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1. SUMMARY 

A "FnSOI mutant of Psemlomonas aemginosa 
resistant to imipenem and lacking the imipenem- 
specific outer membrane porin protein OprD was 
isoli:~ed. The mutation could be complemented to 
imil_,:nem susceptib:,:,it,/ and OprD-sufficicncy by 
a cloned 6kb EcoRI -Ps t i  fragment of DNA 
from the region of chromosome of the wild-type 
strain .'.urrounding the site of Tn501 insertion. 
However, this fragment did not contain the oprD 
structural gene as judged by its inability to hy- 
bridize with an oligonuclcotide corresponding to 
the N-terminal amino acid sequence of OprD. 
DNA sequencing of 3.9 kb of the region sur- 
rounding the TnSOi insertion site revealed three 
large open reading frames, one of which would be 
interrupted by the TnSO! insertion in the mutant. 
This latter open reading frame, named opdE (for 
putative regulator of oprD expression), predicted 
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a hydrophobic protein of M, 41592. Using the 
above-mentioned oligonucleotide, the oprD 
structural gcne was cloned and expres~d in Es- 
dwrichia colt on a 2.l-kb Bam HI-Kpn I fragment. 
DNA sequencing predicted a 421) amino acid 
mature OprD protein wi:h a 23 amino acid signal 
sequence. 

2. INTRODUCTION 

lmipenem is a new broad spectrum car- 
bapcnem ~-Iactam antibiotic that is highly active 
against Pseudomonas aemginosa [I]. However, 
during clinical therapy of P. aenlginosa, imi- 
pcnem-resistant isolates arise at a significant rate 
[2]. The major cause of resistance is loss of a 
specific outer membrane protein OprD (formerly 
called D2) [2,3]. Interestingly, oprD mutants are 
not cross-resistant to other clagses of /3-1actam 
antibiotics. Instead resistance is limited to the 
zwitterionic carbapenem antibiotics [2,4]. This was 
explained by Trios, Nikaido and colleagues [4-6] 
who demonstrated that OprD was an imipencm- 
and basic amino acid-specific, channel-forming 
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protein, by virtue of its possession of a specific 
binding site in its channel. 

In this communication, we have cloned and 
sequenced two sets of sequences which influence 
the expression of the oprD gene. One of these 
has been shown to be the oprD gene. Some of the 
data described here were originally presented in 
outline at the American Society of Microbiology 
Annual Meeting, 1990 (Abstract No. D-40). 

3. MATERIALS AND M E T H O D S  

3. !. Bacteria/strains and nwdia 
P. aernginosa PA(II strain HI03 [7] was used as 

the wild-type strain and source of wild-type DNA. 
Strain H673 was isolated by transposon mutagen- 
esis with Tn501, as previously described [7], and 
selection for resistance to 50 /.tg ml-~ mercuric 
chloride and 8 #g  m l - '  imipcnem. Escherichia 
colt DH'~a (BRL, Bethesda, MD) was used as the 
host strain for cloning experiments. OprD was 
expres~d in E. colt strain CEI248 [8]; a strain 
with mutations preventing the production of 
porins OmpF, OmpC (due to an ompB mutation), 
and PhoE. Luria broth (1% Bacto-tryptone, 0.5% 
yeast extract), containing 1% NaCI for E. colt, 
was used as the liquid medium, and, when solidi- 
fied with 2% Bacto-agar, was used as the solid 
medium. 

3.2. Clonbzg o f  the opdE gene 
in general, DNA procedures followed the pro- 

tocols outlined by Sambrook et al. [9] with modi- 
fications described previously [10]. Chromosomal 
DNA was isolated from P. aeruginosa strain H673 
and the Tn$Ol and flanking DNA was cloned as 
a ll .5-kb Pstl fragment into pTZI8R (USB, 
Cleveland, OH) to create plasmid pERI ,  using 
the method described previously [7]. A 2.7-kb 
Psi l -EcoRI  fragment from pER I, comprising P. 
aen~ginosa DNA flanking Tn$Ol, was used as a 
hybridization probe to clone a 4.8-kb EcoRI flag- 
meat from the wild-type P. aeruginosa strain H 103 
into plasmid pTZI8R to create plasmid pD2-29. 
This fragment, when subcloned into the mobiliz- 
able vector pRK767 [I 1] to create plasmid pD2- 
18E, failed to complement the mutation in H673. 
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Fig. I. Restriction endonuclease maps of P. ,('rugino.~a PA01 
strain lill)3 chrom~',somal DNA derived by Southern hy- 
bridizalitms as de.~ribcd in MATFXl,XiS ,',NI) MF'nltmS. (A) 
Map of the region surrounding the insertion site of Tn501 
(marked by Ihe .~)lid triangle) in strain H(~73. (B) Map of the 
region surrounding the oprD gene. Asterisks indicate restric- 
tion sites discovered by DNA .~quencing only. Thick bars 

indicate DNA cloned in pD2-45 (A) and pBK-IgR (B). 

Therefore a 1.8-kb I'st I fragment overlapping the 
left-hand EcoRl site (Fig. IA) was cloned from 
P. aenLginosa into plasmid pD2-18E, to create 
plasmid pD2-45. 

3.3. Cloning of  the oprD gene 
OprD was partially purified from P. aenlgi- 

nosa PA01 strain HI03 grown in BM2 minimal 
medium containing succinate as a carbon source, 
using the protocol previously described for pro- 
tein DI [12]. The protein was separated by SDS 
polyacrylamide gel electrophoresis (SDS-PAGE 
[12]), transferred to Immobilon paper and amino 
terminal sequenced by Sandy Kielland, University 
of Victoria, Canada [7] to yield the sequence D A 
F V S  D Q A  E A  K G  F i E D S .  Takingin to  
account codon bias in Pveudomonas aen~ginosa, a 
corresponding 29-mer oligonucleotide pool was 
deduced from amino acids 6-15. This was then 
radiolabclled with .~zp and used in a Southern 
hybridization analysis of P. aeruginosa PA{II 



chromosomal DNA that had been singly or pair- 
wise digested with several restriction cndonuclc-  
ascs, following previously described protocols 
[7,9]. A 2. l-kb Kpn I-Barn HI fragment was cloned, 
in both orientat ions relative to the lac promoter ,  
into p T Z I 8 R  and p T Z I 9 R  to create plasmids 
p B K I 8 R  (inverse or ientat ion)  and pBKI9R (cor- 
rect orientat ion).  A 4-kb EcoR!  fragment was 
cloned in both orientat ions into p T Z I 8 R  to cre- 
ate plasmids pE37 (correct or ientat ion)  and pE65 
(inverse orientation).  

3. 4. Sequencing and other as.says 
D N A  sequencing utilized an Applied Biosys- 

terns Incorporated (ABI)  (Foster  City, CA) auto- 
mated fluorescence sequenator  and dye termina- 
tor chemistry as detailed in protocols from ABI. 
Both s t rands were sequenced using ei ther  t imed 
exonuclease Il l  digestions (Erase-a-base,  Pro- 
mega, Madison, WI) to create ordered  deletions 
(for the oprD gene)  or a combinat ion of sub- 
cloning and building of oligonucleotide primers 
(for the opdR genc region) as detailed previously 
[9,13]. Ou te r  membranes  [8,12] and cell envelope 
proteins [13,14] were isolated as previously de- 
scribed. SDS-PAGE [12] was performed as de- 
scribed previously. Antibiotic minimal inhibitory 
concentrat ions (MIC) were determined by the 
agar dilution method [2]. 

4. RESULTS 

in an a t tempt  to mutagenizc the oprD gene, 
strain H673 opdE::TnSOi was isolated as detai led 
in MATERIALS AND METHODS. The  MIC of 
imipenem for H673 was 12/.Lg m l -  i, whereas  the 
MIC for the parent  strain HI03 was 1.5/~g ml t ,  
and SDS-PAGE of outer  membranes  revealed 
that  H673 was OprD-deficient  (Fig. 2, lane 2). 
MICs of ceftazidime (0.3 /.Lg ml-~)  and nor- 
floxacin (1.5 /zg ml - I )  were unal tered by the 
mutat ion in strain H673. Therefore  the region of 
the chromosome equivalent to that  surrounding 
the t ransposon insertion site was cloned from the 
parent  strain HI03 into the vector pRK767, to 
create plasmid pD2-18E containing a 4.8-kb 
EcoRl  fragment, and plasmid pD2-45 containing 

26t) 

"~" =-7 :~" :- 

l 2 3 4 S • 7 • 9 1 0 1 1 1 2  
Fig. 2. SDS poJyacrylamith2 gel eJectrophoretograms demon- 
slrating the mutagencsis and chining of DIqA segments influ- 
encing the expressing of OprD. "rh¢ banding positkm of OprD 
is sht~n by arrowheads. Lanes I-4. P. aemgim~sa outer 
membranes. The prcth~minant hands under OprD are in 
de~ending order OprE. OprF, OprG and OprL. Lanes 6-12. 
I.,'. coli outer membranes. Lane I. strain llllB: lane 2. strain 
H673 tJpdR::TnhOl: lane 3. H673/pRK767: lane 4. 
Hb73/pD2-45: lane .5. standards with M, values of ~(NH). 
67(MH), 43(XX)..~)(XX) and ~)l~X). Lane 6. CEI248" lane 7. 
CEI248/pTZISR- lanes 8o 9. CEI248/pBKIgR: lane I(L 
('EI248/pTZIgR; lane II. CEI248/pBKISR:. lane 12. 
CEI248/pE37. IPTG was added to all E. cr#i cultures to 

induce expression from the lac pronR~ter. 

an overlapping 6-kb EcoRI-Ps t  ! fragment.  When  
mobilized back into strain H673 by tr iparental  
mating, pD2-45 was able to complement  this 
strain to imipenem susceptibility (MIC = 1.5 p,g 
m l - ' )  and OprD  sufficiency (Fig. 2, lane 4) 
whereas  H673 (pD2-18E) and the vector plasmid 
conta ining strain H673 (pRK767) remained  
imipenem-resistant  ( M I C =  12 p,g ml -~) and 
OprD-deficient  (Fig. 2, lane 3). In no c a ~  was 
ceftazidime or norfloxaein su~eptibi l i ty  affected. 

It was at first assumed that  the oprD gene had 
been cloned. However, ~ q u e n c i n g  of 3931 bp  of 
DNA surrounding the site of t ransposon i n ~ r t i o n  
in strain H673 failed to reveal a sequence corre- 
sponding to the N-terminal amino acid sequence 
of OprD,  and no open reading frame equivalent 
to an outer  membrane  protein (i.e. containing a 
signal sequence) was predicted, in addition, no 
new protein bands  were observed in E. coil, 
containing plasmid pD2-45. Fur thermore  an 
oligonucleotide specific for the N-terminal  se- 
quence failed to hybridize to plasmid pD2-45 and 
indeed hybridized with sequences in the P. aeru- 
ginosa chromosome with an entirely different re- 
striction pat tern  (cf. Fig. I, maps A and B). 



270 

GAATTCCTC TTCGGGGAGCCAG6 CGAI~C C CAGC CC CG CCAG CGCGG CATC CACGATATTCGGCGAGGTGT~GAAAATGAG¢ T~TCCATCGA~ C~CG~CA~TGT~ 111 
F E E E  P L U A  1 G  L G A L A A D V | N P S T N F z L Q G D V R V N V H  R 

AT¢ TTTCC6CT6AAWt TCCCAGGCATACA~ CG COG CCG6ACTGCATGCG CATGTTGATG CAGTTGTGGTC6ACCAGATCGCGAGGA C TC C T ~  ~ L ~ T G T G  C C~  222 
O K R Q F D V A Y L G G G S Q H R H N I C N H P V L D R P S R P K ~ H A A 

JU~GTAGGC CGGGG CCGCGACGA¢ CG ¢CATG ¢GCA CTGG CGG CCCAATCGG CACGG CGATCATGTC CTTGTCTATGGTGTCGC C C.4GGCGTAC~ C ~ A T ~ C  C~TC 333 
F Y A P A A V V A H R V  P P G  ! P V A I H O K O Z T D G L R V G A D F R O 

GGC CACGATGTC C CGAAAGC C ATAGTTGATGTCGAAC TCCA C CTTGATGTCTGGATATTC CAGCAG CAACGGGGTGAGC CTGGGTAGCAA CAGGGTTC~ T ~ T G ~ T C  
A V  Z O R  F G Y N  ~ D F E V K Z D P Y E L L L P T L R P L L L T R Q I H D 

GC~ACAGGTAATGCGAA~GTGCCA~TTGGTTTGT~CGCAG~GCCGACAG~T~TC~AGTT~G~CT~GAT~T~GT~GANsCGATT~T~C~TC SSS 
6 C T  | R V T G S  P K O  R L A  S L E D  L E A E  I E 0 F R N G  ~ A N  L L i t  E 

CC CTGCCGCCGTGGGCGAAACGC TGCGGGTGGTGCGGGTGAGTAAG CGGATCTGCAGGCG CG C C TC CAGG C CGC TTATCGAC TGGC TCAATG CC~CTG CGT~ CG CCC~ 666 
G A A T P  S V S R T T R  T L  L S I Q L R A E L G S  ~ S Q S L A S Q T V G  L 

TTGGGCGGCGGCACGGGTGAAGGTT CCC TCG CGGG CGACGGCAACGAAGGACAGGAGGTCGTTGAGGTTACGTTTGATCATGG C ~ C  ~C CAC~C C A ~ T  7",? 

Q A A A R T  f T G  E R A V A V  F S k L D N L N R K Z fl ' ( ~ - - O R F 3  
AGAGCI~'ATATA ¢ C CATTAAGAATTGTTTAG C TNSTAACAGG C CGC CG CATAC CCGAATATTCAI~'TG CAACAATCATCTC CG C CTAC CGCAC C CTGA¢ ~CCC~C C CTG 888 

CCGAC TCAG CC CAGGCGTTTGTCAC CAG C~CTGATC TCTTCTTTTCACTC TTTGGATAAGCCGGTTTTTTCATGACAACCCGCGCACTC~TACCGC ~ C ~ C C  999 
o p c H ~ - - n > l l  T T R A L D T A N E N 

CTGAA~AAT~G66~T~cTGGAGTGGcGTc~TGGC~ATTG~GGTi.TGCG~1"r~G~ACTGGT~G~GTCGGAG1~r~cTGC~G6TcAG~TG~TGA~Tc~CATC~CC 1110 
P E Q S G S U  S 6 V  L A X  A V C A F A L V A S E F L P V S  L L T P  1 A  N D 
TGGGAACTAC CGAGGGCATGGCAGGC CAC, GGCATCGC CATCTC C66CG CCTTCG C C6TTTrAACC AG CCTGTTCATTT CATC CGTr6 CCGGCAG C CTGAAC CG C ~  C 1221 

L G T T E G H A G Q G I A I S G A F A V L T S L F | S S V A G S L N R K T 
TGTTGC TGGGA C TGA C6G CG6C~t TGGG CATGTC CGGCG CAATCGTCG CG C TCG CGC CJUtAC TATTTCGTC TACATGC TGGGCCGGGCG CTGATCGG C A T ~ T C ~  CG 1332 i 
L L L G  L T A ~ ' ~ H G  fl S G  A I V A L A P N Y F V Y I I  L G  R A  L I G ][ V I G 
GCTTcTGGT~GATGT~GGCA~CA~G~CATG~GC~T~T~T~AA~GAC~TG~cGCGAG~TGGC~T~T~AATGG~GGCAAC~T~T~C~T~T~G 1~,.3 
6 F U S fl S A A T A H R L V P A N D V P R A L A L V N G G N A L A T V V A 
CG C CGC TGGGCGC CTGGCTAG6CACCC TCATCGG CTGG CGAGGGGC TTTTC TC TG C C TTGTGCCGGTAG CC C TGGTGG CACTGGC C TUG CAATGGA C CAC C C TG CCC TC ~ 15 .r~, 
A P L G A U L G T L X G U R G A r L C L V P V A L V A L A U Q U T T L P $ 
TGCGGGCCGGCGCGCGTGCT~C~G~C~cGGGCAATGTGTTCACGGTATTCG~TCTGCT~CGTCC~GGTGTGAT~CT~C~TGCTCGCCAG~J~C~TGTTC~ 1665 
R R A G A R A  P 6 P G N V  F T V  F A L / K R P G V  II L G  II L A S S L F F II 
GC CAGTTTTCC CTGTTCAC CTATGTGCGAC CATTC CTGGAGACGGTCA CCG6CGTACAT66CG CGCATGTTTCGCTGGTAC TGCTGGTGATCGGTG CAGCGG6 C ~ A T ~  1776 
G Q F S L F T Y V R P F L E T V T G V H G A H V $ L V L L V I G A A G F I 
~CA~CTGC~AT~GA~CGGGTT~TGCAACGGCGCT~TTC~AGA~A~TGGT~G~ATCC~GTTGCTGATGGCCC~GATCGC~TGGTA~TGA~6GTC~T~C 1887 
G T L L I D R V L Q R R F F G T L V A  | P L L H A  L | A L V  L T V L G G U  
CCG CCATCGTTGTCGTCCTG CTCGGATTGTGGGGA CTGA CCGGTAC C TCG6C C CC CGTCGGTTGGTGGGC C TGGATCG CCAGGGTGTTC CCAGAGGACG C CGAAGC C~TG 19~1e 

P A  I V V V L L G  L U 6 L T G T  S A P V 6 U U A U  I A R V F P E D A E A G  
6C6GC CTGTTCGTCGC CGTGGTGCAACTC TC CATTn CCC TGGF ~TCC ACAI~GGGTEGTCTGCTG1"Ir CGATCGCACT~CTATC~C~CC~C ~ C ~  ~ ~¢CG C ~  2'109 

G G L r V A V V G L S Z A L S T L G G L L F D R T 6 Y Q A T F F A S A A 
TGCTGCTGATCGCAGCCTTCCTGACCATCCTCACCGCACGC T CGJUU4GCCCCGGCCGGCTAGACCCCGGGAACGCCCGGACGCGACTTGCCTCGCGCCC~C~TCG 
II L L I A A F L T I L T A R s K A P A G # 
TCGAGCC~AATCCCA~CACGTC~AT~TGATC~ATGGAGAACGCCATGGAAA~CAAG~ACAG~MTC~cTC~T~T~TG~~TCC~ 2331 

O R F 2 - - - > H  E N A H E T K H S N R A R $ P K G A L R G A V I. A 
GTG~GCTGATG~CTCTCGTCC.~T~¢CA~A~AGT~G~G~AACGA~TTCGTCAAA~A~CGGA~AACCAACATG~AG~T~AA~C~T~CT 2/~2 
G A  L I I  A L V G  C O T  S P A A T T S S N  T G G  T N  II Q L G L  T Q E  U O K T  
TT~c~TG~C~CAAAG~Tc~AACAT~CCAA~TCA~CT~CCAAT~TACG~CAT~A~CTGGCA~TGA~T~TA~T~AAGAA~C~TGG~GGC~T~TG~ ~ § 3  

F P L S A K V E H P K V T F A N R Y G I T b A A O L Y L P K N R G G O R L 
C~CiU~TCGTGATCGG CG6TCCGTrcGGCG C~TC/U~GGAGCA6TC CTC CGGAC TGTATG CGCAJ~C CATGGC CGAAC6 CGGATTCGTCA CGC TGG C G ~ C C  ~TCGT 2664 
P A I V ] [ G G P  F G A V K E Q S S G L Y A Q T H A E  R G  F V T L A  F D P S 
ATAC ~ T G J ~ J ~ a C ~ T C J ~  ¢CACG CAACGTCG CTTCG CCC, GATATCAATACCGAAGACTTCAG CGCC~ CAGTGGATTTCATCA6TTTG~ C ~ T ~ T C 6  ~ 277~ 
Y T G E S G G G P  R N V A S P  D I N T E D  F S A A V O F I s L L P E V N R 
AGC~.,ATC~CGTCATCGGCATCTGCG~C :C.GGGTG~CATG~CGCTGAA~GCGGT~GCC~TG~ACAAG~GT~/U~G~G~TGGT~A~AG~A~CAT~TA~ACA~CG~ 2886 

E R I G V I G I C G U G G f l A L N A V A V O K R V K A V V T  S T H Y  D I I T  
6~'TCATGTCCAAGGGCTACAA C6AC~GTGAC C C T CGAACAG CGCA C6CGAACG CTGGJUt CAACTC-G~C CAGCAG CGCT_~_-~_ _l~=_~ C G C ~ C ~ T A C  C CCC~ CT 2997 
R V H S I C G Y H D S V T L  E Q R T R T  L E Q L G Q Q R V K D A  E S G T P A 

F ig .  3. N u c l e o t i d e  sequence  a n d  p r e d i c l e d  o p e n  r e a d i n g  f rames  o f  I he  sequence  s u r r o u n d i n g  t h e  t r ansposon  i n s e r t i o n  si te f r o m  

H 6 7 3  ( i n d i c a t e d  by  an a r r o w h e a d  a f t e r  n u c l e o t i d e  1243). T h e  sequence  is o r i e n t e d  in  t h e  same d i r e c t i o n  as t h e  m a p  g i ven  in  F ig .  

I A .  a n d  goes f r o m  t h e  l e f t m o s t  EcoR! si te to  t h e  t h i r d  Pstl s i le  (at  5.5 k b  in  F ig .  I A ) .  O R F  3 '  was  o n  t h e  c o m p l i m e n t a r y  s t r and  

a n d  b e g a n  a! base 747, read  t o  t h e  l e f t  a n d  p r o c e e d e d  b e y o n d  t h e  b e g i n n i n g  o f  th is  sequence ( n o  s)op c o d o n  was e n c o u n t e r e d ) .  

These  sequence  da ta  w i l l  a p p e a r  in  t h e  E M B L  d a t a  l i b r a r y  u n d e r  accession n u m b e r  Z I 4 0 6 4 .  
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ATCAGC CGC C C TAC JUt CGAAC TGAAGGGTGGTGAGGGA CAGTTC C TCGTCGAC TAC CA CGA CTACTACATGACAC C CCGTGGC TACCAC CCGCGGGCAGTCAACTCCGGT& 51TM 

YQP PYNE L K G G E G Q  F L V D Y H  D Y Y H T  P R G Y H P I I A V N S G  

ACGCCTGGACGATGACCACG~CG~GTCGTTCATGAACATGCCGATCCTCA~CTACATCAAGGAGATCTCGCCACGCCCGATCCTGTTAATC~CCATT ~)'19 

N A U T f l T T P  L S F HNF IP  Z L TY  | KE  I S P R P I L L | H G E I I  A H 
CACGCTACTT CAG CGAGAC CG C C TACG C CG CTGC CG CAGAG CCAAAGGAGC TG CTGATCGTTC CGGGAGCCAGTCATGTCGAC C TGTACGAC CGGCTIN~CAGGA~C~ 

S RY  F S E T A Y A A A A E  PKE  LL  IV  P G A S H V D  L Y O R L D R  ] p 
TCGATCGGATTG C CGGATTCTTCGACGAG CATCTGTAGCGTCGTG CACG CCAGGGC~ CAGCGC CGGGAGAITGATr CGGC C C~TC CC C C ~ C ~  ~ 2K~,I 

F DR  z A G F F O E H 1. t 

CCGGCTTTTTC CGCGCCAGCGAGGTc~G~T~G~T~GAGAC~T~GC~T~C~TGG~A~C~TTTCAAGCAAC~GCCGCCCGCGTCACGATCCCGTCCAcCAACCGCGCA ~S~. 

AT CC C CAATGGGll'GC CATC CTTCAGCG CTTC CGGCAS CAACG CGTC CGGGTAGTT ¢TGGTAGCACAC CGGGCGCAGGAAA~TC~C~  C~  ~TA  36~  

C CGCGGGCGTC CGAAGTGAC CGGGTACGGC C CA CCGTGGAC CATCG CGTCG CAGACI"TC CACAC CGGTCGGGTAGC CGTI"GAGCAGCAGGCGTCCTGCCTTCTGTTC~ ~'7A 

AG CGGTA CCAGGTCGC CGAAGGACG CCAGGTCTTC CGCTTCGGCGATCAGGGTCG CGGTGAC C TGC C CGTGCAGC C CATGCAG CGCGCGC ~ ~  

ACCTCGACGACCACGCTGGCCGGGCCGTTGACTTCTTCCTGCAG 

Fig. 3 (continued). 

The DNA sequenced (Fig. 3) predicted four 
large open reading frames, three of which had a 
codon usage typical of P. aen~ginosa genes (> 
80% G + C in position 3 of codons). One of these 
open reading frames overlapped the region of 
transposon insertion in P. aeruginosa strain H673 
and was thus named opdE (for putative regulator 
of OprD expression). This open reading frame 
was 402 amino acids long with a predicted Mf 
value of 41592. The sequence was quite hy- 
drophobic with 61.3% non-polar amino acids (A, 
l, L, M, F, P, W, V), 29.4% uncharged amino 
acids (N, C, Q, G, S, T, Y) and only 34 charged 
residues. All secondary structure prediction 
methods used suggested that this protein was an 
integral membrane protein containing as many as 
12 membrane spanning a-helices. Only 85 nu- 
cleotides after the end of the opdE gene, another 
large open reading frame (11 l0 bp, predicted to 
encode a 370 amino acid protein) was predicted, 
whereas a third open reading frame of greater 
than 747 bp (predicted by single-stranded se- 
quencing past the EcoRl site to be 978 bp in 
length) was predicted to be encoded by the com- 
plementary strand. These sequences, called orf2 
and orf3 (Fig. 1), might also be involved in OprD 
expression since no obvious terminator appears 
between opdE and orf2, suggesting a potential 
operon structure, whereas the divergently tran- 
scribed orf3 contained DNA required to comple- 
ment the transposon mutation in H673, based on 
the above complementation studies. A screen of 

the EMBL Swiss pro database failed to reveal 
genes homologous to any of these three reading 
frames. 

The oprD gene was cloned as a sequence 
homologous to an N-terminal-specific oligonu- 
cleotide probe. A 2.I-kb KpnI-BamH! fragment 
cloned in plasmid pBKI9R in the same orienta- 
tion as the lac promoter revealed expression in 
E. coil of a cell envelope protein migrating with 
the same mobility as OprD (Fig. 2, lanes 8, 9). 
When cloned in the inverse orientation to the lac 
promoter in pBKI8R (Fig. 2, lane I I), only weak 
expression was observed. Strong expression was 
almost certainly driven by the lac promoter since 
it was isopropylthiogalactoside-inducible (data not 
shown). The vector controls (Fig. 2, lanes 7 and 
10), plasmidless control (Fig. 2, lane 6) or plas- 
mids pE37 (Fig. 2, lane 12) or pE65 containing a 
4-kb EcoR! insert (that proved not to contain the 
entire gene) did not result in production of a 
band of equivalent M r to OprD. 

The 2.I-kb Kpnl-BamHi fragment containing 
oprD was sequenced (Fig. 4). Within this frag- 
ment, a 443 amino acid protein was predicted. 
Amino acids 24-40 were identical in sequence to 
the N-terminal sequence obtained from the puri- 
fied protein, whereas the first 23 amino acids had 
features typical of a bacterial signal sequence. 
The 420-amino acid sequence of the mature pro- 
tein predicted certain typical features observed 
for other outer membrane proteins including 
overall negative charge and a typical [13] hy- 
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drophobicity plot with alternating hydrophobic 
and hydrophilic stretches. However, less typical 
was the large number of stretches of uncharged 
amino acids [14]. with 10 stretches of between 9 
and 15 amino acids in length. An attempt was 

o0¢D 

m a d e  to  m a t c h  t h e  p u t a t i v e  O p r D  sequence  t o  

o t h e r  o u t c r  m e m b r a n e  p r o t e i n  s e q u c n c e s  o b -  

t a i n e d  f r o m  P. oeruginosa [9,13,15] a n d  to  t h e  

O m p F  a n d  T o l C  p o r i n s  f r o m  E. colt [14], u s i n g  

t h e  m e t h o d  o f  N e d d l e m a n  a n d  W u n s c h  [16] as  

GGAT~CAAAG~GAA~ATA~GA~cTcT~TG1~r~GA~cGTcGTTCATGGACAGCTTAG~cc~T~TCCGGGAAGGG~ccG~cGTAAC~GccG~GCAGGATA~TTCGcCG~ 112 

~GGCcAAAGCAAGCc~ACACATC~G~cCG~CAG~TTGG~G~GC~CT~AG~CGAACG~cCATAAGATGCCGGCCAA.ATGAATACAG~G~GACGC~GAA~T~A 27.& 

TGCCGTGGATAC/UULCG CATr CGC CA CAGA C.AAC TCGATGG C AAC CAAC C CTTGAAGCAGACGGATTA CAAT CAGG~C~ATM~CG~G C ~ C ~ T A  336 

G¢ CTCGCTCT¢~_~-A~._ a CCAACTGGAATACATAGGCGAAGC C ATTTTCCAATTTGTG CACGGAGTTTGC TTATACC TCTTTCAT CACAGT~  C CGTAC~CAT 

GA ~. ET'ITITATI"ACAAGGC CC CG C CAAT~CGAC TTGAGAAG CGAC CTCAA CAAGAGTGAC CAAC CCCG CGACATACGTCATTTTTTCAACTGCG CA CC TACG CA 560 

GATGCGACATGCGTCATG CAATTFTG CGACAG CACGGTAAAGAATC CGTCG CTTCGGAAC CTC AACTATCG C C AAGAAACA CTGCGTGCTATAAGTT~CG C C ~  67Z 

AACTAGCCGTCACTGCGGCACTGTGATGGCAGAGATAATTTCAAAAC~CAATCACA ATG AAA GTG . . . .  TGG AGC GCC ATT GCA ¢TG GCG 

- - -  n K V II  K U $ A I A L A 

v s A G S T Q F A V A ID  V D Q A E A K G Z E S 
MGC CTC GAC CTG CTG CTC CGC AAC 

S L O L L L n X 
TTC CTC ACC ACC TAT GAA TCC GGC 

F L T T Y E S G 
GAC GGC ACC Tr'C GAC AAG ACC GGC 

D G T S D K T G 

GGC GCC GTG /tAG GTG CGC ATC TCC 

G A V K V R | S 
XGC CGC CTG TTC CCG CAG ACC GCG 

s R L F P Q T A 
ACC GAG GGC /LAG GAG CCG ACC ACC 

T E G K E P T T 

1"i'C ATT GGG GGC CGC TAC GCA ATC 

F I G G R Y A 1 

TAC CIG AAC AGC AAC TAC ACC ATC 

TAC TAT TTC /ULC CGT GAC GGC AAG AGC GGC AGC GGG GAC CGC GTC GA¢ TGG ACC CAA GGC 

Y Y F N R D G K S G S G O R V D U T Q G 
TTC Ace CAA GGC ACT GTG GG r TT¢ GGC GTC CAT GCC TI'C GGC TAC CTG GG¢ CTG AAG CTC 

F T CI G T V G F G V O A F G Y L G L K L 

ACC GGC AAC CTG CCG GTG ATG AAC GAC GGC AAG CCG CGC CAT GAC T,~C AGC CGC GCC GGC 

T G N L P V II H D G K P R D O Y S R A G 

AAG ACC ATG CTG /LAG TGG GGC GAG ATG CAA CCG ACC GCC CCG GTC TTC GCC GCT GGC GGC 

K T n L K U G E H g P T A P V F A A G G 
ACC GGC TTC CAG CTG CA(] AGC AGC C, AA TTC GJUt GGG CTC GAC CTC GAG GCA GGC CAC TTC 

T G f Q L Q S S E F E G L D L E A G H F 

GTC AAA TCG CGT GGC GAA CTC TAT GCC ACC TAC GCA GGC GAG ACC GCC AAG AGC GCC GET 

V K S R G E L Y A T Y A G E T A K S A O 

ACC CAT AAC CTC AGC GCC TCC CTG TAC GGC GCC GAA CT¢ GAA GAC ATC TAT CGC CAG TAT 

T O N L S A S L Y G A E L E O 1 Y R Q Y 

CCA CTG GCA TCC GAC CAA TCG CTG GGC 17C CAT TTC AAC AT¢ TAC CGC ACA AAC GAT GAA 

Y L N S N Y T 1 P L A S 0 Q S L G F D F N [ Y R T N D E 

AAG 6CC AAG GCC GG¢ 6AC AT(: AGC AA¢ ACC ACT TGG TCC CTG GCG GCA GCC TAC ACT CTG CAT GCG CAC ACT TTC Ace TTG 

G K A K A G O I S N T T U S L A A A Y T L D A H T F T L 
GCC TAC CAG /tAG GTC CAT GGC GAT CAG CCG TTT CAT TAT ATC GGC TTC GG¢ CGC AAC GGC TCT GGC GCA GGT GGC GAC TCG ATT 

A Y Q K V H 6 O Q P F D Y 1 a F G R l i  G S G /k G G D S Z 

TI"C CTC GCC AAC TCT GTC CAG TAC TCC GAC TTC AAC GGC CCT GGC GAG AAA TCC TGG CAG fiCT ¢GC TAC GAC CTG AAC CTA GCC 

F L A H S V Q Y S D F H G P G E K S U Q A R Y O L H I. A 

S Y G V P G L T F R V R Y 1 N G K 0 ! P G T K H S D N H 

GTC GGC TAT AAG AAC TAC GGC TAC GGC GAG CAT GGC AAG CAC CAC GAA ACC AAC CTC GAA GCC /tAG TAC GTG GTC CAG TC£ GGT 

V G Y K N Y G Y G E D G K H H E T H L E A K Y V V Q S G 
CCG GCC /tAG GAC CTG TCG 1"~C CGC ATC CGC CAG GCC TGG CAC CGT GCC AAC GCC GAC CAG GGC GAA GGC GAC CAG AAC GAG TTC 

P A K O L S F R I R Q A U H R A N A O Q G E G D Q N E F 

CGC CTG ATC GTC GAC TAT CCG CTG TCG Arc CTG TAA TCGACCGACAGGCAACGAJUUU~CCCGGCATCGCCGGGTTTTTTCTTCTTGGCGGCAACGCGC¢ 

R L 1 V D Y P L S I L * 

TATIA ~_~-~_ _ ~/~_ _-CGTAGGTAC CGAG CTCGAAT 
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Fig. 4. Nucieotide ~quence and predicted protein sequence of the DNA region including Ihe oprD gene. The sequence is oriented 
in the same direction as the map in Fig. IB and goes from the BamHI site to the rightmosl Kpnl sile. The sequence corresponding 
to the N-terminal sequence determined from the mature protein is underlined. The e ,d  of the leader peptide is denoted by a 
vertical line. A typical Shinc-Dalgarno .,~quence appears between nucleotides 723-726 while a predicted terminator stem-loop 
appears between nucleotides 2084 and 2112 (underlined wilh a dashed broken line). T h e ~  sequence data will appear in the EMBL 

data l ibra~ under accession number ZI4(165. 



implemented by Dayhoff [ 17] with a bias parame- 
ter of 0 and a gap penalty of 4 with 10 random 
runs. The alignment scores obtained were 1.4, 
-0 .5 ,  1.4, 2.6 and I.I for OprF. OprH, OprP and 
E. coli OmpF and TolC, respectively. None of 
these ,scores were considered significant above 
three standard deviations. 

5. DISCUSSION 

In this communication, we have described two 
sequences that influence the expression of OprD 
in Pseudomonas aetuginosa. One of these is the 
oprD gene itself. Although the cloning of this 
gene and its ability to complement mutants in P. 
aen~ginosa has been reported [18], no restriction 
map or nucleic acid sequence has appeared in the 
literature as yet. Interestingly, the mature OprD 
sequence has insignificant homology with the 
known P. aen~ginosa outer membrane protein 
sequences including the general porin OprF [9], 
the phosphate-specific porin OprP [13] and the 
Mg2+-regulated protein OprH [15] or with two 
other  porins from E. coli. 

Our data also indicate a second gene region 
involved in OprD expression in that inactivation 
of this region by transposon mutagenesis elimi- 
nated OprD expression (Fig. 11. Analysis of the 
nucleic acid sequence revealed a long open read- 
ing frame, named here the opdE gene, and two 
adjacent open reading frames. We hypothesize 
that the opdE gene, and possibly one or two of 
the other  open reading frames, encodes a protein 
that influences the expression of OprD. We can 
not, at this stage, state how expression is influ- 
enced but possibilities include tran~riptional ,  
translational or post-translational regulation. In 
keeping with this hypothesis, the oprD gene was 
expressed poorly from its own promoter  in E. 
coli, in contrast to the non-regulated oprF gone, 
but similar to the regulated oprP [13] and oprH 
genes [14]. in addition, it is known that the level 
of OprD observed in the outer membrane is 
influenced strongly by the growth medium and 
carbon source [12]. However, the exact function 
of the coding regions indicated in Fig. 3 will only 
be determined by further studies. 
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