
of ampicillin resistance, thus localizing the ROB-1 bla gene
on a 1.5-kb EcoRI and BamHI-Sau3A fragment of the
pMON401 map. Directional cloning of a 1.8-kb BamHI-
HindIll fragment into pBGS18+ and into pBGS19+ in both
orientations (pMON418 and pMON419) localized the struc-
tural gene in a small region sufficient for nucleotide sequenc-
ing and suggested that ROB-1 is expressed from its own
promoter.

Nucleotide sequence of the ROB-1 gene. The nucleotide
sequencing strategy of the ROB-1 gene is illustrated in Fig.
2. First, a 310-base-pair (bp) EcoRI-BamHI fragment and a
242-bp AluI fragment cloned in M13mpl9 were sequenced.
By cloning a 964-bp DraI-HindIII fragment into pTZ18R, we
determined the sequence of 454 bp. Finally, by using these
sequences, we synthesized a series of oligonucleotide prim-
ers (Fig. 2) and completed the nucleotide sequences for the
1,775-bp BamHI-Sau3A-EcoRI fragment (GenBank acces-
sion number, M33576). The nucleotide sequence region
encompassing the ROB-1 structural gene was determined for
both strands.

Analysis of the entire sequence for coding regions showed
an open reading frame encoding a putative protein of 305
amino acids (Fig. 3). We found a serine-threonine-phenylal-
anine-lysine tetrad (STFK), which is characteristic of 1-
lactamase-active sites, at amino acid positions 86 to 89. A
putative ATG initiation codon found at positions 303 to 305
was preceded by a ribosome-binding site (AGGATA), and
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4.2 Kb
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B

BamHlj, ptial Sau3A

ECOR1 H BV B,S

D

D

bl D

pMON418/419

km 6.0 Kb

B

Oni oni

FIG. 1. Isolation of the ROB-1 bla gene. Plasmid pMON401 was
constructed by cloning RROb Sau3A fragments into the BamHI site
of pACYC184. The EcoRI deletion plasmid pMON402 localized the
bla gene between the EcoRI and the BamHI-Sau3A sites, while
BamHI-HindIII subcloning into pBGS18+/19+ gave pMON418 and
pMON419. Abbreviations: bla, 1-lactamase gene; cat, chloram-
phenicol acetyltransferase gene; fl Ori, fl phage replication origin;
km, kanamycin resistance; Ori, replication origin; tet, tetracycline
resistance. Restriction sites are abbreviated as follows: B, BamHI;
B/S, BamHI-Sau3A; D, DraI; E, EcoRI; EV, EcoRV; H, HindIll.

the open reading frame was terminated by a TAA codon at
positions 1218 to 1220. The only probable promoter found
was between positions 27 and 57, which was 246 bp before
the ATG initiation codon. The -10 sequence TATAAG
began at position 52, and the -35 sequence TTCACA began
at position 27. Following the stop codon, we noted an
AT-rich region. At positions 1255 to 1299 (35 bp after the
TAA codon) there is a possible hairpin-loop RNA secondary
structure with a 20-bp stem and a 5-bp loop for a AG of
-23.20 kcal/mol. The entire 1,775-bp sequence showed a
G+C content of 40.79%, and the 915-bp structural gene
showed a G+C content of 43.14%. The N-terminal amino
acid sequence had a hydrophobic region that is known to be
a common 1B-lactamase secretion signal. Taking into account
that ROB-1 has the same length as the Bacillus licheniformis
,B-lactamase, we arbitrarily chose a signal peptide of 33
amino acids terminating at alanine (position 33). The mature
protein would have an STFK-active site tetrad at positions
53 to 56 and an estimated molecular weight of 30,424.
Homology with other 13-lactamases. The nucleotide se-

quence of the ROB-1 gene showed low homology with other
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FIG. 2. Sequencing strategy used for the ROB-1 bla gene. The HindIII-EcoRI fragment of pMON401 is shown. Symbols: thin line, the
vector; open box line, the insert; arrows, direction of nucleotide sequences analyzed; 0, oligonucleotide primers. Arrows a and b indicate
sequences done in M13mpl9; arrow c indicates those done in pTZ18R; and arrows d through h represent those done in pBGS18+ and in
pBGS19+.

I BasHI/Sau3A -35 -10
1 GGATCAGAGTAATAATTTCTGATGTTTTCMATAAATCACCCcCTTAGcACATAhgocTAAGcGAcTAGGcTCACAcTAToAAcoGTAGTGCGAocCGC 100

101 CGCCATAGTGCGAAAGTATTTTAACACATAACCGCCTAACAAGGCGTTAT2TTTTATTCG0GGCTAAATTGCT0ACTTTTGCGCTTAAATTCGCCAAA200
RBS

201 ATCTGTTTTTTTGTTCTACAA3A0ATTATCC0AATTTCCOCOCAATaTACaTTTCAGGCTaCCTAAAAGATTTATTTATAAATCAAMggT300

301 TTATGTTA0TA0GTTAAAATCGaCACATTATTATTaCTGACATTACaGCTTOTTCaCCCATTCTGTTCATTCaGTACGTCTATCCaCAGCCTaC400
M L N K L K I G T L L L L T L T A C S P N S V H S V T S N P Q P A

401 TAGTGC5CCT00GCACATCAGCCACACAGCCACCTTTCACAACTGaCAATTTAACAGCAGTATCAGCCCaCATTaaCGTATaTATaa500
S A P V Q Q S A T Q A T F Q Q T L A N L E Q Q Y Q A R I G V Y V W

I _-e
501 6ATACAGAAACGGACATTCTGTCTTATC0TGCAGATGACGCTTTGCTTATGCGTCCACTCAG0CGTTGTTaGCTaaGGCGGTaTTaCATCaC600

D T E T G H S L S Y R A D E R F A Y A IS T F Kl A L L A G A V L Q S L
Dral

601 T7CCT00AAAAGATTATCGTACCATTTCATATACCAAAAAGATTTATTATTCTCCCGAACCCAAATACaTTaaCAOCATGACAT 700
P E K D L N R T I S Y S Q K D L V S Y S P E T Q K Y V G K G N T I

701 TOCCC6TTATGTG00CAGCCGTGCOGTAOCGACACAGCaCGACCATGCTGCTCAATTGaOTaOCGTGGACATATCATATTTTG 800
A Q L C E A A V R F S D N S A T N L L L K E L G G E Q Y Q R I L

2____-I_Dral
801 C9ACA0TTA0GcGATAACGTACCCATACCAATCGCTAAACCCAAAATCAGCCAAACCCAACGATATTCGTATACGAaTACACCAACAAA 900

R Q L G D N V T H T N R L E P D L N Q A K P N D I R D T S T P K Q N
Dral

901 TGGCGATG AAATGCGTATTTATTGGOCAACACATTAACCGAATCGCAAAAAACGATTTTGTGGAATTOGTTGGACAATAACOCAACAGOCAATCC 1000
A N N L N A Y L L G N T L T E S Q K T I L W N W L D N N A T G N P

--3
1001 ATT1ATTCGGCTGCTACGCCAACATCGTGGAAATGTACGATA1AAA0G0GCGGGTAAATATGGTGTACGCAMT1ATATTOCOGT0GTTCGCATACCA1100

L I R A A T P T S W K V Y D K S G A G K Y a V R N D I A V V R I P

1101 TCGCAACCGATTaTGATGAATCATAGTACGCAATTTACCGAAGAAGCCAAATTCAACAATAAATTATAGAATaCAaCAAACATATTTC 1200
N R K P I V N A I N S T Q F T E E A K F N N K L V E D A A K Q V F H

TR -
1201 ATACTTTACAGCTCAACTAACAAATTCATTTTGTTAGAAAAAGTGAAAATTTmGACTGAAAAAGCCGTTGAACTTGCATTA AGTCT 1300

T L Q L N *

13011AACCGCAGaCGTTAGCAGAAAGTGCACAATTTTCATAAATTACACGGTAAGAAAvGTGTATGGATTTTCACAAAGGTaTACAATTTTAATAA 1400
,BaHI

1401 10TACACCTTAAAGCCCTTTAATACCCAATGCTTTMA0AAATCCCAGATTTCAGTTGTAGAACAA GTCGCGGTGCAAGTTCTATA 1600

1501 TTCTATTCGTGGTAT16ACAGA0ATAGAGTTGCTTTATTAGTAGATGGTTTACCTCA0ACGCAATCTTATGTAGTGCAAAGCCCTTTATTaCTCGTTCA1600

1601 GGATATTCTGGCACTGGTGCAATTAATGAAATTGAATATGAAAATGTAAAGGCCGTCGAAATAAGCAAGGGGGGAGTTCTTCTGATGTATGOTAATGGA 1700
1 ECORV IECoRI

1701 GCACTAGCTGGTTCTGTAACATTTCAAAGCAAATCAoCAGCC ATATCTTAGAAGGAGACAAATCATGoGGMAATT 1775
FIG. 3. Nucleotide sequence of the ROB-1 ,-lactamase gene. The proposed ribosome-binding site is underlined and identified by -10 and

-35. The most probable hairpin loop is depicted as follows: the stem is underlined, the loop is overlined, and the extremities are indicated
by arrows. The deduced amino acid sequence is designated by the one-letter code, and the active site STFK is delimited by a box. Restriction
sites are indicated by arrows. Oligonucleotides used in the sequencing strategy (Fig. 2) are overlined and indicated by numbers 1 through 3.
The stop codon is represented by an asterisk.
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IROB-1 I NLNKLKIGTLLLLTLTACSPNSVHSVTS. .NPQPASAPVQQSATQATFQQ 48

BLIP 1 . .L LKLKKAAAVLLFSCVALAICAN4KTNASQPALKKTKK 48

49 TLANLEQQYQARIGVYVWDTETGHSLSYRADERFAYASTFKALLAGAVLQ 98

49 DJIKLKEQFDAKLGIIALLD N ATVAYR D FTIKALTVVLLQ 98

99 SLPEKDLNRTISYSQKDLVSYSPETQKYVGKGKTIAQLCKAVRFSDNSA 148

99 QKSIDLNIQRTYTTRDLIVNYINPITI,HVDIHTMLE1LLAKI SLRYSLNAAI 148

149 TNLLLKELGGVEQYQRILRQLGDNVTHTNRLEPDLNQAKPNDIRDTSTPK 198

149 QNLLl1U1PASLKIRL'KLUVINPI U L'VNGLJTQ!Tl1L 198

199 Q4AMNLNAYLLGNTLTESQKTILWNWLDNNATGNPLIRAATPTSWKVYDK 248

199 ALVTSLRAFALEDKLPSEKREllII llIT IRAIVPDIEVIAK 248

249 SGAGKYGVRNDIAVVRIPNRKPIV34AIMSTQFTEKFNNKLVEDAAQV 298

249 TGIAASYTIRNIIAIWIPKGDPVVLAVLSSRDKKLIUYDIILAAITVV 298

299 FHTLQLN* 306

299 MKALNNNGK* 308

ROB-1 1 MLNKLKIGTLLLLTLTACSPNSVHSVTSNPQPASAPVQQSATQATFQQTL 50

TIZ-1 1 .. .... MSIQHFRVALI4FFAAFCLPVFIHPEILVK V 31

51 ANLEQQYQARIGVYVWDTETGHSL . SYRADKRFAYASTFKALLAGAVLQS 99

32 KDAI LGIARVYIEDL?LNSKIL lPlflK!"llRP VV.ILiCGIISI 81

100 L. . PEKDLNRTISYSQKDLVSYSPETQKYVGKGMTIAQLCE"AVRFSDNS 147

82 VDAGQELGIRRIIHYSQNLVEYIVI11KHLTDIW4VRILSAAITMSDNT 131

148 ATNLLLKELGGVEQYQRILRQLGDNVTHTNRLEPDLNQAKPNDIRDTSTP 197

132 AANLLLTTGIGPKJLTAF'9N HEAIUN4TD 181

198 KQKAHNLNAYLLGNTLTESQKTILWNWLDNNATGNPLIRAATPTSWKVYD 247

182 KTTLiKLLTALELL'LASJML'I KVAGWLL'SALlA'IFI'A 231

248 KSGAGKYGVRNDIAVVRIPNRKPIVNAIMSTQFTEEAKFNNKLVEDAAKQ 297

232 W ERISLGIILLPD0 V YI4GSQATNDERI1I IIAS 281

298 VFHTLQLN* 306

282 LIKIHI* 287

FIG. 4. Similarity of ROB-1 with B. licheniformis ,3-lactamase
(BLIP) and TEM-1. The degree of similarity between ROB-1 and the
,B-lactamase from B. licheniformis is 63.48%, and that between
ROB-1 and TEM-1 is 55.63%. Stop codons are represented by
asterisks.

known class A, B, C, and D P-lactamases. However, com-
parisons of amino acid sequences showed interesting fea-
tures. The deduced ROB-1 amino acid sequence was com-
pared with P-lactamases by using the Gap program from the
University of Wisconsin and the Align program of Dayhoff
(13). The Gap program, which is based on a table of
relatedness between amino acids, aligns identical and similar
amino acids (pairing values, <0 and .1.5). Similarity with
class B, C, and D P-lactamases was low (below 40%), while
comparisons with class A enzymes gave higher values. The
highest similarity for ROB-1 was found with P-lactamase I of
Bacillus cereus (39) (63.48%) and ,B-lactamase of B. licheni-
formis (28) (63.48%). The lowest similarity was 48.28% with
the ,-lactamase of Rhodopseudomonas capsulata (9). In
Fig. 4, we present the alignments obtained between ROB-1
and the class A P-lactamase TEM-1 and B. licheniformis.
From these results, it is apparent that ROB-1 is a class A
1-lactamase, but in contrast to what we expected, the
highest similarity observed was not with TEM-1. Indeed,
similarity values between ROB-1 and ,-lactamases of gram-
positive bacteria were consistently higher.
To assess the relatedness between ROB-1 and other

,-lactamases, we found it essential to compare these pro-
teins by using the mutation data matrix of Dayhoff (13) and
Align software, which can detect distance relationships in
proteins. Alignment scores (in standard deviation units) with
class B, C, and D enzymes and ROB-1 were very low
(<3.35), while alignment values with class A enzymes were
high (>25). The highest value obtained (50.3) was with the
P-lactamase of B. licheniformis, and the lowest value ob-
tained (24.7) was with PSE-4. TEM-1 had a score of 27.7.
ROB-1 had higher scores with P-lactamases from gram-
positive bacteria (33.7 to 50.3) than it did with P-lactamase
from gram-negative bacteria (24.7 to 27.7).
Taking into account previous results, we aligned class A

1-lactamases (Fig. 5). The ROB-1 peptide sequence was
fitted in the alignment by using no additional padding and
contained the seven conserved boxes typical of penicillin-
interactive proteins. These 13-lactamases can be classified
into two distinct groups reflecting computer comparisons
between each P-lactamase, as shown in Fig. 5A and B.
These enzymes are presumably in two evolutionarily related
families, when taking into account scores of the Align
program. The two groups represent ,-lactamases from gram-
positive (Fig. 5A) and gram-negative (Fig. SB) bacteria,
except for ROB-1. Thus, we classified ROB-1 in the first
group because similarity and distance relationship values
obtained when ROB-1 was compared with all class A P-
lactamases showed that it is more closely related to the
enzymes from gram-positive bacteria.

DISCUSSION

We sequenced the complete ROB-1 structural gene, in-
cluding 302 bp before and 555 bp after the structural gene.
The putative promoter, ribosome-binding site, and termina-
tor sequences suggest that the gene that we analyzed is
complete. It could be possible that the ROB-1 structural
gene is driven by the tet promoter in pMON401 since the first
cloning step was in the BamHI site of pACYC184 (30).
However, the subcloning of a HindIII-BamHI fragment in
pBGS18+ and pBGS19+ gave ampicillin resistance. Since
the HindIIl site is into the tet promoter, one would expect
that the ROB-1 gene is controlled by its own promoter in E.
coli.
One intriguing question is what is the origin of the ROB-1

3-lactamase gene found in H. influenzae? The G+C content
of 40.79% for the entire sequence and 43.14% for the ROB-1
structural gene is typical for H. influenzae (37 to 44%) and
for members of the family Pasteurellaceae (38 to 47%) (24).
Codon usage in the ROB-1 gene is similar to that in the two
sequenced genes (polysaccharide export protein and outer
membrane protein pl) of H. influenzae (20, 27).
A search for amino acid sequence similarity showed that

ROB-1 is a class A enzyme related to P-lactamases of
gram-positive bacteria. This was confirmed by measuring the
evolutionary distance by using a mutation matrix. The
preliminary data showed that ROB-1 is highly related to
class A ,-lactamases but is not significantly related to
enzymes in classes B, C, and D. However, we suggest that
it is possible to divide class A enzymes into two groups,
which is in agreement with the classification based on their
bacterial origin and biochemistry (7, 8).
The first group includes P-lactamases from gram-positive

bacteria such as B. cereus, Streptomyces cacaoi, B. licheni-
formis, Staphylococcus aureus, and H. influenzae (ROB-1).
,B-Lactamases of Streptomyces aureofaciens and Streptomy-
ces albus are related but presumably divergent in their own
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I II
1 I-! ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~120

.......VRLTQAPPSRRTU4 TLGAGATIAA . . LLPAGGAA YASTSTAKAP AABOISGRLR ALEKQYAARL GVFALVIVIG AGR.SYRAGE RFPMCSNVFA LAAAAVLDV DARREFLTKR
......PVPS TSRPSRRTLL TATAALaM ATLVPGrTAHA SS SS SVSDAERRIA GLERASGARL GWAYIYFGSG RITV.AYRADE LFFtISVFKT LSSAAVLRDL DRNGEFIsRR
.................... ....VACWQA SGSESGQiG UIGQSAG SADA I)H ALEXKFDAHP GVYAIMDI1G QEI.TMRADE RFAYGSTITA LQAGAILA4V LIXREVRRG
.......tMLN KLJCIGTLLLL TLTAC.4SV HSVTS. .NPQ PASAPVQ..NQAPTFWFPA NLAaQA41 UVVWDIEM HSL.SYRADE RPAYASTIK LArAVLQL PEKD. .LIW

.................................. MKKLIFLI VIALVLSACN SNSSHAKELN DLFXKYNAHI GVYALDIKSG KEV.Kfl4IEK RFAYASTSKA INAILLJQV PYNK ..LNKK
.........KM lFSTLJJ(IX KAAALLV VALAGCANN TINASWAEN FXE DFA KIUFDAKL GIFALDIWINRTV.AYRPDE RFAFASTIKA LTIVLUMZ SIED ..LN;W
......LKNK IBILJIGICVG IIUJITSLE AFIGESLQVE AKIEBQW KNQATHKEFS QLEKFDARL GVYAIYIUMf QTI.SYIPNE RFAFASTYKA LAAGVLIM SIDS..LNEV

MFVLNKFFIN SHYKKIVPVV LLSCATLIOC SNSN'IXESN K TNjTNQVK Q4NRNHAFA KLEYNAKL GIYALDTSTN QTV.AYHADD RFAFASTSKS LAVGALJJW SIEA..LDER
........M KMLKIGMCVG ILGISITSLV WTR7ALQVE AK OQYIWJ KNQAThKEFS QaEKFDARL GVYAIIYIW QTI.AYRtE RFAFASTYKA LAAMVLI4Q4 STIKK ..LDEV

.......... .......... MMY...... ....RYIVIS LLATLPLVVY AGPFkLEQIK QSES R GHVDLEIANG RMAARADE VSTKV LWAVLARVD
....................S..........E........... . RG.I..........4IEN.SPQPIEQIKLS IV GNIDLASG RTLTAWRADE RFAFNRTFKV VLAVLARVDV

..................................NSIHFRVALIP FFAAFCMVF AHPETLV KVK DAEDt V GYIELDLNSG KILESFRPEE RFP TFKV L AVLSRVll RR
.................... MKFL......... LAFSLL IPSVVFASSS K JVBWDVK AIEVSLSARI GVSVLDYA4 EYW.DYNMNQ RFPLTSTFKT IACAKLLYDA ElNCVNPNST

......................R TVSR VAIGTVLSALS MATASLAAEIP.VEAJSEVA RIEEQLGAV GLSLTE7GM WSW.SHREDE LFSW V PVCL ILAW SSA

III IV v
121 1 1 240
IHYTEKF.VK .DA.GTI... .PVU"PENI AG.GMI1AEL CAAAVSESDN GAGNLLLREL DGPRIThFC RSLaUrITRL DRWEPALNSA EIJRVITS PGAIGRTFGR L.IVGS....A
ILY'R"D.VE .ADGAG... .PEl7U NL ANAQLTVEEL CEVSITASDN CAANLJ4EL GGPAAVIRFV RSIDRVI1RL DIRWEEL)SA EPIDuFS PRAITRTYLRL.VLG...A
AEADGMDKVV HYGDAILPN SPVTKVAD ...GMSIREL CDAWAYSDN TAANtLFIWD GGRRGSTRVL KWDlI SM PRAFAEDLRA FAVEIEKAA
ISYSQKDLVS .Y........ SPEIzCYVGK ...GMTIAQL CEAAVRFSDN SAIWLLLKEL GGVEQYQRIL 11JJJDNV7W NRLEPE1UIQA KPNDIRDTST FKQN1tMN4A Y..... T
VHINKDDIVA .Y . SPILEKYVGK ...DITLKAL IEASHITSDN TANNKIIKEI GGIKKVKQRL KIDKVTN1P VRYEIELNYY SKllST PAAFGK(L L.IANG.. .K
ITYTRDDLVN .Y........ NPITEHVDT ....GHTUKEL ADASLRYSDN AAI4LIUKQI GGPESLKKEL RKIGDEVTN ERFEPELV ARALVTSLRA F.ALED ...K
ITYTEDLVD .Y........ SPI UIT VU ....OKI;EI AEAAVRSSDN TAGNILFNKI GGYA IIH4MGIITMS NRIFEI IDSDI1ST AKAIATNJA F.TVGN...A
ITYTIRDLSN .Y........ NPITNKVUr ...GfTKUEL ADASVRYSDS TAHNLILKKL GaPSAFEKIL REDUrIVf4 ERF2PEPV IFST KI1AIAKTL F.TLGT...V
ITIKELVDY ........ SVwliUl(VU ....GMI11EI AEAAVRYSDN TACNILRiKI GGPKYC L iDRfIIFEIGIRDTSTDAItAIAJIMM F.TVW..... .A

IHY1QDLVD Y........ SPVSE2HLVD
:HYRQWLVD .Y........ SPSEKHLAD
IHYSQNDLVEY.........SPVEHLTD
VEIKKADLVT .Y....... SPVIEKQvQ
LPVI8CADLVP .Y........ AFPIITEItlY

...GrTIGEL CAAAITSDN SAGNLUIAWV GGPAGLTAFL RQIGDNVTRL DiErAL.NEA LPDARD"T PASNMTI L.LTAQ....H
.Q4TVGEL CAAITIMDN SAANLLLTAV GGPAGLTAFL RQIGDNVIRL DRWE 4EA I DARUFT PASMAATIU L.LTSQ...R

...G IREL CSAAITISDt TAANLLLTTI GGPKELTAFL HIOIMVTRL DRWELNEA IPNIDIM PAM4ATTRK L.LGE.....L

...AITLMDA CFA7MWTSDN TAANIILSAV GGFKVTDFL RQIGKERL DRIE KIEIKlODUWIm FKAIASTII F.LFGS...A

... IWTlDL aLAAIMDDN VAANILIQGL GPEAVIF DSVGPISRL DRIEaI)D ASMW PAAI6ETURA L.L.LG...V

VI VII
241 1 n 338

Sabla LIAGDRKRLT GWLVANTI1 PITFRALPDD WVIADSIUGG EQYGVANDVG VVQP.PGRAP LVISVLS7KF DPIKGPIDNPL VAKAAALVAG ELT*....
Albus LNPRDRRLLT SWLLANTTSG DRFRAGLP WTLrNKIU;AG .RYGMTDAG VNWP.PGRAP IVLTVLTAKT BIAARDDGL VADAARVAE TLG*....

Cacaoi LAPNDRB2 I 1GSR7W ALIRAGVPKD WKVEISGQV .KYGTRNDIA VVIRP.PGRAP IVVSV1SHGD lWMEPHDEL VAEAGLWAD G*....
ROB-1 LTESQKTILW NWLDNNATGN PLIRAATPTS WVYDKSGAG .KYGVRNDIA VVRI.PNRKP IVMAIND4IF TE1AKFNNKL VEIAAKQVFH TLQN*..

PCI LSKENKKFLL DLHLNNSGD TLIKDGVPKD YKVADISGQA ITYASRNDVA FVYPKGSEP IVLVIFIID NKSDIPNJKL ISErAKSVIK EF*.
Blip LPSEXRELLI DIWKRNn ALIRAGVPDG WEVADKIWtAA .SYGTRNDIA IIWP.PKGDP WVLAVLSSRD IKDAKYDDKL IAEAKVVWC AINNNK*
Bce5h LPAEKRKILT ENNKGNAIYD KLIRAGJPFD WVGDKSGA .SYGTRNDIA VVWP.PNRAP IIIAILSSKD EKEAIYNQ IAEAT7KVIVK ALR*....
Bcez LPSERRELLV D RalNMD KLIRAGVPKG WEVADKWI4G .SYGTRfDIA IIWP.PNKKP IVLSILSNHD KEDAEYDDT IADATKIVLE TLKVTIC*

Bce5b LFHQRNILT EllCQ4A7W KLIRACVPED WVDADKSGAG .SYGTRNDIA IVWP.PNRSP IIIAILSSKD EKEATYDNQL IKEAAEVVID AIK* ...

LEN-1 ISA RS QWMVDDRVAG PLIRAVLPPG WFIADK3UAG .E2I;ARGIVA LLWP.DGKPE RIWIYLJRIT PASMAERNQH IAGIGR*..
SHV-2 LSARS1QPL QWNVWIVAG PLIRSVLPAG WFlADKlGAS .EiGARGIVA llGP.NNCAE RIWIYLRDT PASMAQ IAGIGAALIE HWQR$
TMIl-1 LllASIQLI IDWADKVAG PLLRSALPAG WFADKSGAG .ERSRGIIA ALGP.DGIPS RIWIYTITIS QA7MDERNI IAEIGASLIK HW*.
PSE-4 LSENNUCLE SWNVNNQV7G NLLRSVLPAG WNIADRSGAG GFGARSITA VVWSEHIQ.AP IIVSIYLAQT QASMERNDA IVKlGHSIFD VYTSSR*

Rcapsul LSPEA4KLA EWMWGGVR ALLRIAEAA WLILDKSGSG .SH.TRNLVA VIQ'BG.AP WIATHFISUr DAEFVRNEA LKDLGRAWA VVRE*...

FIG. 5. Alignment of the ROB-1 amino acid sequence with other class A ,-lactamases. Gaps were introduced by hand, taking into account
the highest similarity. Conserved boxes are numbered I to VII. Abbreviations: Sabla, 1-lactamase of Streptomyces aureofaciens (J. P.
Reynes, et al. European Molecular Biology Laboratory data library, accession number X13597); Albus, P-lactamase of Streptomyces albus
G (14); Cacaoi, chromosomal 1-lactamase from Streptomyces cacaoi KCC-SO352 (21); ROB-1, 13-lactamase from H. influenzae; PC1,
P-lactamase from Staphyloccocus aureus PC1 (10); Blip, P-lactamase from B. licheniformis 749/c (28); Bce5h, P-lactamase I from B. cereus
569/H (34); Bcez, P-lactamase III from B. cereus 569/H (18); Bce5b, P-lactamase I from B. cereus 5/B (39); LEN-1, 1-lactamase from
Klebsiella pneumoniae LEN-1 (2); SHV-2, ,B-lactamase from E. coli A2302 (4); TEM-1, P-lactamase from Salmonella paratyphi B (36); PSE-4,
P-lactamase from Pseudomonas aeruginosa strain Dalgleish (5); Rcapsul, P-lactamase from R. capsulata sp108 (9). Stop codons are
represented by asterisks.

subgroup. We also noted that ROB-1 has the same peptide
length as those of other 3-lactamases in group I. Interest-
ingly, all 1-lactamases of group I, except for ROB-1, are in
group 2a in the biochemical classification of Bush (7). In
group II, plasmid-mediated P-lactamases from gram-nega-
tive bacteria include enzymes that have been identified as
broad spectrum and carbenicillinase (groups 2b and 2c) (8).
The alignment of class A ,-lactamases (Fig. 5) showed the

seven boxes that are conserved in proteins that interact with
,3-lactam compounds (19). The ROB-i-active site is assumed
to be an STFK (box II) tetrad and KSG triad (box VII), as
for TEM-1. In addition to these boxes, we found additional
amino acid residues conserved in all class A ,-lactamases. It
is not known (but is strongly suggestive) whether conserved
residues may be implicated in structure and enzymatic
activities typical of class A 1-lactamases. This hypothesis
needs to be confirmed by site-specific mutagenesis. Finally,
analysis of the ROB-1 ,-lactamase at the sequence and

evolutionary levels suggests that it did not necessarily orig-
inate in H. influenzae and could have been acquired by
lateral transfer between bacterial species.

ACKNOWLEDGMENTS

We thank Josee Mercier for fine technical assistance and Jean
Noel for comments and help in installing the PIR programs on the
VAX computer.

This work was supported by grant MA-8926 from the Medical
Research Council of Canada and by grant 88AS-2566 from the Fonds
pour la Formation de Chercheurs et l'Aide a la Recherche du
Quebec (to R.C.L.). R.C.L. is a research scholar and J.-M.J. is a
doctoral fellow of the Fonds de la Recherche en Sante du Quebec.

LITERATURE CITED
1. Ambler, R. P. 1980. The structure of P-lactamases. Phil. Trans.

R. Soc. London B 289:321-331.
2. Arakawa, Y., M. Ohta, N. Kido, Y. Fuju, T. Komatsu, and N.



ROB-1 bla GENE 1359

Kato. 1986. Close evolutionary relationship between the chro-
mosomally encoded P-lactamase gene of Klebsiella pneumoniae
and the TEM 1-lactamase gene mediated by R plasmids. FEBS
Lett. 207:69-74.

3. Atkinson, T. A., and M. Smith. 1984. Solid-phase synthesis of
oligodeoxyribonucleotides by phosphite-triester method, p. 35-
81. In M. J. Gait (ed.), Oligonucleotide synthesis: a practical
approach. IRL Press, Washington, D.C.

4. Barthelemy, M., J. Pduzzi, H. B. Yaghlane, and R. Labia. 1988.
Single amino acid substitution between SHV-1 1-lactamase and
cefotaxime-hydrolysing SHV-2 enzyme. FEBS Lett. 231:217-
220.

5. Boissinot, M., and R. C. Levesque. 1990. Nucleotide sequence of
the PSE-4 carbenicillinase gene and correlations with the Staph-
ylococcus aureus PC1 P-lactamase crystal structure. J. Biol.
Chem. 265:1225-1230.

6. Boyer, H. W., and D. Roulland-Dussoix. 1969. A complementa-
tion analysis of the restriction and modification of DNA in
Escherichia coli. J. Mol. Biol. 41:459-472.

7. Bush, K. 1989. Classification of 3-lactamases: groups 1, 2a, 2b,
and 2b'. Antimicrob. Agents Chemother. 33:264-270.

8. Bush, K. 1989. Classification of P-lactamases: groups 2c, 2d, 2e,
3, and 4. Antimicrob. Agents Chemother. 33:271-276.

9. Campbell, J. I. A., S. Scahill, T. Gibson, and R. P. Ambler. 1989.
The phototrophic bacterium Rhodopseudomonas capsulata
splO8 encodes an indigenous class A 3-lactamase. Biochem. J.
260:803-812.

10. Chan, P. I. 1986. Nucleotide sequence of the Staphylococcus
aureus PC1 P-lactamase gene. Nucleic Acids Res. 14:5940.

11. Chang, A. C. Y., and S. N. Cohen. 1978. Construction and
characterization of amplifiable multicopy DNA cloning vehicles
derived from the plSA cryptic miniplasmid. J. Bacteriol. 134:
1141-1156.

12. Daum, R. S., M. Murphey-Corb, E. Shapira, and S. Dipp. 1988.
Epidemiology of Rob P-lactamase among ampicillin-resistant
Haemophilus influenzae isolates in the United States. J. Infect.
Dis. 157:450-455.

13. Dayhoff, M. 0. 1978. Atlas of protein sequence and structure,
vol. 5, supplement 3. National Biomedical Research Founda-
tion, Georgetown University Medical Center, Washington,
D.C.

14. Dehottay, P., J. Dusard, F. De Meester, B. Joris, J. Van
Beeumen, T. Erpicum, J.-M. Frere, and J.-M. Ghuysen. 1987.
Nucleotide sequence of the gene encoding the Streptomyces
albus G P-lactamase precursor. Eur. J. Biochem. 166:345-350.

15. Devereux, J., P. Haeberli, and 0. Smithies. 1984. A comprehen-
sive set of sequence analysis programs for the VAX. Nucleic
Acids Res. 12:387-395.

16. Hannahan, D. 1983. Studies on transformation of Escherichia
coli with plasmids. J. Mol. Biol. 166:557-580.

17. Hirsh, D. C., L. D. Martin, and M. C. Libal. 1982. Plasmid-
mediated antimicrobial resistance in Haemophilus pleuropneu-
moniae. Am. J. Vet. Res. 43:269-272.

18. Hussain, M., F. I. J. Pastor, and J. 0. Lampen. 1987. Cloning
and sequencing of the blaZ gene encoding 1-lactamase III, a
lipoprotein of Bacillus cereus 569H. J. Bacteriol. 169:579-586.

19. 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.

20. Kroll, J. S., I. Hopkins, and E. R. Moxon. 1988. Capsule loss in
H. influenzae type b occurs by recombination-mediated disrup-
tion of a gene essential for polysaccharide export. Cell 53:

347-356.
21. Lenzini, M. V., H. Ishihara, J. Dusard, H. Ogawara, B. Joris, J.

Van Beeumen, J.-M. Frere, and J.-M. Ghuysen. 1988. Nucleo-
tide sequence of the gene encoding the active-site serine P-
lactamase from Streptomyces cacaoi. FEMS Microbiol. Lett.
49:371-376.

22. Levesque, R. C., A. A. Medeiros, and G. A. Jacoby. 1987.
Molecular cloning and DNA homology of plasmid-mediated
3-lactamase genes. Mol. Gen. Genet. 206:252-258.

23. Livrelli, V. O., A. DarfeuMile-Richaud, C. D. Rich, B. H. Joly,
and J.-L. Martel. 1988. Genetic determinant of the ROB-1
P-lactamase in bovine and porcine Pasteurella strains. Antimi-
crob. Agents Chemother. 32:1282-1284.

24. Mannheim, W. 1984. Family IIl. Pasteurellaceae, p. 550-576. In
N. R. Krieg (ed.), Bergey's manual of systematic bacteriology,
vol. 1. The Williams-Wilkins Co., Baltimore.

25. Medeiros, A. A., R. C. Levesque, and G. A. Jacoby. 1986. An
animal source for the ROB-1 ,3-lactamase of Haemophilus
influenzae type b. Antimicrob. Agents Chemother. 29:212-215.

26. Messing, J. 1983. New M13 vectors for cloning. Methods
Enzymol. 101:20-78.

27. Munson, R., Jr., and S. Grass. 1988. Purification, cloning, and
sequence of outer membrane protein pl of Haemophilus influ-
enzae type b. Infect. Immun. 56:2235-2242.

28. Neugehaver, K., R. Sprengel, and H. Schaller. 1981. Penicillin-
ase from Bacillus licheniformis: nucleotide sequence of the gene
and implications for the biosynthesis of a secretory protein in a
Gram positive bacterium. Nucleic Acids Res. 9:2577-2588.

29. Richmond, M. H., and R. B. Sykes. 1973. The p-lactamases of
Gram negative bacteria and their possible physiological role.
Adv. Microb. Physiol. 9:31-88.

30. Rose, R. E. 1988. The nucleotide sequence of pACYC184.
Nucleic Acids Res. 16:355.

31. Rubin, L. G., R. H. Yolken, A. A. Medeiros, and E. R. Moxon.
1981. Ampicillin treatment failure of apparently P-lactamase-
negative Haemophilus influenzae type b meningitis due to a
novel ,-lactamase. Lancet ii:1008-1010.

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

33. Silhavy, T. J., M. L. Berman, and L. W. Enquist. 1984.
Experiments with gene fusions. Cold Spring Harbor Labora-
tory, Cold Spring Harbor, N.Y.

34. Sloma, A., and M. Gross. 1983. Molecular cloning and nucleo-
tide sequence of the type I f3-lactamase gene from Bacillus
cereus. Nucleic Acids Res. 11:4997-5004.

35. Spratt, B. G., P. J. Hedge, S. te Heesen, A. Edelman, and J. K.
Broome-Smith. 1986. Kanamycin-resistant vectors that are an-
alogues of plasmids pUC8, pUC9, pEMBL8 and pEMBL9.
Gene 41:337-341.

36. Sutcliffe, J. G. 1978. Nucleotide sequence of the ampicillin
resistance gene of Escherichia coli plasmid pBR322. Proc. Natl.
Acad. Sci. USA 75:3737-3741.

37. Tabor, S., and C. C. Richardson. 1987. DNA sequence analysis
with modified bacteriophage T7 DNA polymerase. Proc. Natl.
Acad. Sci. USA 84:4767-4771.

38. Vieira, J., and J. Messing. 1987. Production of single-stranded
plasmid DNA. Methods Enzymol. 153:3-11.

39. Wang, W., P. S. F. Mezes, Y. Q. Yang, R. W. Blacher, and J. 0.
Lampen. 1985. Cloning and sequencing of the P-lactamase I
gene of Bacillus cereus 5/B and its expression in Bacillus
subtilis. J. Bacteriol. 163:487-492.

40. Yannish-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 . 34, 1990


