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/ / .. INFLUENZAE REGULATED GENES 

Abstract t 
Nontypcablcc Haemophilus influenzae may infect the lower respiratory airways of 

chronicc obstructive pulmonary disease (COPD) patients. We characterised genes of 
nontypcablcc H. influenzae expressed upon interaction with human lung epithelial cells. A 
libraryy of 8,000 clones was constructed in H. influenzae Rd {reel), by cloning 
chromosomall  fragments upstream of a promotcrlcss cat gene encoding chloramphenicol 
acetyll  transferase. Exposure of this library to NCI-H292 epithelial cell layers in the 
presencee of chloramphenicol (Cam) resulted in survival of bacteria expressing cat and 
thuss containing active promoters. Fifty-Five clones were selected that specifically were 
resistantt to Cam in the presence of epithelial cells, but did not (n=45) or hardly (n=10) 
groww (n=10) on sBHI plates containing Cam. The chromosomal inserts of the 55 clones 
weree partly sequenced, and the sequences were compared to the Gcnbank database. Four 
cloness contained sequences with no homology to the sequenced //. influenzae Rd genome 
orr any other sequence and therefore contained promoters and part of ORF's of novel 
genes.. The other 51 clones contained sequences with homology to Rd and 
characterisationn was based upon the assignment of genes to this chromosome. Six 
differentt functional classes could be distinguished: (i) metabolic processes, (ii) stress 
response,, (iii ) gene expression, (iv) cell envelope biosynthesis, (v) DNA-related 
processes,, (vi) ORF's encoding proteins of unknown function. The possible contribution 
off  these genes to the virulence of nontypcablc H. influenzae or the adaptation to the 
epitheliall  cell environment is discussed. 

Introduction n 

Nonencapsulatedd (nontypcablc) Haemophilus influenzae is a normal inhabitant of the 
floraa of the upper respiratory tract, but is also a frequent cause of respiratory tract 
diseasess like otitis media, sinusitis, bronchitis and pneumonia (Turk, 1984; Wilson, 
1998).. Chronic infections of the lower respiratory tract due to nontypeable H. influenzae 
occurr in patients with chronic obstructive pulmonary disease (COPD) and cystic fibrosis 
(CF)) (Murphy & Sethi, 1992). In healthy persons bacteria entering the lower respiratory 
tractt arc eliminated by various local defence mechanisms (Jansen et al, 1995). Infection 
mayy establish in COPD and CF patients by underlying causes like a smoking habit or 
precedingg infection, as is the case in COPD (Jansen et al, 1995), or a genetic disorder, as 
iss the case in CF patients. In such patients, colonisation of the lower respiratory tract by 
nontypcablcc H. influenzae results in an inadequate inflammatory response, resulting in 
chronicc infection and increasing lung damage (Wilson, 1998). Strains of nontypcablc H. 
influenzaeinfluenzae have been shown to persist in the lower respiratory tract of COPD patients for 
periodss up to two years, despite the presence of host defence mechanisms and their 
susceptibilityy to antibiotics used to treat these patients (Grocncvcld et ah, 1990a, 1990b). 
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Establishmentt of infection by nontypcablc H. influenzae involves colonisation of the 

lowerr respiratory tract mucosa and adaptation of the bacterium to the environment of 

thesee tissues (Mckalanos. 1992). An important step preceding infection is the adherence 

too the epithelial cell layer. //. influenzae damages the cilia of epithelial cells by producing 

aa cilia-toxic activity (Denny, 1974; Johnson & Inzana, 1986) and preferentially adheres to 

non-ciliatedd cells (Read et al, 1991). Several adhesins, mediating adherence to different 

celll  types have been described, including fimbriae and the HMW, Hia and Hap proteins 

(St.Gcmc,, 1996; Foxwell et al, 1998). Not only adherence is important for infection. An 

activee interaction between nontypcablc H. influenzae and epithelial cells probably 

contributess to the chronic inflammatory reactions in the lower respiratory tract of COPD 

andd CF patients. Epithelial cells have been shown to respond to the presence of//. 

influenzaeinfluenzae by increasing production of cytokines like IL-6, IL-8 and TNF-a (Bresscr et 

al.,al., 1997; Khair et al., 1996). Nontypcablc //. influenzae adapts to the conditions 

imposedd by the epithelial cells through expression of new outer membrane proteins (van 

Alphenn et al., 1990; St.Gemc & Falkow, 1990). Expression of both virulence factors and 

geness involved in metabolic processes has been shown in animal models for various 

pathogens,, like Salmonella typhimurium (Mahan et al, 1993; Henscl et al., 1995; 

Hcithofff  et al., 1997), Pseudomonas aeruginosa (Wang et al., 1996) and Staphylococcus 

aureusaureus (Mci et al., 1997). Moreover, those two classes of genes can be co-ordinately 

regulatedd by the same transcription regulators in response to signals derived from the host 

environmentt (Finlay & Falkow, 1997). 

Thee present study was designed to identify genes of nontypcablc //. influenzae whose 

expressionn is influenced by the interaction with epithelial cells. Since no animal model to 

studyy the interaction between nontypcablc //. influenzae and the epithelial cells of the 

lowerr respiratory tract is available (Foxwell et al., 1998), wc developed a cell culture 

modell  model using the human lung-derived mucocpidcrmoid adenocarcinoma cell line 

NCI-H2922 (Roger et al., 1998; van Schilfgaardc et al, 1999). A genetic library was 

constructedd of a nontypcablc H. influenzae COPD-isolalc and cloned into a //. influenzae 

background.. Using cat as a reporter gene, clones containing bacterial promoters induced 

duringg interaction with the epithelial cells were selected. Sequence analysis of obtained 

cloness resulted in the identification of genes encoding outer membrane proteins and 

proteinss involved in the bacterial metabolic processes required for bacterial growth near 

epitheliall  cells. Several putative genes encoding proteins of unknown function were 

identified,, of which four were not present in the sequenced //. influenzae genome. The 

contributionn of these genes in the virulence of nontypcablc //. influenzae or the 

adaptationn to the epithelial cell environment is discussed. 

Experimentall Procedures 
Bacteriall strains and culture conditions. Clinical isolate A950O06 (van 

Schilfgaardcc et al, 1999) was isolated from a sputum sample of a COPD patient. The 

strainn was well adherent to the lung epithelial like cell line NCI-H292 (van Schilfgaardc 
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etet al, 1999). H. influenzae Rd (reel) (Setlow et al, 1972) was chosen as the acceptor 
strainn for the library, since it is unable to integrate the plasmids constituting the library 
intoo the chromosome by recombination. For cloning purposes E. coli DH5oc was used. 

H.H. influenzae strains were routinely grown in Brain Heart Infusion broth (Oxoid) 
supplementedd with 10 mg/1 NAD and 10 mg/1 Hemin (sBHI) and plated on sBHI agar 
platess or chocolate agar plates containing 1 % Vitox (Oxoid). If required 50 ug/ml 
streptomycinn and 5 ug/ml chloramphenicol were added to sBHI broth or agar plates. E. 
colicoli DH5a was grown in LB broth or on LB agar plates to which was added either 50 
ug/mll  streptomycin for selection of transformants containing RSF1010 or pMMP2, or 50 
Ug/mll  ampicillin for selection of pKK232-8. 

Celll culture. The lung epithelial like cell line NCI-H292 (ATCC CRL 1848) (Banks-
Schlegcll  et al, 1985), originating from a human lung mucoepidermoid carcinoma, was 
maintainedd in 25cm" culture flasks (Nunc) in RPMI 1640 medium supplemented with 
25mMM HEPES (Gibco) and 10% inactivated foetal calf scrum in the absence of 
antibioticss (cell culture medium). Cells were passaged twice weekly in a split ratio of 1:6. 

Constructionn of plasmid pMMP2, To obtain a promoter trap vector that can 
replicatee in H. influenzae, the promoter trap region from plasmid pKK232-8 {}  was 
clonedd into the broad host range vector RSF1010 (Scholz et al, 1989). A 1900 bp Avail 
fragmentt of pKK223-8, containing the promoterlcss cat, the upstream multiple cloning 
sitee and the upstream transcription terminator of pKK223-8 but lacking the downstream 
transcriptionn terminator (Brosius, 1984) was isolated. This fragment was ligatcd into 
PvuII-digcstedd RSF1010 after fillin g in the receding ends of the Avail sites, using the 
Klcnoww fragment. The resulting 10.4 kb ligation product pMMP2, contained the 
fragmentt in the proper orientation as determined by restriction enzyme digestion. All 
DNA-manipulationn steps and transformation to E.coli were performed according to 
standardd procedure (Sambrook et al, 1989). DNA was introduced into H. influenzae Rd 
{reel){reel) by elcctroporation (Mitchell et al, 1991). E. coli DH5a and H. influenzae Rd 
{reel){reel) transformants with pMMP2 were streptomycin resistant, but chloramphenicol 
sensitive. . 

Constructionn of the genetic library of//, influenzae isolate A950006. Plasmid 
pMMP22 was isolated from H. influenzae Rd {reel) using the Wizard plasmid isolation kit 
(Promega).. Chromosomal DNA was isolated from nontypcable H. influenzae isolate 
A9500066 and partially digested with Sau3A. Fragments of approximately 1-3 kb were 
isolatedd from a 1% agarose gel by elcctro-elution and ligated to BamHI-cut and 
dcphosphorylatcdd pMMP2. The ligation mixture was desalted and electroporated to H. 
influenzaeinfluenzae Rd (reel). The resulting transformants (estimated to be just over 8000) were 
pooledd and frozen in sBHI with 20% glycerol. 

Incubationn of NCI-H292 cells with H. influenzae. After seeding of 3xl05 NCI 
H2922 cells in 24-wclls tissue culture plates (Nunc), these were grown to near conflucncy 
inn 32 h, with approximately lxlO6 cells/well. Prior to adding of//, influenzae, the cell 
culturee medium above the cells was replaced by 900 u.1 of fresh medium, immediately 
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followedd hy inoculation with 2x107 cfu H. influenzae Rd (reel), containing the library of 

A9500066 or an individual clone, suspended in 100 (J.1 of PBS. This inoculum was 

obtainedd by suspending colonies grown on sBHI or chocolate agar plate in PBS and 

bringingg it to an OD60o of 0.1. For selection of clones from the library the suspension was 

madee from at least 40,000 colonies, obtained by plating dilutions of the library from 

frozenn stock. One hour after exposure of the bacteria to the epithelial cell layer 

chloramphenicoll  was added at concentrations as indicated in Results, and incubation was 

prolongedd for another 17 h, unless otherwise stated. Bacteria were recovered from both 

thee apical medium above the cells by plating dilutions of the cell culture medium, and the 

cellularr fraction by plating dilutions of epithelial cells lysed with 1% of saponin in PBS. 

Thee number of cfu/ml was established by counting the plates using a video camera and 

Sorcererr plate counting software. 

DNAA sequencing. DNA sequences of the chromosomal inserts were obtained from 

plasmidss isolated with the Wizard plasmid isolation kit (Promega). Primers used were 

pvuPIRR (S'-ccttagctcctgaaaatctcgtcga-S') hybridising to pMMP2 downstream of the 

insertionn site, but upstream of cat, reading into ca/-proximal part or the chromosomal 

insert,, or pvuPl (5'-aggacgcccgccataaactgcca-3') hybridising upstream of the insertion 

point,, reading into the distal part of the chromosomal insert. Sequencing reactions were 

performedd using either the Dye terminator or Big Dye terminator sequencing kits (Pcrkin 

Elmer)) and a PE9700 PCR machine (Pcrkin Elmer), according to the instructions of the 

manufacturer.. Sequences were obtained by running the samples either on an ABI363 or 

ABI3100 automated sequencer (Pcrkin Elmer). 

DNAA sequence-analysis. Sequence analysis was based upon homology search, by 

comparingg the sequences to the Gcnbank database of the NCBI-institute, using the 

BLASTT (Altschul et al, 1990) or the xBLAST (Gish & States, 1993) algorithm and the 

Worldd Wide Web. When necessary, additional analysis involved identification of ORF's 

byy the ORF-search function of the DNA analysis program Clone-manager. Promoter 

analysiss was done with the Gene Feature search page of the BCM Search Launcher on the 

WWWW (Reese & Eeckman, 1995). Identification of putative transcription terminators 

wass performed by searching the sequences for dyad symmetries using the Clone-manager 

program.. The sequences of H. influenzae strain A950006 were in most cases compared to 

thee sequence of the genome of H. influenzae Rd strain Kw20 (Fleischmann et ai, 1995) 

thatt is available in GenBank (accessions L42023 and U32686-U32849). Functions of the 

proteinss encoded by the identified ORF's were primarily adopted from the assignment for 

thee Rd genome, available at the TIGR website (www.tigr.org). For sequence comparison 

alsoo the complete genome of E. coli K12 was used (Genbank accession U0009) (Blattner 

etal,etal, 1997). 
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Results s 
Constructionn of a chromosomal library of nontypeable H. influenzae A950006. 

Too screen the chromosome of a nontypeable H. influenzae cultured from sputum of a 
COPDD patient for genes active during interaction of//, influenzae with epithelial cell 
layerss of the lung epithelial cell line NCI-H292, we constructed the broad-host range 
promoterr trap vector pMMP2. This plasmid contained a promotcrless cat gene encoding 
chloramphenicoll  acetyl transferase derived from the classical promoter trap vector 
pKK232-88 (Brosius, 1984) cloned into broad-host range vector RSF1010 (Scholz et a/., 
1989).. Plasmid pMMP2 had the cat gene in such an orientation that cat was not 
controlledd by promoters of the other genes on the plasmid. Plasmid pMMP2 was 
introducedd into //. influenzae Rd {reel) and was maintained as a plasmid, even after 
severall  passages on non-selective chocolate agar plates. 

Chromosomall  fragments of 1-3 kb were obtained from partially digested 
chromosomall  DNA of nontypeable H. influenzae isolate A950006. A size of 1-3 kb was 
chosenn since a bacterial transcriptional regulatory unit comprised of promoters and 
bindingg sites for transcriptional regulators is 500 bp at most. These fragments were 
clonedd into pMMP2 upstream of cat. Elcctroporalion of the ligation mixture to //. 
influenzaeinfluenzae Rd (reel) resulted in a library of just over 8000 transformants. 

Too determine whether the library consisted of plasmids with randomly distributed 
chromosomall  fragments, plasmid DNA of 12 individual colonics was analysed by 
restrictionn enzyme digestion. All 12 plasmids contained inserts of different sizes. A PCR 
reactionn using primers hybridising to the flanking regions of the insertion site on plasmid 
DNAA isolated from a suspension of 40,000 colonics resulted in a ladder of 1-3 kb bands 
withh no band detectable corresponding to empty vector (results not shown). With an 
averagee length of the chromosomal inserts of 2,000 bp and the length of the chromosome 
estimatedd at 1.8xl06 bp, as found for the sequenced genome of//, influenzae Rd 
(Fleischmannn et ai, 1995), the library was estimated to cover the chromosome of 
A9500066 at least 8 times. Although fragments could be present in two orientations, and a 
non-randomm distribution of fragments over the chromosome was likely, this library 
shouldd represent all promoters of the chromosome at least once. 

Optimisingg conditions for selection of promoters. To select for promoters of H. 
influenzaeinfluenzae strain A950006 that were active during interaction with NCI-H292 epithelial 
cells,, the cells were incubated with bacteria of the plasmid library for one hour to initiate 
thee interaction between epithelial cells and bacteria, resulting in expression of cat by 
activee promoters. Then chloramphenicol (Cam) was added and the incubation was 
prolongedd to kill bacteria that failed to express cat. Finally, bacteria were recovered from 
thee apical medium and the cellular fraction, and plated on chocolate agar plates. The 
colonicss were pooled and frozen for further analysis. 

Inn the first selection procedure, bacteria were incubated with epithelial cells for 6 h in 
thee presence of 50 |ig/ml Cam and the bacteria recovered from the cellular fraction and 
thee apical medium were reapplied to new epithelial cell layers for two additional 
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incubationn cycles of 6 h each. This resulted in only a moderate selection for Cam resistant 

clones.. The number of Cam-resistant bacteria growing on sBHI plates with 5 p.g/ml Cam 

(sBHI-Cam)) increased from 3% in the starting inoculum to 20% of the recovered 

fractions.. Thirty-nine clones of this selection were tested individually, by incubating them 

withh epithelial cells for 18 h in the presence of 10 (J.g/ml Cam (sec below; Fig. 1. lane 1). 

Off  these, 2 were found to be resistant to Cam when incubated with cells as well as on 

sBHI-Camm plates. Five other colonies survived Cam in the presence of epithelial cells, 

butt did not grow on sBHI-Cam (Table I; clones 1-06, 1-10, 1-19A/B. 1-33 and 1-36). The 

remainingg 32 clones did not grow when plated on sBHI-Cam plates, or in 10 (ig/ml in the 

presencee of epithelial cells, since after incubation the numbers of bacteria/ml in the apical 

mediumm were appreciably lower than in the starting inoculum (Fig 1). These clones were 

hencee considered to be false positives. 

cfu/ml l 

meann cfu/mi 

a t t Q Q 

1.00E+05 5 

11 n n C i n n 

1 1 

1 1 i i 
—

Ï Ï 

FigureFigure I. Number of bacteria in cfu/ml recovered from the apical medium after 

incubationn of individual clones for 18 h with epithelial cells of the human lung cell line 

NCI-H2922 in the presence of 10 (-tg/ml of chloramphenicol (Cam). Each arrow indicates 

thee mean number of bacteria added at to. Each point represents the number of bacteria of 

ann individual clone as determined by plate-counting of dilutions of the apical medium 

afterr incubation. : 39 clones isolated from the library after selection for 3 rounds of 5 

hh in the presence of 50 (ig/ml of Cam (first selection). : 6 clones isolated from the 

libraryy after selection for 17h in the presence of 25 (J.g/ml Cam (second selection). (A): 

544 clones isolated after selection of the library for 17h in the presence of 15|ig/ml Cam 

(thirdd selection). Clones that showed a clear increase of cfu/ml after overnight incubation, 

comparedd to the cfu/ml added at to, were considered to be Cam-resistant in the presence 

off  epithelial cells. 
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Too increase the selective pressure of Cam, the time of incubation of the library in the 

presencee of epithelial cells was prolonged from 6 hours to 18 hours and Cam 

concentrationss of 15, 25 or 50 u.g/ml were used. H. influenzae Rd transformed with 

emptyy vector pMMP2, used as a negative control, was killed in the presence of 5 |ig/ml 

orr 10 u.g/ml Cam, resulting in a reduction of the numbers of cfu/ml from 2x10" in the 

startingg inoculum to 5xl04 and 3xl02 cfu/ml in the apical medium, respectively. 

Overnightt incubation of the library in the presence of 15, 25 or 50 jxg/ml Cam, resulted in 

recoveryy from the apical medium of 1.5x108, 1.5xl08 and IxlO7 cfu/ml, respectively. 

Incubationn with 50 u.g/ml Cam resulted in 95%, with 25 \iglva\ in 80% and with 15 Jig/ml 

inn 50% bacteria resistant on sBHI-Cam plates. The proportions of resistant bacteria 

recoveredd from the apical medium and those from the cellular fraction were similar. The 

resultss indicate that using 25 or 50 (ig/ml Cam primarily resulted in selection of strong 

constitutivee promoters. We therefore decided to screen the colonies recovered after 

overnightt selection with 15 JLig/ml of Cam. 

Selectingg clones specifically expressing cat in the presence of epithelial cells. 
Fromm the 15 (ig/ml selection, 288 colonies from the apical medium and 192 colonies 

fromm the cellular fraction were randomly chosen and simultaneously spotted on sBHI and 

sBHI-Camm plates. Spots that showed no or only poor growth (a haze of very small 

colonies)) were selected and re-tested for growth on sBHI-Cam plates, resulting in a total 

off  72 clones Cam-sensitive on sBHI plates (41 from the apical fraction; 31 from the 

cellularr fraction). 

Too identify identical clones, plasmid DNA was isolated and analysed by two 

independentt restriction enzyme digestions and in some cases sequencing. Thirteen clones 

weree present in multiple copies. With identical clones taken as one, the total number of 

cloness Cam-sensitive on sBHI plates was 54 (32 of the apical medium and 22 of the 

cellularr fraction). 

Thee 54 clones were individually incubated with epithelial cells in the presence of 10 

Hg/mll  Cam. After incubation, 20 |il of the apical medium was directly plated on sBHI-

Cam,, to confirm the Cam-sensitivity on sBHI plates. Six clones derived from the 

overnightt selection of the library in the presence of 25 |J.g/ml Cam were also tested. H. 

influenzaeinfluenzae Rd {reel) transformed with vector pMMP2 was used as a negative control, 

andd the two clones found to be Cam-resistant on sBHI-plates after selection with cells 

(seee above) were used as positive controls. 

Off  these 60 clones tested, 6 did not survive treatment with 10 Jig/ml Cam in the 

presencee of the epithelial cells, since the number of bacteria recovered from the apical 

mediumm after incubation was lower than that of the starting inoculum (Fig. 1). These 

falsee positive clones have likely escaped killin g by Cam during the selection of the 

library,, cither by penetrating into the epithelial cell layer (van Schilfgaarde et a/., 1999) 

orr because Cam-resistant H. influenzae clones inactivating Cam, were present. 

Off  the 54 remaining clones, 11 showed a haze of small colonies when plated directly 

onn sBHI-Cam plates, indicating a low level of cat expression. These clones were termed 
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up-regulated.. In conclusion, wc have isolated 48 clones, 43 clones of the 15u.g/ml 

selectionn and 5 clones identified during the set-up of the selection procedure (see above), 

thatt survived 10 JJ.g/ml of Cam during infection of NCI-H292 cells, but did not grow on 

sBHI-CAMM plates (Table I). 

Sequencee analysis of clones that express cat during interaction with NCI-H292 
epitheliall cells. Sequencing of the chromosomal inserts enabled identification of the 

geness or operons of//, influenzae isolate A950006 induced in the presence of NCI-H292 

epitheliall  cells. The regions upstream of cat of the chromosomal inserts of the 48 clones 

nott growing on sBHI-Cam and the 11 clones designated as up-rcgulatcd, were sequenced. 

Thesee sequences were compared with the Gcnbank database (Table I). 

Clonee 1-19 gave no clear sequence. When a PCR was performed on colonics of this 

clone,, two inserts were found, indicating the presence of two plasmids in the original 

clone.. Two subclones 1-19A and 1-19B, each containing one of the two plasmids, were 

Cam-resistantt when incubated with the cell layer and did not grow on sBHI-Cam plates. 

Bothh subclones were therefore further analysed as separate clones. 

Sequencee comparison revealed that 2 of the 6 clones derived from overnight 

incubationn of the library in the presence of 25 (ig/ml Cam, 2-32 and 2-69, contained 

identicall  sequences upstream of cat. Clone 3-02A. isolated from the apical medium after 

overnightt selection in the presence of 15 u.g/ml Cam, also had the same upstream 

sequence.. These three clones most probably contained the same promoter. Therefore, 

onlyy one of these, 2-32, was further analysed. Similarly, clones 3-31S, 3-43A and 3-05A 

weree found in two copies, one from the cellular fraction, and one from the apical fraction. 

Off  the 55 independent clones, 51 contained sequences highly homologous to regions 

inn the sequenced //. influenzae Rd genome (Flcischmann et al., 1995). In most cases 

homologyy at the DNA level was over 90% (Table I). Assignment of ORF's to these 

sequencess was therefore based upon the assignment of ORF's to the chromosome of Rd. 

Forr 49 of the 51 clones, sequences were obtained that showed homology to cither a 

promoterr and part of an ORF or to parts of one or multiple ORF's that were in the right 

orientationn to explain expression of cat. 

Assignmentt of single genes to clones. Of the 49 clones. 32 clones were assigned to 

containn the promoter of a single gene. Clones 3-28A and 3-30A only contained sequences 

homologouss to the region upstream of an ORF. A search for promoter motiTs resulted in 

identificationn of putative promoter regions in the sequences of the clones. Moreover, 

promoterr motif search in the homologous regions upstream of the same ORF's in the //. 

influenzaeinfluenzae Rd genome resulted in identification of the same sequences as promoter 

regions. . 

TABL EE 1 .Results of sequence analysis of the sequences upstream of cat of the 56 

individuall  clones that express cat during incubation with epithelial cells of the lung 

epitheliall  cell line NCI-H292. 
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clone e lengthh of 
analysed d 
sequence e 

(bp) ) 

firstt selection 
(500 ug/m 
1-06 6 

1-10 0 

1-19A A 

1-19B B 
1-33 3 

1-36 6 

Cam) ) 
650 0 

580 0 

495 5 

456 6 
610 0 

442 2 

secondd selection 
(255 (ig/m 
2-32 2 

2-62 2 

Cam) ) 
546 6 

466 6 

thirdd selection 
(155 u.g/m 
3-01S S 
3-05S S 

3-12S S 

3-13S S 

3-16S S 
3-19S S 

3-21S S 

3-23S S 
3-24S S 
3-31S S 
3-35S S 
3-39S S 

3-40S S 

3-41S S 
3-43S S 
3-03A A 

3-05A A 
3-06A A 
3-08A A 

Cam) ) 
585 5 
424 424 

521 1 

482 2 

513 3 
384 4 

424 424 

578 8 
492 2 
434 434 
541 1 
490 490 

330 330 

334 4 
490 0 
470 0 

515 5 
495 5 
454 454 

homo--
logyy to 

Rd d 

95% % 

95% % 

97% % 

96% % 
93% % 

92% % 

93% % 

0% % 

93% % 
97% % 

97% % 

97% % 

98% % 
99% % 

96% % 

91% % 
0% % 
93% % 
96% % 
98% % 

97% % 

97% % 
99% % 
93% % 

94% % 
98% % 
96% % 

GenBank k 
accession n 
off the Rd 

clone e 

U32822 2 

U32784 4 

U32756 6 

U32724 4 
U32822 2 

U32692 2 

U32745 5 

U32821 1 
U326899 & 
U32690 0 
U32832 2 

U32711 1 

U32707 7 
U32800 0 

U32822 2 

U32769 9 

U32845 5 
U32731 1 
U32711 1 

U32773 3 

U32805 5 
U32776 6 
U32835 5 

U32792 2 
U32697 7 
U326911 & 
U32692 2 

assignmentt for 
drivingg cat 
expression n 
basedd upon 
homologyy to 

promoterr + ORF 
Hii 1437 
promoterr + 
Hii 1047 
ORFF Hi0733 

ORFHi0410 0 
ORFHM436.1 1 

promoterr + ORF 

ORFF Hi0624 

ORFHM427 7 
promoterr +ORF 
Hi0044 4 
ORFHM585 5 

ORFF Hi0255 

ORFHi0219 9 
promoterr + ORF 
HM204 4 
promoter++ ORF 
HM434.1 1 
ORFF Hi0875 

ORFHM721 1 
ORFF Hi0499 
promoterr + ORF 
Hi0256 6 
ORFHi0917 7 

ORFHH248 8 
promoterr + ORF 
promoterr + 
ORFHM617 7 
ORF1126.1 1 
ORFF Hi-rrnF 
promoterr + ORF 
Hi0071 1 

gene/operonn up-regulated 
basedd upon comparison to 

thee H. influenzae Rd 
genome e 

Hii 1437-1438 (xseB/ispA) 

Hii 1047-1046-1045 
(dmsABC) ) 
Hi0733-0734-0735 5 
(sufl/plsC/-b-) ) 
Hi07333 (tyrR) 
HM436.11 (thil;ORFof Rd 
containss frameshift) 
ORFF not assigned in Rd 

Hi0634-0624-0625 5 
(fmt/sun/trk) ) 
unknown n 

-a--
-c--

Hi1458/Hi1457(MH; ; 
acetolatee synthase III) 
(dapA;; dihydropicolinate 
synthetase) ) 
-c--
ackAA (acetate kinase) 

cspD D 

pepB B 
unknown n 
putativee transposase 
putativee oxidoreductase 
putativee lipoprotein 

Hi0918-0917(D155 surface 
antigen/-c-) ) 
Hii 1249-1248 (-a-/-a-) 
ORFF not assigned in Rd 
aspCC (aspartate 
aminotransferase) ) 
-a--
Hi-rrnFF (23S RNA) 
grpE E 
(heatt shock protein) 

83 3 



CHAPTERR 5 

clone e 

3-09A A 

3-12A A 

3-15A A 
3-16A A 
3-17A A 
3-22A A 

3-23A A 
3-27A A 

3-28A A 

3-30A A 

3-31A A 
3-35A A 

3-39A A 
3-44A A 

3-49A A 

3-52A A 

3-54A A 
3-59A A 

up-regulatec c 
2-06 6 

2-10 0 
2-50 0 

3-04S S 
3-56S S 

3-1OA A 

3-38A A 

3-43A A 
3-58A A 

3-99A A 

lengthlength of 
analysed d 
sequence e 

(bp) ) 

528 8 

553 3 

548 8 
546 6 
486 6 
497 7 

520 520 
545 5 

464 4 

484 4 

582 2 
502 2 

351 1 
544 4 

514 4 

506 6 

507 7 
407 7 

521 1 

525 5 
522 2 

504 4 
517 7 

539 9 

543 3 

537 7 
528 8 

437 7 

homo--
logyy to 

Rd d 

93% % 

97% % 

94% % 
96% % 
87% % 
95% % 

0% % 
90% % 

93% % 

93% % 

97% % 
99% % 

97% % 
96% % 

94% % 

98% % 

95% % 
0% % 

97% % 

94% % 
97% % 

97% % 
93% % 

94% % 

93% % 

96% % 
95% % 

97% % 

GenBank k 
accession n 
off the Rd 

clone e 

U32758 8 

U32836 6 

U32835 5 
U32726 6 
U32763 3 
U32831 1 

U32695 5 

U32697 7 

U328422 & 
U32843 3 
U32717 7 
U32846 6 

U32750 0 
U32825 5 

U32685 5 

U32802 2 

U32805 5 

U32813 3 

U32810 0 
U32702 2 

U32790 0 
U32831 1 

U32832 2 

U32686 6 

U32754 4 
U32784 4 

U32752 2 

assignmentt for 
drivingg cat 
expression n 
basedd upon 
homologyy to 

ORFF Hi0747 

promoterr + ORF 
Hi1635 5 
ORFHM614 4 
ORFF Hi0426 
ORFHi0814 4 
promoterr + ORF 
HM574 4 

promoterr + ORF 
Hi0097 7 
promoterr + ORF 
tRNA-glu u 
promoter r 

ORFF HJ0325 
promoterr + ORF 
Hii 1739 
ORFF Hi0674 
promoterr + ORF 
Hii 1467 
promoterr + ORF 
Hi0103 3 
promoter-i-- ORF 
HM225.1 1 
promoter r 

ORFHM347 7 

ORFHM303 3 
promoterr + ORF 
Hi0164 4 
ORFF Hi1101 
ORFF Hi1573 

promoterr + ORF 
Hi1578 8 
promoterr + ORF 
Hi0006 6 
ORFHi0713 3 
promoterr + ORF 
Hi1037 7 
promoterr + ORF 
Hi0693 3 

gene/operonn up-regulated 
basedd upon comparison to 

thee H. influenzae Rd 
genome e 

ndh h 
(NADHH dehydrogenase) 

purR R 

pepN N 
fadR R 
alaS S 
HÜ74-15755 (dnaB/alr) 

unknown n 
Hi0097-0098-00999 (hitABC) 

tRNA-gluu 1 (TTC) 

HÏ17011 (-b-) 

Hi03255 (-b-) 
Hii 1739-1738-1737-1736 
(metR/-b-/-b-/-a-) ) 
gptA A 
ATPP binding protein ABC 
transporterr system 
Hi0103-0102-0101 1 
(-b-/dapE/-a-) ) 
-?b--

Hii 150-1251 (-a-A/apA) 
unknown n 

Hii 1347-1346-1345-1344 
(potABCD) ) 
Hi1303-13044 (ribH/nusB) 
Hi0164-0165-0166-0167 7 
(nuoABCD) ) 
zipAA (cell division) 
Hii 1573/1574/1575 
(pykA/dnaB/alr) ) 
putativee glycosyl 
transferase e 
Hi0006-0007-00088 (fdxGHI) 

tig g 
-b--

hel l 
(lipoproteinn E/OMP4) 
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-a-- predicted coding region for a protein of unknown function specific for H. influenzae 

-b-- predicted coding region for a protein of unknown function with an homologous ORF in other 

bacteriall species 

-c-- predicted coding region for protein of unknown function predicted to be a transmembrane protein 

andd with an homologous ORF in other bacterial species 

Cloness 3-16A, 3-16S and 3-3IS contained the complete ORF on the clone and 
expressionn of cat must be the result of readthrough after the end of the ORF of over 200, 
700 and 30 bases, respectively. Transcription in prokaryotes is terminated either by the 
presencee of secondary hairpin structures in the mRNA, or by rho-dependent termination. 
Inn the sequences of clones 3-16A, or 3-3 IS, no dyad symmetries encoding hairpins or rho 
terminatorss were identified, but in the sequence of 3-16S a dyad symmetry between the 
endd of the ORF and the insertion site was detected. A search for promoter regions in this 
sequencee did not result in identification of alternative promoters. This suggested that 
eitherr the hairpin in the mRNA attenuated rather than terminated expression from this 
clone,, allowing enough readthrough to result in Cam resistance, or that the hairpin did 
nott function as a transcription terminator. The dyad symmetry found could form a stable 
hairpin,, but a stretch of uracil nucleotides as found in most transcription terminators, was 
absent. . 

Thee sequence of clone 1-33 was homologous to a region in the Rd genome to which 
ORFF HÜ436.1 was assigned. It had homology to the thil gene off. coli and 5. 
typhimuriumtyphimurium (Webb el ai, 1997). According to the annotation (accession U32822), the 
comparablee ORF in the Rd genome contained a mutation resulting in a frameshift and a 
prematuree stop codon and the gene was therefore annotated as not functional. In the 
sequencee of clone 1-33 a deletion of one bp occurred at a position just upstream of the 
prematuree stop codon in Rd, removing the frameshift. The deduced amino acid sequence 
off  the ORF in clone 1 -33 showed homology to the Thil protein of E. coli. Moreover, 
introductionn of the one bp deletion in the Rd sequence of ORF Hi 1436.1 will result in an 
ORFF with a deduced amino acid sequence that is again very homologous to the Thil 
proteinn off. coli (66% identical, 88% similar) and of the same length. 

Clonee 3-23S contained sequences homologous to ORF Hi0875 (pepB) of the Rd 
genome,, which again was annotated to contain a frameshift mutation (accession 
U32769).. The position of this mutation in Rd was downstream of the sequence present in 
thee clone and we were not able to establish whether a frameshift was also present in pepB 
off  A950006. In the Rd genome, the pepB gene is followed by the ndk gene. The distance 
off  only 13 bp is suggestive for the existence as an operon. In the E. coli genome both 
geness seem monocistronic, since a transcription terminator follows the pepB gene. Such 
sequencess downstream of pepB were absent in the H. influenzae Rd genome, but putative 
promoterr sequences just upstream of the ndk gene existed and we therefore considered 
thee pepB gene to be also monocistronic in H. influenzae. 
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Assignmentt of operons to clones. Seventeen clones were designated to contain the 

promoterr of an opcron rather than that of a single ORF, based upon alignment with the 

genomess of//, influenzae Rd and E. coli. Clones 1-10, 2-06, 2-10, 3-12A and 3-27 A 

containedd sequences homologous to operons of functionally related genes (Table I). 

Clonee 1-10 contained sequences homologous to the promoter and the first part of the 

ORFF of dmsA of H. influenzae Rd. In the Rd genome as well as the E. coli genome the 

dmsAdmsA gene is part of an opcron of three genes, dmsABC (Stewart, 1993). Similarly, 

analysiss of clones 3-12S, 3-27A, 2-06 and 2-50 resulted in assignment of operons, being 

ilvIHilvIH  encoding acetol synthase III , hitABC encoding a F c+ ABC transporter system, 

potABCDpotABCD encoding an ABC transporter system for polyamines and the nuo opcron 

encodingg NADH-ubiquinon oxidorcductase, respectively. 

Operonss of genes not functionally related were assigned to clones 1-06, 1-19A, and 3-

02A.. Clone 1-06 contains sequences that showed homology to the xseB gene of the 

xseB/ispAxseB/ispA opcron present in both the H. influenzae Rd and E. coli genomes. Similarly, the 

plsC/suflplsC/sufl operon was designated to clone 1 -19A, of which the sequenced part showed 

homologyy to the suf] ORF. Both genes arc also organized in one opcron in the E. coli 

genome,, although this opcron is extended with additional ORF's (Kato el al., 1988). In 

H.H. influenzae Rd this could also be the case, since the sufl gene was followed by ORF 

Hi07322 with only 19 bp of intergenic DNA. The upstream sequence of clone 3-02A 

showedd homology to a part of the ORF of the sun gene. This gene is part of a 

fmt/sun/trkAfmt/sun/trkA opcron in E. coli (Mcinncl et al, 1993) as well as in the H. influenzae Rd 

genome. . 

Clonee 3-38A contained sequences that were over 95% homologous to a region of the 

Rdd genome putatively encoding the promoter and the first 12 amino acids of the fdxG 

genee of the fdxGHI opcron encoding formate dehydrogenase. The fdxG gene was 

annotatedd in the Rd genome sequence (accession U32686) to contain a premature opal 

stopp codon. This stop codon was also present at the same location in the homologous 

fdnGfdnG gene of the fdnGHl operon oï E. coli and was described to encode a sclenocysteinc 

inn the case of sclenopeptides as the FdnG protein (Berg et al, 1991b). A stem-loop 

structuree in the sequence downstream of the opal stop codon \nfdnG, which is needed for 

conversionn to a selenocysteinc encoding codon (Berg et al., 1991a), is also present in 

fdxGfdxG of H. influenzae Rd, with exactly the same structure. Moreover, the genome of//. 

influenzaeinfluenzae Rd contains the selA (Hi0708), selB (Hi0709), and selD (Hi0200) genes 

essentiall  for production of an opal codon tRNA charged with selenocysteinc (Berg et al, 

1991b).. These theoretical data, combined with isolation of clone 3-38A containing the 

promoterr of this opcron, suggested that the fdxGHI opcron and sclcnopeptidc synthesis is 

functionall  in H. influenzae. 

Clonee 3-35A contained sequences homologous to the promoter and the first part of 

thee ORF of the metR gene. In the H. influenzae Rd genome ORF's Hi 1738, Hi 1737 and 

Hii  1736 encoding proteins of unknown function followed this ORF. The distances 

betweenn the ORF's were less than 20 bp and no transcription terminators could be 
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identifiedd in these regions. Analysis of the sequences of clones 3-49A and 2-10 led to 
comparablee considerations for putative opcrons (Table I). The ORF encoded by clone 3-
49A,, Hi0103 is in the H. influenzae Rd genome followed after 28 bp by ORF Hi0102 
(dapE),(dapE), and this ORF is directly followed by ORF HiOl01. Clone 2-10 contained 
sequencess homologous to ORF Hi 1303 (ribff), which in the Rd genome is followed after 
22 bp by ORF Hi 1304 (nusB) and a putative transcription terminator. In general, we 
assignedd the promoter identified by a clone to a putative operon if the intergenic regions 
betweenn ORF's were less than 40 bp and could not encode a transcription terminator. 
Intergenicc regions larger than 40 bp could in principal harbour a promoter. Clones 3-31 A, 
3-54AA and 3-41S showed homology to ORF's that in the Rd genome arc in such arrays of 
ORF's,, all encoding proteins of unknown function (Table I). An example of such an 
assignmentt is clone 3-54A that contained sequences homologous to a region of the Rd 
genome,, just upstream of putative ORF Hi 1250. No other ORF's in this region were in 
thee right orientation to explain expression of cat. A putative promoter could be identified, 
matchingg a putative promoter located at the same position in the Rd genome. Therefore, 
thiss clone was assigned to contain the promoter of Hi 1250. Furthermore, 11 bp 
downstreamm of Hi 1250 in the Rd genome ORF Hi 1251 (vapA) started, suggestive for a 
Hi\250/vapAHi\250/vapA operon. The vapA gene was described as aplasmid encoded virulence 
associatedd gene of Dichelobacter nodosus of unknown function (Katz el aL, 1992). 

Sequencee analysis of special cases. The clones 3-22A and 3-56S contained 
overlappingg sequences homologous to two adjacent genes in the Rd genome. Clone 3-
56SS contained sequences homologous to the pykA gene, encoding pyruvate kinase II, 
clonee 3-22A contained sequences homologous to both the pykA and the dnaB gene, 
encodingg the helicasc of the DNA replication machinery. The distance between the 
ORF'ss pykA and dnaB was 38 bp in clone 3-22A and 34 bp in the genome of//. 
influenzaeinfluenzae Rd. In the genome of Rd this intergenic region may encode a transcription 
terminator.. Sequences with dyad symmetry, however, were absent in the intergenic 
regionn found in clone 3-22A, suggesting that in A950006 pvfc4 and dnaB may form an 
operon.. The chromosomal insert of clone 3-22A did probably not contain the promoter of 
pykA,pykA, since the length of the chromosomal insert, as judged from PCR, is too small to 
containn the complete ORF of pykA. Therefore, the dnaB gene on this clone possibly has 
itss own promoter, indicating the presence of two promoters in this operon. Since dnaB is 
ann essential gene in E. coli, inducible expression in H. influenzae seems not likely. Clone 
3-56SS may, therefore, contain a promoter regulating basal expression of p\kA and 
upstreamm ORF's, including dnaB. Clone 3-22A could encode an additional promoter, 
regulatingg dnaB and upstream ORF's. In agreement with these assumptions, we found 
thatt clone 3-56S was up-regulated, whereas clone 3-22A was induced in the presence of 
epitheliall  cells. The pykA/dnaB operon may be extended with the air gene encoding 
alaninee racemase, since in the Rd genome the intergenic region between dnaB and air is 
onlyy 10 bp and no obvious dyad symmetry is present in the sequence. 
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Thee sequences of clones 2-69, 3-24S, 3-23A and 3-59A did neither show any 

homologyy lo the H. influenzae Rd genome, nor to any other sequence in the Gcnbank 

database.. Comparison of the deduced amino acid sequences to the Gcnbank database 

usingg the xBLAST algorithm revealed minor homologies of less than 30% identity and 

40-50%% similarity. The ORF's that were in the right orientation to explain cat expression 

didd not contain translational stops indicating extended ORF's downstream of the 

chromosomall  inserts in the chromosome of H. influenzae strain A950006. Complete 

sequencee information waits cloning of the complete ORF. 

Thee 6 false positive clones were also sequenced and all contained sequences 

homologouss lo H. influenzae Rd. The ORF's assigned to these homologous regions were 

alll  orientated opposite to the orientation of cat. One false positive clone contained 

sequencess homologous to an ORF that was spanning the entire clone, but lacked the start 

off  the ORF and thus the promoter. 

Cloness 1-36 and 3-43S survived Cam treatment, but contained sequences with similar 

featuress as the majority of false positive clones: homologous to the genome of H. 

influenzaeinfluenzae Rd, but with assigned ORF's in opposite orientation. Repealed testing of these 

cloness confirmed the survival in the presence of Cam. Alternative ORF's in the right 

orientationn for cat expression were identified in these sequences. Database searches using 

thee deduced amino acid sequence of these putative ORF's did not reveal homology to 

knownn proteins. No stop codons were present, indicating extension of these ORF's 

downstreamm of the cloned fragments. Whether these putative ORF's arc really expressed 

awaitss analysis of mRNA from strain A950006. 

Discussion n 
Thee conditions in the lower respiratory tract of COPD patients favour the survival of 

nontypcablcc H. influenzae, while healthy persons hardly experience lung infections by 

thiss bacterium. Littl e is known of the conditions in COPD patients that promote bacterial 

infectionss (Jansen et al, 1995; Wilson, 1998). There arc, however, clear indications that 

aa dynamic interaction between H. influenzae and epithelial cells is established, since both 

bacteriaa and cells have been shown to produce new proteins upon interaction (van Alphen 

etet al, 1990;St.Gcmc&Falkow, 1990; Bresscr et al, 1997; Khair et al, 1994). The 

presentt study was undertaken to identify H. influenzae genes whose expression is induced 

duringg bacterial interaction with lung epithelial cells. Screening involved a cell culture 

modell  (van Schilfgaarde et al., 1995), since a reliable animal model for the interaction of 

//.. influenzae with the cpithclia of the lower respiratory tract is not available (Foxwcll et 

al,al, 1998). Incubation of//, influenzae in a cell culture model using the human lung 

epitheliall  cell line NCFH292 has been shown to have similar characteristics as //. 

influenzaeinfluenzae interaction with cpithclia during lower respiratory tract infection. Bacteria 

adheree to and may subsequently penetrate the epithelial cell layers (van Schilfgaarde et 

al,al, 1995). In addition, penetrated bacteria were protected against antibiotics, or specific 
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bactericidall  antibodies (van Schilfgaarde et al, 1999). After prolonged exposure of 
bacteriaa to outer membrane protein P2 antibodies, antigenic variation of this protein was 
observed,, similar as in H. influenzae isolates from patients (van Schilfgaarde et al., 
1999). . 

Thee outcome of our screen shares common themes with the outcome of several of 
suchh screens performed in animal studies with pathogens like 5. typhimurium, P. 
aeruginosa,aeruginosa, Vibrio cholerae and S aureus. These pathogens, colonising different target 
tissues,, were studied in animal models using two different approaches, IVET (Mahan et 
al,al, 1993) and signature tagged transposon mutagenesis (Hensel etal., 1995). We 
identifiedd several genes in H. influenzae with our cell culture system that were identified 
inn the various bacteria used in these two approaches. Therefore, this cell culture system 
seemss an appropriate alternative to study H. influenzae pathogenesis. 

Geness were identified by screening chromosomal library of 8,000 clones of a 
nontypeablcc H. influenzae isolate transformed into H. influenzae Rd {reel) for promoters 
specificallyy active during interaction with NCI-H292 cells. In fact, H. influenzae Rd is a 
heterologouss background, since this strain was derived from a type d capsulated H. 
influenzaeinfluenzae strain (Setlow et al, 1972). Ideally, the library should have been transformed 
backk into the nontypeable H. influenzae isolate to provide the exact homologous genetic 
backgroundd and signal transduction routes. However, attempts to introduce plasmids into 
thiss background failed to produce numbers of transformants high enough for a 
representativee library. Moreover, regulatory pathways leading to active promoters in H. 
influenzaeinfluenzae Rd, as a more distant relative of nontypeable strains, are probably reflecting 
generall  pathways operative in typeable as well as nontypeable H. influenzae strains. 

Whenn the library was plated directly on sBHI-Cam plates, only 3% of the colonies 
showedd growth, indicating that about 240 clones of the 8,000 contained promoters active 
onn sBHI agar plates. Screening of the chromosomal library for promoters specifically 
expressedd during incubation with the NCI-H292 epithelia resulted in isolation of 55 
clones.. These clones did not (n=45), or hardly (n=10) grow on sBHI plates containing 5 
|ug/mll  of Cam. The isolation of 45 clones induced in the presence of epithelial cells 
suggestedd that a major change in gene expression occurred when bacteria grown on sBHI 
platess or grown in the presence of epithelial cells are compared. This change was not 
observedd when bacteria were grown in the cell culture medium. H. influenzae clones 
grownn either in sBHI or in cell culture medium exposed to epithelial cells for three days 
priorr to inoculation of bacteria, expressed no or very low levels of cat (results not 
shown). . 

Ourr screen may not have resulted in selection of all promoters of H. influenzae 
inducedd upon interaction with epithelial cells. One clone, however, was isolated from two 
independentlyy performed incubations of the library with epithelial cells. In addition, 
thirteenn clones have been isolated in multiple copies and 3 clones were obtained from 
bothh the cellular fraction and the apical medium. From these data we conclude that the 
majorityy of clones surviving Cam treatment had been isolated. 
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TABL EE 2: Genes or operons of //. influenzae thai arc induced upon interaction with NCI-

H2922 lung epithelial cells divided into functional groupsal: 
GroupGroup I: Metabolism and cellular processes 

Energyy transfer {ndh, putative oxidorcductasc. nuoABCDEF*) 

Anaerobicc fermentation (dmsABCfdxG*) 

Synthesiss of nucleotides (gptA) 

Biosynthesiss of co-factors (thil. ispA, ribH*) 

Biosynthesiss Amino Acids (dapA, dapE, ilvIH, AspC) 

Transportt systems (hitABC, trkA, nucleotide binding protein of an ABC 
transporterr system, potABCD*) 

GroupGroup II:  Stress response 

DNAA repair (xseB) 

Heatt shock proteins (grpE) 

Starvationn (ackA, cspD, gptA) 

Oxidee radicals (putative oxidorcductasc, ribH*) 

GroupGroup III:  Gene expression 

Transcriptionn regulators (purR,fadR, tyrR, metR, cspD, nusB) 

Translationn {fint, 16S RNA. tRNA-glu, alaS, pepN, pepB, tig*) 

GroupGroup IV: Cell envelope synthesis 

LPSS (IgtD*) i 

Structurall  cell wall components (sufl, plsC.fadR, ackA, air) I 

OMP'ss (putative lipoprotein, D15 surface antigen, hel*) 

GroupGroup V: DNA processes and cell division 

Replicationn (dnaB, sun) 

Recombinationn (putative transposasc) 

Celll  partitioning (sufl, zipA*) 

GroupGroup VI: Unknown and possibly virulence associated 

Virulencee associated genes (VapA) \ 

ORF'ss with no function assigned to j 

ORF'ss with no homology to Rd ! 

*)) Genes identified by clones thai are designated to contain up-rcgulatcd promoters 
a)) Assignment of function to genes is based upon sequence homology, not on functional analysis 
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Whenn the functions of the proteins encoded by the genes identified in the screen were 
analysed,, 6 different functional classes could be distinguished: (i) metabolic processes, 
(ii )) stress response, (iii ) gene expression, (iv) cell envelope biosynthesis, (v) DNA-rclaled 
processes,, (vi) ORF's encoding proteins of unknown function (Table II). Similar 
classificationss of gene functions were made in the studies of 5. typhimurium (Mahan el 
al,al, 1993; Hensel etal, 1995); (Heithoff etal, 1997), P. aeruginosa (Wang etal, 1996), 
V.. cholerae (Chiang & Mekalanos, 1998) and the gram-positive S. aureus (Mei et al., 
1997).. The functional assignment to ORF's in genome-projects arc in most cases based 
uponn sequence homology to ORF's encoding products with that particular function in 
otherr organisms. Actual identification of these genes requires functional analysis of their 
genee product. 

Thee genes involved in metabolic processes arc the most obvious markers for the 
conditionss that the bacteria encounter locally during colonisation of the epithelial cell 
layer.. Apparently, rather anaerobic conditions are encountered. Clones were isolated that 
containedd promoters of the dmsABC operon encoding dimcthylsulfoxidc reductase 
(Stewart,, 1993) and the fdxGHI operon encoding formate dehydrogenase (Berg & 
Stewart,, 1990). Both operons are involved in anaerobic energy metabolism. The ackA and 
aspCaspC genes encoding acetate kinase and aspartate aminotransferase are involved in 
dissimilationn of pyruvate (Tatusov et al, 1996), being the central metabolic route during 
anaerobicc growth. From analysis of the Rd genome, it was already suggested that H. 
influenzaeinfluenzae is genetically better equipped for anaerobic than for aerobic growth 
(Flcischmannn et al., 1995; Tatusov et al, 1996). Although both the cell culture and the 
sBHII  plates provided micro-aerophilic culture conditions, apparently anaerobic 
metabolismm is induced in the presence of epithelial cells. Also the ndh gene encoding 
NADHH dehydrogenase II, the nuo operon encoding NADH ubiquinon oxidorcductasc, 
andd a putative oxidoreductasc (Hi0499), proteins involved in electron transfer over the 
membranee and normally attributed to aerobic metabolism (Tatusov et al, 1996), were 
uprcgulated.. The ndh gene off. coli was found to be expressed in culture media 
containingg amino acids under anaerobic conditions (Green et al, 1996). NADH 
dehydrogenasee II is involved in proton transfer from NADH to ubiquinon and the NADH 
ubiquinonn oxidoreductasc is an e /H+ transferring complex. It may be that for anaerobic 
energyy transfer the NADH ubiquinon oxidorcductasc is used to create a proton motive 
forcee over the membrane using not oxygen but other electron acceptors. Alternatively, the 
compartmentt in which the genes were activated may be different. In the environment 
abovee the epithelial cells the micro-aerobic metabolism pathway may be used and after 
penetrationn into the cell layer bacteria may switch to the anaerobic metabolism pathway. 
Finally,, a role for these genes in detoxification of oxide radicals, as a defence to the 
innatee immune response has to be considered, whereby the oxidoreductascs reduce oxide 
andd nitricoxidc radicals, as will be discussed below. 

Ubiquinonn is a co-factor that most probably is not synthesised by H. influenzae, since 
thee Rd genome encodes not all genes needed (Tatusov et al, 1996). The up-rcgulation of 
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thee nuo opcron suggested that ubiquinon or an ubiquinon precursor has to be taken up 

fromm the environment up from the environment. The putative up-rcgulation of the ispA 

genee encoding gcranyltransfcrase synthesising a ubiquinon precursor, supports this 

assumption.. Besides ispA, two other genes likely to be involved in the synthesis of 

cofactorss were identified. The Thil gene is involved in the production of thiazolc, a 

precursorr of thiamin (Webb et al, 1997). The ribH gene encodes the 8-chain of 

riboflavinn synthase, which results in production of riboflavin (vitamin B2; (Mortl et al, 

1996)). . 

Geness encoding proteins of two biosynthesis pathways for amino acids were 

identified.. The UvIH operon encodes the acctohydroxy synthase III complex that catalyses 

thee first step in the synthesis of leucine, valine and isoleucinc (Ricca el al, 1988). The 

dapAdapA gene, encoding dihydropiconilatc synthetase, and the dapE gene, encoding 

dcsuccinylasc,, arc cn/.ymes in the biosynthesis route of lysine (Scapin & Blanchard, 

1998).. These arc al a branchpoint between synthesis of threonine and lysine and result in 

productionn of diaminopimclatc, which is also an intermediate in the synthesis of 

pcptidoglycan.. In addition the aspartate aminotransferase encoded by the aspC gene 

catalysess oxaloacctatc to aspartate, which is also a precursor for other amino acids of the 

aspartatee group. The gptA gene encodes phosphatc-ribosyl transferase, which is a protein 

off  the salvage pathway of purines. Purines appear to be generally important for the 

survivall  of bacteria in the host. Mutations in the purine biosynthesis route of S. 

ftphimuriumftphimurium result in an attenuated virulence in mice (McFarland & Stockcr, 1987). 

Interactionn of H. influenzae with epithelial cells seems to result in up-rcgulation of a 

purinee salvage route, whereas the purine biosynthesis route is down-regulated, since also 

thee purR gene encoding the PurR transcription regulator was identified in the screen. The 

PurRR protein represses transcription of the purine biosynthesis genes in E. coll. A 

computer-basedd analysis of presence of PurR binding sites in the genome of//, influenzae 

Rdd showed that the position of PurR sites was the same as in the E. coli genome for the 

majorr genes involved in purine synthesis (Mironov el al, 1999). 

Severall  genes were identified that express transport systems. The hiiABC operon 

encodess a Fc3+ ABC transporter (Adhikari et al, 1995). thepotABCD opcron an ABC 

transporterr for the uptake of polyamincs (Furuchi et al, 1991). The trkA gene encodes 

TrkA,, a protein that in E. coli results in uptake of potassium in complex with the TrkG 

andd TrkH protein (Schlosscr et al. 1993), of which the gene for TrkH is also present in 

H.H. influenzae Rd. The Hi 1467 ORF encodes a protein with homology to an ATP binding 

proteinn of an ABC transporter, but it is unclear which one of the ABC transporter 

systems. . 

Severall  genes were identified that might be involved in the bacterial response to host 

defences.. The xseB gene is part of the DNA-rcpair machinery needed to repair the 

damagee caused by host responses like oxidative stress (Viswanathan & Lovctt. 1998). 

Thee grpE gene off . coli is a gene that is induced upon stress conditions, like heat-shock 

orr starvation (Wu et al, 1996). Similarly, the cspD gene is likely to be induced under 
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conditionss of nutritional deficiency (Yamanaka et al, 1998). whereas the tig gene is 
inducedd upon coldshock (Kandror et al, 1997). These proteins ensure an efficient 
transcriptionn and translation under stress conditions. Finally, the oxidorcductases induced 
mightt play a role in detoxification of the oxide radicals that are part of the oxidative 
stresss that is mounted by the host during inflammation (Dckhuijzen et al, 1996). 

Twoo proteins that interact with mRNA have been identified in the screen. The cspD 
genee is a member of a class of genes encoding RNA-chapcrones. In E. coli the gene is 
inducedd upon starvation or at stationary phase (Yamanaka & Inouyc, 1997) (Yamanaka et 
al.,al., 1998) and believed to stabilize otherwise unstable mRNA's. It is not induced upon 
cold-shock,, like other proteins encoded by this class of genes (Yamanaka et al, 1998). 
Moreover,, H. influenzae does not encode the sigma factor that is involved in cold-shock. 
Itt is more likely that the protein is expressed as a response to starvation (Yamanaka et al., 
1998)) or specific nutritional conditions as imposed by the epithelial cells and as such is a 
stresss response protein. The nusB gene encodes a protein that binds to Rho terminators, 
resultingg in anti-termination and expression of downstream sequences. 

Thee genes involved in gene expression can be divided in genes involved in 
transcriptionn and genes involved in translation. In general, the identified genes involved 
inn translation increased translation efficiency, indicating that the bacterial activity during 
thee interaction with epithelial cells is enhanced. This coincides with the identification of 
geness that arc involved in central metabolic pathways. Of the 23S RNA and tRNA-glu 
encodingg sequences multiple copies are present in the chromosome and one of these 
copiess is apparently up-regulated. The fmt gene encodes Mct-R/tRNA dcformylasc which 
modifiess the initiator tRNA in such a way that translation efficiency and growth rate is 
increasedd (Mcinncl et al, 1993). The tig gene encodes a prolyl isomcrase that binds both 
too the ribosomc and chapcronc GroEL, resulting in increased affinity of GroEL for 
unfoldedd proteins (Scholz et al.. 1997; Kandror et al, 1997). Two peptidases are up-
rcgulated,, pepB and pepN, that degrade peptides and proteins and supply amino acids for 
rapidd translation. The identification of the alaS gene is somewhat puzzling. In the Rd 
genomee only one copy of this gene is present and the tRNA synthases arc believed to be 
essentiall  genes. Possibly, when grown on sBHI agar plates the promoter activity is too 
loww to overcome 5 u.g/ml Cam, but high enough to result in sufficient levels of alanine 
tRNAA synthase for growth. 

Besidess purR, three other genes encoding transcription regulators; fadR, tyrR, and 
fadRfadR were identified. The TyrR regulator of//, influenzae has been purified and studied 
inn some detail (Zhu et al, 1997; Mironov et al, 1999). The protein lacks an N-terminal 
domain,, when compared to its E. coli counterpart. TyrR of E. coli has been shown to 
represss expression of genes involved in transport of aromatic amino acids and activate 
expressionn of genes involved in biosynthesis of these amino acids. Using promoter-
constructss of TyrR-rcgulatcd genes of £. coli, it was shown that the H. influenzae TyrR 
proteinn was able to repress genes that were also repressed by the native E. coli TyrR (Zhu 
etet al, 1997). However, genes normally activated were not activated by the H. influenzae 
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TyrR,, suggesting that in H. influenzae TyrR only could acl as a repressor. When the //. 

influenzaeinfluenzae Rd genome was searched for promoter regions of genes containing TyrR 

bindingg sites, at least 5 genes were identified with binding sites in their promoter region, 

att locations that suggest a repressive activity (Zhu et al., 1997). Of these 5 genes 2 

encodee proteins essential for aromatic acids, implicating this not taking place, despite 

abundantt presence of these compounds in the cell culture medium. Comparison of the 

otherr transcription activators with their E. coli counterparts did not reveal structural 

differences:: they arc comparable in length and homologous over the entire amino acid 

sequence.. In analogy to the function of these regulators in E. coli. the MetR regulator o[' 

//.. influenzae most probably positively influences methionine synthesis (Wcissbach & 

Brot,, 1991), the FadR regulator induces fatty acid biosynthesis, whereas it represses 

geness involved in transport of fatty acids (Cronan & Subrahmanyam, 1998). 

Threee clones that contained sequences that arc homologous to genes of H. influenzae 

Rdd encoding surface exposed proteins were isolated. Since changes in outer membrane 

proteinn profiles of//, influenzae grown in bacterial media and exposed to-epithelial cells 

havee been reported (van Alphen et al., 1990; St.Gcmc & Falkow, 1990) such genes were 

expectedd to be isolated. Clone 3-39S contained sequences homologous to Rd ORF 

Hi0256.. encoding a putative lipoprotein, which is supposed to be located in the cell 

envelope.. Clone 3-40S contained sequences homologous to Rd ORF Hi0917, encoding 

thee conserved D15 surface antigen. This protein has been shown to be immunogenic and 

protectivee in an animal model for otitis media, but its function is unknown (Loosmorc et 

al.,al., 1997). Clone 3-99A, belonging to the group of up-regulated clones, contains the hel 

genee encoding a lipoprotein, that is also known as OMP4 (Rcidl & Mckalanos, 1996). 

Thiss protein might function as a receptor for hemin and is essential for growth under 

aerobicc conditions. 

Severall  genes involved in the synthesis of structural cell envelope components were 

pickedd up. The fadR gene encodes the transcription regulator of fatty acid biosynthesis, 

thee ackA gene encodes an enzyme involved in synthesis of acctyl-CoA, which is a 

precursorr for phospholipids and the dapA gene encodes an enzyme that is involved in 

synthesiss of precursors of the peptidoglycan layer. Clone 3-10A. from the group of up-

regulatedd clones, contained sequences homologous to ORF Hi 1578 of//, influenzae Rd, 

encodingg a glycosyltransfcrasc with homology to the IgtD gene of Neisseria 

gonorrhoeae.gonorrhoeae. The IgtD gene is involved in LPS biosynthesis; in N. gonorrhoeae LgtD 

adss a Gal-Nac sugar to the terminal galactose (Gotschlich, 1994). This gene was not 

includedd in the study in which genes involved in LPS synthesis of//, influenzae Rd were 

examinedd (Hood et al., 1996). However, terminal galactose sugars arc present in the LPS 

structuree of//, influenzae. Clone 1-19AS contains the promoter of a putative opcron 

includingg the plsC and sufl genes. PlsC is a protein that catalyses the second step of dc-

novoo phospholipid biosynthesis (Coleman, 1992). The sufl gene has been shown to 

suppresss a cell division defect caused by a mutation in the gene encoding penicillin 

bindingg protein B (Kato el al. 1988) and was suggested to be associated with these 
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proteins.. Besides the sufl gene, also the zipA gene was identified as up-rcgulatcd. This 

genee encodes a protein involved in cell partitioning and it is an essential gene in E. coli 

(Halee & de Boer, 1997). Up-rcgulation of the expression of these genes may be related to 

out-growthh of the bacteria in the presence of epithelial cells, yielding an increase of cell 

division. . 

Fourr genes have been identified that play a role in processes that involve DNA. The 

dnaBdnaB gene encodes the hclicase of the replication machinery. In E. coli this is an essential 

gene.. Our results suggest that this gene might be expressed from two promoters in 

A950006.. The first promoter might be constitutively active, expressing basal levels dnaB 

ass part of an operon including pykA and air and is present on clone 3-56S that was 

isolatedd as a up-regulated clone. The second promoter, isolated from clone 3-22A would 

inducee extra expression of dnaB, probably as a result of the bacterial outgrowth observed 

nearr epithelial cells. The sun gene of the fmt/sun/trkA operon encodes a protein of 

unknownn function, but it is annotated for the Rd genome as being involved in DNA-

mctabolism,, replication or recombination. Clone 3-3IS contained sequences homologous 

too ORF Hi 1721, encoding a putative transposasc with homology to the transposasc of the 

ISS 150 insertion element. Strikingly, clone 3-39A contained sequences upstream of the 

gptAgptA gene with homology to IS 150, that is not present in the Rd genome. This suggests 

thatt transposition of transposable elements could be induced in H. influenzae strains, 

whenn bacteria encounter the right conditions. The xseB gene, encoding a subunit of the 

cxonuclcascc VII complex, is involved in cutting of damaged single stranded DNA, after 

bindingg of the repair machinery to the damaged region (Viswanathan & Lovctt, 1998). 

Fourr clones contained sequences not present in the H. influenzae Rd genome or in 

otherr published sequences. This indicates that extra genetic information, which is not 

encodedd by the genome of the non-pathogenic H. influenzae strain Rd, is present on the 

chromosomee of clinical isolate A950006. Previously, it has been shown that the operons 

encodingg fimbriae or the HMW adhesins were also absent from the Rd genome 

(Fleischmannn et al., 1995). Additional analysis of the four clones showed the presence of 

partiall  putative open reading frames that showed weak homology to known genes in the 

database.. Further characterization of these new ORF's requires the cloning of the 

downstreamm region. 

Thee outcome of the screen presented here shares common themes with the outcome of 

severall  such screens performed with various bacteria exposed to animal models. Purine 

biosynthesiss seems to be important for bacterial colonisation of mammals, since genes 

involvedd in purine synthesis or salvage were isolated in screens of 5. typhimurium 

(Mahann etal., 1993; Hcnscl etal, 1995); (Hcithoff etal., 1997)), P. aeruginosa (Wang 

etet al, 1996), V. cholerae (Chiang & Mekalanos, 1998) and the gram-positive S. aureus 

(Mcii  et al, 1997). Also genes involved in cell wall synthesis arc commonly identified, 

beingg pcptidoglycan in S. aureus, and LPS in the others. Most screens identified transport 

systems,, as for instance ABC transporter systems for iron or polypeptides. Al l screens 

alsoo identified genes involved in the synthesis of amino acids like lysine or aromatic 
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aminoo acids. In contrast to other screens no two component signal transduction system 

wass identified for //. influenzae. Apparently not many of such systems are operative in //. 

influenzae,influenzae, since also in the genome sequence of H. influenzae Rd only five putative 

systemss were identified (Fleischmann el ai, 1995). We found in //. influenzae a 

remarkablee number of transcription regulators, which all bind a signal molecule that 

influencess their regulatory activity. Apparently, these rather simple signal systems arc 

sufficientt for H. influenzae to regulate gene expression during interaction with epithelial 

cells. . 

Colonisationn of the lower respiratory tract of patients with impaired mucociliary 

clearancee by nontypcable H. influenzae strains results in an chronic inflammatory 

reactionn in the lower respiratory tract of these patients (Jansen et ai, 1995; Wilson, 

1998).. Airway epithelial cells may produce pro-inflammatory markers like IL-8 and TNF-

aa (Khair el ai, 1996) attracting pro-inflammatory cells, like neutrophils. The presence of 

suchh cells results in oxidative stress in the environment (Repine et ai, 1997). 

Measurementss of the sail concentration in the airway surface fluid have shown a higher 

concentrationn of sodium chloride in both CF and COPD patients (Joris et ai, 1993; Smith 

etet al, 1996) and this elevated concentration might influence local defence mechanisms 

(Maa et ai, 1999). Although these conditions are also unfavourable for bacterial 

outgrowth,, infection is promoted rather than inhibited. The present study gives some 

insightt in adaptation of//, influenzae to such conditions. Genes were identified that may 

counteractt host responses like oxidative stress. The NADH ubiquinon oxidorcductasc 

complexx of Vibrio alginolyticus, to which the genes of//, influenzae showed the highest 

homology,, was shown to act as a sodium symportcr (Dimroth. 1990; Pfenningcr-Li et ai, 

1996).. Such a complex provides H. influenzae with a mechanism to remove intracellular 

sodiumm in order to maintain normal salt conditions in the cytoplasm. The cellular 

metabolismm is regulated to promote growth and synthesis of new proteins, in agreement 

withh previous observations that penetration of the epithelial cell layer requires bacterial 

proteinn synthesis (van Schilfgaardc et ai, 1995). Some of the biosynthctic pathways arc 

inducedd despite the abundant presence of the products in the cell culture medium, 

suggestingg that the regulatory pathways for expression are dependent on other signals 

thann these products. Identification of these signals wil l give valuable clues for the 

conditionss promoting bacterial infection. Whether the present study identified new 

virulencee factors, actually involved in interaction with epithelial cells remains to be 

shown.. A large group of genes that encode proteins of yet unknown function and even 

neww genes were identified, which might include such factors. 

Inn conclusion, we have identified a group of H. influenzae genes that arc expressed 

uponn interaction with epithelial cells. Some of these genes encode proteins of unknown 

function,, of which some might play a role in the interaction with epithelial cells. The 

groupp of genes that encode proteins with assigned functions gave some insight into the 

bacteriall  processes involved in bacterial interaction with epithelial cells. Four of the 

geness found were not present in the sequenced H. influenzae genome. Further studies wil l 
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focuss on the factors that might influence bacterial gene expression, like the inflammatory 
statuss of the epithelial cells. The production of IL-6 by epithelial cells induced upon H. 
influenzaeinfluenzae infection, may promote bacterial growth of H. influenzae, similar as has been 
shownn for P. aeruginosa and Acinetobacter spp. (Mcduri et ai, 1999). Finally, the roles 
ol'' individual H. influenzae genes in the colonisation of epithelial cells will be studied, by 
constructingg knockout mutant strains for these genes. Such mutations might influence 
survivall  near or in the epithelial cell layer or influence the actual adherence to or 
penetrationn of the epithelial cell layer. 
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