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Neisseria meningitidis is a Gram negative bacterium which does not produce
sSderophores and is able to acquire iron directly from transferrin and lactoferrin (6).
This acquigtion is mediated by specific receptors identified as transferrin-binding
proteins (Thbps) and lactoferrin binding proteins (Lbps) (8). Because meningococca
disease gtarts with active multiplication of the bacteria in the blood stream, more
emphasis has been directed towards the understanding of the structure, function and
immunologica properties of Thps in view of an eventua use in a meningococcal
vaccine,

The trandferrin-binding proteins adso referred to as the transferrin receptor are
comprised of two polypeptides named Thpl and Thp2whosepreciseinteractionand
organisation in the membrane remain unclear. Both polypeptides are able to bind
humantrandferrinunder different experimental conditions. The transferrin clearly binds
to the cdl surface as evidenced by immunogold labelling studies (1) and both
polypeptides are required for ironacquisitionas demonstrated by iron uptake studies
with isogenic mutants (3). Furthermore, purified trandferrin-binding proteins induce
bactericidal antibodies in rabbits and protect immunized micefromaletha chdlenge
(2). Two didtinct drains B16B6 (B: 2a: P1.2) and M982 (B: 9:P1.9) have been
identified as "prototype" srains on the basis of distinct immunological and genetic
features of the Thp2 protein and the corresponding gene (7). Alignment of the amino
acid segquences deduced from the nucleotide sequences of tbp genes from the two
drains showedthat while Tbpl shared 76% of homology, Thp2 were more divergent
and only shared 47% of homology (4). The variability observed for Thp2 has been
described severd times by different authors and may result from strong immune
pressure exerted by the host during infection. It can be hypothesized that Tbpl which
islessvariable, islessexposed to thisimmune pressure implying thet it isless exposed
on the bacteria. Thisisin part confirmed by the work of Lissolo et al inwhich it hes
been described that only antibodiesto Thp2 were bactericidd (5), indicating that the
polypeptide which conferred to the Thpl-Thp2 complex a protective activity (2) is
likely to be Thp2.

Tbp2 being a lipoprotein (4), we sought to determine wether the apparent
predominant role of Thp2 within the complex may not be due to the strong
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immunogenicity described previoudy for lipoproteins. To sudy this, mice were
immunized ether with the Thpl-Tbp2 complex or withthe each polypeptide purified
separately fromNeisseria meningitidis srain B16B6. The immune responseto each
polypeptide was determined by ELISA. Although the ELISA titers are expressed in
arbitrary units, no sgnificant difference in immunogenicity could be observed, both
peptides being highly immunogenic. To assess the influence of the presence of fatty
acids on the immunogenicity and biologicd activities of Thp2, recombinant lipidated
and non-lipidated Thp2s were produced in E. coli. The lipidated and nonlipidated
recombinant proteins were purified and tested for their ability to induce bactericidd
antibodies in rabbits and to protect mice agang a lethal challenge dose of
meningococal. Recombinant proteins produced inE. coli displayed smilar biologicd
activitiesthanproteins purified frommeningococc. Under our experimenta conditions
recombinant proteins with fatty acids did not diglay sgnificantly different
immunologica and protective activitiesas compared to proteins without fatty acid. In
order to study recombinant proteins which resembled as closaly as possble the
meningococca protein we decided to produce lipidated Thp2s for further studies
notably to investigate wether the entire polypeptide was required for the inductionof
protective antibodies. Lipidated recombinant truncated Thp2 proteinswere produced
and purified and their biological properties will be discussed.
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Neisseria meningitidisproducestwo iron-regulated proteinsthat are associated with
binding to human trandferrin. Trangferrin binding protein 1 (TBP1) has a molecular
weight of goproximately 95kDa and transferrin binding protein 2 (TBP2) has a
molecular weight ranging from 68-85 kDa depending on bacteria strain. TBP2 can
bind transferrin on a blot after transfer from SDS-PAGE, but TBP1 does not. There
isagrowing interest in these proteins as candidate vaccine antigens and amethod to
purify separate TBP1 and TBP2 is essentid for their immunologica characterisation
and to determine their rolesin iron uptake from transferrin.

1. Purificationand separ ation of TBP1 and TBP2. We have developed amethod
for purification of separate TBP1 and TBP2. Firgtly the TBPswere solubilised from
whole cdls with either octyl $ D-glucopyranoside or Elugent (Calbiochem), and
purified usng afinity chromatography on transferrin-Sepharose 4B (5). Elution with
low pH released two proteins, identified as TBP1 and TBP2. Yieldsof 15mg TBPs
were obtained from 40g (wet weight) cells. The TBPs were then separated by
Chromatofocussing using Polybuffer exchanger (PBE 94, Pharmacia). Affinity purified
TBP 1+2 were applied directly to the column and duted with Polybuffer 74
(Pharmacia), containing 0.1% (v/v) Triton X-100 to create apH 7.0 to 3.5 dution
gradient. TBP1 was duted at the start of the pH gradient and TBP2 at low pH. Both
separate TBP1 and TBP2 bound transferrin on dot blots but stronger binding was
shown by TBP2. This demonstrated that both proteins bind transferrin and retain
biologicd activity following this purification.

2. Production of monoclonal antibodiesagainst TBPs and char acterisation of
TBP2 by epitope mapping. Monoclond antibodies (MABS) were raised agang
afinitypurified TBP 1+2 fromstrain SD (described by AlaAldeen(2), highmolecular
weight TBP2). All positive clones reacted with separate TBP2, dthough some dso
showed cross-reaction with TBPL, indicating that these proteins share common
epitopes. From 18 positive clones, 3 MABs were found that inhibited transferrin
binding to purified TBP1+2 on dot blots. Usng separate TBP1 and TBP2 it was
demonstrated that these MABSs inhibited trandferrin binding to TBP2 and not to
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TBP1. The MABs that inhibited transferrin binding were added to iron-limited N.
meningitidis cultures where sufficient diferric transferrin was added to relieve the
iron-limitation. One MAB (103) was seen to inhibit transferrin-mediated growth,
whereas the other two MABSs did not. None of the MABs showed any bactericidal
activity in the presence human complemen.

To characterise the epitopes on TBP2 defined by these MABs, multiple overlapping
peptides were synthesised on pins and screened for binding by the MABs (4) The
complete TBP2 sequence of drain M982 (6) was synthesised as 10 amino acid
peptides, overlapping by 8. Initidly, the peptides were screened for binding of
transferrin but no reproducible regions of binding were seen. Of the MABS that
inhibited transferrin binding, MAB103 bound strongly to one peptideand MAB 112
bound weekly to the same peptide (amino acids 45-54 of the M 982 TBP2 sequence)

(6).

Theinhibition of trandferrin binding by two MABSs that bind to the same ste on the
TBP2 sequence, indicatesthat either thisregionisimportant for transferrin binding or
that antibodies attached to this region sericaly hinder trandferrin binding. To assess
the importance of this antigenic Ste on TBP2, free peptide (amino acids 43-56) was
synthesised and coupled to keyhole limpet haemocyanin and used to raise rabbit
antiserum. Following 5 immunisations, the anti-peptide serum was of suffidernt titreto
give clear inhibition of transferrin binding on dot blots and ELISA. This anti-peptide
serum a <o reacted with whole cdlls from arange of meningococcd strains and with
TBP2 on immunoblots following transfer from SDS-PAGE. The antiserum aso
showed crossreactionwithafinity purified TBPsfromother strains, induding B16B6
which has alow molecular weight TBP2.

3. Iron release studies. The mammaian trandferrin receptor has been extensvey
studied and acyde of receptor-mediated endocytos s of trandferrin and release of iron
has been described. At extracdlular pH, 7.4, binding of trandferrin to the receptor
retards the release of iron, but at the pH of the endosome within the mammdian cdl,
5.6, the receptor accelerates the release of iron (1). Prdiminary studies have been
made on the effect of binding of transferrin to the bacterid receptor on iron release.
Diferric trandferrin was added to affinity purified TBP 1+2 from strain B16B6 and
the TBP-trandferrin complex isolated from free transferrin by gd filtration. The rate
of iron release to pyrophosphate was then determined using a spectrofluorimetric
method (3). At pH 7.8 the rate of iron release from the complex was greater than
twice that measured for transferrin aone. Thus the N. meningitidis TBPs may
function not only to bind transferrin from the host but aso to accelerate iron release
from transferrin when it is bound to the bacterid membrane,
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Gonococcal srain FA19 makestwo iron-repressible Tf-binding proteins, a 100 kDa
protein desgnated Tbpl and an 85 kDa protein designated Tbp2. Tbpl is
homologous to TonB-dependent outer membrane receptors, is necessary for iron
utilization fromTf (3), and can confer upon E. coli the ability to bind but not utilize Tf
(2). Tbp2islipid-modified and athough not essentid for utilization of Tf, it appears
to make the process of Fe-uptake from Tf more efficient (1). Trangooson insertions
into the gene encoding Thp2, tbpB, have astrong polar effect onexpressonof Thpl,
encoded by tbpA which is located immediatdy downstream. This observation
indicates that tbpB and tbpA are cotranscribed and coregulated from a common
upstream promoter, which includes a consensus Fur-binding site (1). To determine
the rdaive contributions of Thpl and Thp2 to Tf binding, we have used a solid-phase
dot blot Tf-binding assay aswell as an equilibrium liquid-phase Tf-binding assay. In
the solid-phase assay, Thpl appears to play the mgor role in Tf binding whilein the
liquid-phase assay, Tbp2 seemsto contributemost to surface binding. Thp2 may aso
discriminate dightly betweensaturated and apoTf but Tbpl does not appear to have
this capability. To assessthe diversity of Thpl and Thp2, we are sequencing tbpA
and tbpB from various gonococcal strains. Antibodies againgt predicted surface
exposed portions of Thpl and Thp2 (from strain FA19) will be used to determine
antigenic conservation among these domains and to test modds of protein structure.
A tbpA/tbpB ddetion mutant is being constructed without a selectable marker to
determine if these proteins are important for gonococcd virulence in an experimenta
infection of human volunteers.
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An intriguing aspect of gonococcd iron acquidtion istha while dl gonococc obtain
iron from humean trandferrin, the ability to utilize iron from human lactoferrin and
vertebrate haemoglobin isvaridble (1,2). We are actively andysing strains obtained
from the STD population presenting at the Public Hedth Clinic in Pittsburgh,
Pennsylvania. Currently, 29% of dl drains collected can utilize iron from human
lactoferrin and 57% can utilize iron from human haemoglobin. These data are being
collected and evauated inorder to correl atethese iron-utilization phenotypeswiththe
transmission and severity of gonococca disease.

The molecular eventsinvolved iniron-acquisition by pathogenic Neisseria indude (i)
up- regulation of iron transport proteins when organisms are cultivated under
conditions in which a hogt iron-binding protein (eg., trandferin, lactoferrin,
haemoglobin, etc.) is the sole source of iron, (i) sequestration of the iron-binding
protein a the cdl surface, (iii) remova of iron from the protein source and transport
across the outer membrane, and (iv) trangport through the periplasmic space and
across the cytoplasmic membrane. Various aspects of this process have been studied
by our laboratory as reported below.

Iron-regulation may occur a the level of DNA supercailing. We have shown that
iron-source stressingonococci leadsto anincreaseinthe negative supercoiling of the
Neisseria cryptic plasmid. Inaddition, the ATP/ADP ratio, akey regulatory sgnd for
gyraseactivity, isaltered inresponseto iron-source stress. Furthermore, aknown E.
coli supercoiling sendgtive promoter, lac, has been postioned upstream of the
luciferase reporter gene and expressed in a gonococcal background. Luciferase
activity from this congtruct is sengitive to growth under iron-source stress conditions
suggesting that iron-regulation may proceed by a Fur-independent mechanism.

Chenet al (3) have previoudy reported that the periplasmic iron-binding protein Fop
represents the 'nodd point' for acquistion of iron from trandferrin, lactoferrin, and
citrate. Biochemica studies of purified Fop have shown that it is cgpable of binding
awide range of metds. Therefore, Neisseria sop. expressing this protein should be
particularly susceptible to growth inhibition by heavy metal andogue of iron. We
observe that gonococci are particularly sendtive to copper and galium imposed
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growth inhibition. These results are sgnificant snce heavy metds may be used to
sdectively inhibit gonococci over meningococai.

The mechanism by which Fbp binds iron has been extensvely investigeted by this
|aboratory. Thisprotein possesses commonstructura and functiona featureswithtwo
well-characterized families of proteins, the Trandferrins and the Periplasmic Binding
Proteins. We have demonstrated that asaperiplasmic binding protein, Fop bindsiron
by amechanism that is remarkably smilar to that employed by the iron-binding sites
of the Transferrins. Specificaly, two Tyr, one His and a bicarbonate anion are
implicated in iron-binding by both Fop and the Transferrins. Structural modelling of
Fbp predicts specific aromatic residuesthat occur withinthe metd binding ste. Using
Ste-directed mutagenesis in conjunction with an assay employing the luminescent
lanthinide, terbium, the metd-binding environment of Fop is currently being probed.
We are attempting to introduce sSte-directed Fbop mutants into a gonococca
background. These gonococca variants will be evauated for ther ability to obtain
iron from their growth environmen.
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Gonococci and meningococc are recognized to produce only two cytotoxins. LOS
(2) and peptidoglycanfragments(2). No secreted protein toxins have beenidentified

in either organism. Various cytokines, including TNF, may wel be associated with
local inflammation and tissue damage, but these are not toxins in the ordinary sense.

Recently, we discovered that many meningococci produce two iron-regulated

proteins that are clearly related to the RTX family of cytotoxins. We raised a
monoclonad antibody (Mab) designated A4.85 that recognized a smear of

iron-regulated high molecular weight outer membrane protein inmeningococcd strain

FAMZ20, but not in gonococcal sran FA19. A4.85 was used to clone a
meningococca gene encoding the relevant epitope, and subsequently two different,

but related meningococca genes that encoded the same epitope were completely

sequenced and characterized. Thefirg of these, frpA, encodesaprotein of 122kDa.

The second, designated frpC, encodes a protein predicted to be 198kDa. The

predicted FrpA protein contained 13 copies of adirectly repeated peptide with the

consensus LXGGXGNDX. The predicted FrpC protein contained 43 copies of this

same peptide repeet. The two proteins are very smilar in their mid- and C-termind

domains, but differ entirdy at their N-termini. Their structures are related most closdly

to those of the E. coli haemolysn (HIyA) and to the B. pertussis adenylate cyclase
(CyaA). Themeningococca FrpA and FrpC proteinsreact with Mabs against HIyA

and CyaA, and A4.85 crossreactswithbothHIyA and CyaA. The reassembled frpA

geneproduct is secreted in E. coli through ahlyBD-dependent pathway that isunique

tothe RTX family of exotoxins. Five of eght tested meningococcd srans contained

gmilar proteins in immunoblots, but only in 1 of 14 other tested Neisseria. Despite
repeated attempts, we did not demonstrate reproducible haemalytic or leukocytic

activity atributed to FrpA and/or FrpC. Preliminary experiments failed to show
spedific toxicity for endothdid cells. In other preliminary experiments, Dr. Xavier

Nassf and his colleagues gpparently have demondtrated that a double frpA frpC

mutart is impaired in its ability to cause a sustained bacteraemia in the infant rat

modd. It is possble that meningococca RTX homologues are related to

meningococcd virulence.
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Recently, we have attempted to clone other RTX-related meningococca genes, and
isolated a meningococca clone that gppeared to complement hlyC in E. coli (hlyC
acylates and therefore activates HIyA.) The DNA sequence of the clone reveded,
however, thet it is a glutathione peroxidase. In Southern blots, each of six
meningococal, but none of seven gonococci reacted with the meningococcal
glutathione peroxidase probe. Thus, we have discovered another gene that appears
to differentiate meningococci fromgonococci, dthough the importance of glutathione
peroxidase, aswdl as FrpA and FrpC, to meningococca pathogenesis remainsto be
proven.
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Regulation of aniA expression by oxygen availability in
Neisseria gonorrhoeae and N. meningitidis
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Neisseria gonorrhoeaeisafacultative anaerobe that growsinthe absence of oxygen
by anaerobic respiration using nitrite as a termina electron acceptor. We have
previoudy demongtrated that some outer membrane proteins are induced and others
are repressed when gonococci are grown anaerobicaly. Our studies have focused
on the mgor anaerobically expressed outer membrane protein. Panl, asit appears
to be a mgjor antigenrecognized by antibodiesin sera from women with gonococcal
infections and because it is expressed a ggnificantly reduced levels in
N. meningitidis.

We cloned and sequenced the gene (aniA) that encodes the Panl protein and used
this data to insartiondly inactivate aniA with acat gene under the control of thetac
promoter. The gonococca mutant that was generated was unable to grow
anaerobicaly and was devoid of detectable nitrite reductase activity. This suggests
that Panl either is part of a nitrite reductase system or that it may be required for
expression of nitrite reductase.

To study regulation of aniA, we constructed a fusion of 350 base pairs of aniA
upstream sequence, plus the first 2 codons of the open reading frame, to a
promoterlessliacZ gene. Sncethe aniA mutant was unable togrowanaerobicdly, we
inserted the aniA::lacZ fusoncongtruct, plusa cat gene under the control of the tac
promoter, into the proline gene. When gonococcal strain F62 was transformed with
this congruct, the ani A: : lacZ fusion recombined into the chromosomd proline gene
rather than into the parenta aniA gene.

TheaniA::lacZ fusongrain was grown aerobicdly inbrothand wasfound to express
~1 Miller unit of [3-gaactosdase, while anaerobicaly grown cells expressed ~1500
units. This 1500-fold induction of aniA corresponds to western blot data, in which
no detectable Panl isexpressed by aerobically grown cells. Incontrast, considerable
nitrite reductase activity was detectable in agrobicaly grown cdls, and this activity
was induced only 10-15-fold by anaerobic growth. Additionaly, nitrite reductase,
but not [3-gad actosidase, was induced aerobically by nitrite. Thesedata suggest that
Panl is not the gonococcd nitrite reductase.
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We constructed a double mutant, withthe parental ani A replaced by an aniA with a
deletion in the coding regionand the aniA: :lacZ fusoninserted into the proline gene.
When cdls were shifted fromaerobic to anaerobic conditions, thefusonwasinduced
but to alesser level than was observed in the strain with afunctiona aniA gene (400
unitsvs. 1500 units). However, this differenceininduction of ani A was observed only
inthe presence of nitrite; the F62 aniA*pro::aniA::lacZ srain expressed ~400 units
of [3-gadactosdase when it was incubated anaerobicaly in the absence of nitrite.

In addition to examining the regulaion of aniA expression in gonococci, we have
begun to determine why this gene is expressed at significantly lower levels in
meningococci, despite Southernblot datathat suggests thet the geneis present in N.
meningitidis. We transformed the gonococca pro::aniA::lacZ fuson described
above into agrainof N. meningitidis. When meningococci were grown agrobicaly
and anaerobically, the anaerobic inductionof 3-gal actosi dasewas only 250-300-fold,
with the same aerobic expresson of ~1 unit. In contrast to results from N.
gonorrhoeae, only ~10 units of [3-gadactosdase were found when N. meningitidis
was incubated anaerobically in the absence of nitrite. These data suggest that N.
meningitidis lacks a factor that acts in trans that is necessary for full induction of
aniA. We dso sequenced the region upstream of the aniA gene from 3
meningococca grains, in al cases there were dterations in the sequence of the -35,
and in2 casesa deletion in the -10 regionof the gearbox promoter. Thisisthemgor
promoter used for anaerobic expression of aniA in gonococci, and the data suggest
that N. meningitidis may only be capable of expressing aniA from the minor F™
promote.

In summary, our present model for aniA regulation is that transcription occurs from
two promoters, the major gearbox promoter and aminor F7° promoter. Thegearbox
promoter would be responsible for expressioninresponseto anaerobioss, regardless
of whether the cdlls are able to grown under these conditions, while the F7° promoter
would be responsible for expressionunder conditions inwhichanaerobic growthaso
OCCuUrs.
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Electron microscopic localisation of iron-regulated proteinsin
N. meningitidiswith particular referenceto thelactoferrin and transferrin

receptors

N.B.L. Powell', D.A.A. Alaadeen', A.B. Schryvers’ and SP. Borridllo?

Microbial Pathogenicity Research Group, Department of Microbiology, and Ingtitute
of Infections and Immunity Queen’'s Medica Centre, Nottingham, NG7 2UH, U K.
2Department of Microbiology and Infectious Diseases, Universityof Cagary, Cagary,
Alberta, Canada.

Gold-labdled lactoferrin (Au-LF) was used to locdise and quantify the distribution
of lactoferrinbindingreceptors on live meningococci in vitr o by e ectron microscopy.
On mog cellsthere was auniform didtribution of lactoferrin receptors, dthough the
occasond cdl had locdised clusters of gold particles on the cdll surface. A few cdlls
dso exhibited dgnificant labdling of outer membrane blebs. Double labdling
experiments with5nm Au-LF and 15nm gold-labdlled human transferrin (Au-HTF),
indicated that lactoferrin and transferrin receptors in meningococci are separate and
not closdly stuated on the cdl surface. The lactoferrin receptor dendty in N.
meningitidis strain SD (B15P1.16) whenlabelled with 5nm Au-LF was 39 particles
per cell. This compared with atransferrin dengity of 113 per cdll when labelled with
onm Au-HTF.

Isogenic transferrin binding protein (TBP) mutants of N. meningitidis B16B6
(B2aP1.2) bound less Au-HTF and Au-LF than gtrain SD. The lower level of
lactoferrin receptorswasasurprise. StranN97 (TBP-1 mutant) bound as muchgold-
labdledtrandferrinasthe parent strain, whereas srains N91 (TBP-2mutant) and N96
(TBP-1, TBP-2 mutant) were less effective at binding gold-labelled transferrin. The
implication was that trandferrin binding in this strain could be accounted for by the
activity of TBP-2 done. Strain SD bound 74% more 15nm gold-labelled holo-
transferrin than 15nm gold-labelled apo-transferrin, whereas srain B16B6 showed
no such increase.

Pre-embed labdling of the trandferrin receptorsof strain SD with 15nm gold-labelled
trangferrin, followed by post-embed labelling of the 37 KDa iron-regulated protein
(Fbp) witha polyclona antiserum and 5nm protein A gold, failed to show any close
spatid relationship between the two. Fbp was manly periplasmic, as expected,
athough it was aso present in outer membrane blebs.
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Pathogenic Neisseria species can obtainiron from human transferrin by a receptor-
mediated mechanism which is not fully understood. Two iron-repressible transferrin-
binding proteins have been identified and their genes cloned. These proteins, Thpl
and Thp2, are thought to be outer membrane associated and thus are potential targets
for vaccine development. In this study, we address the heterogeneity of gonococcal
tbpA, and tbpB and their respective gene products by DNA sequence and western
blot analyss.

Gonococca Thpl hasan apparent molecular mass of 95-100 kDainthe strains thus
far examined and the tbpA gene appears to be highly conserved. In a western blot,
the proteins encoded by gonococcal tbpB migrate within a molecular weight range of
80-90 kDa. The tbpB gene shows Sgnificant sequence divergence among the strains
andyzed. Whilethe 5' and 3' ends of tbpB appear to be conserved, the gene does not
appear to contain cassettes of variable and conserved regions as described in other
Neisseria genes. Prdliminary data suggest that unlike the meningococcus, the
gonococcus could have only one classof Thp2. Comparison of the genes encoding
gonococcal and meningococcd trandferrin-binding proteins suggests that they may
have resulted form inter-species genetic exchange.
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Production of meningococcal transferrin binding protein 2in E.coli

M. Legrant, D. Speck, R. Branddy?, D. Schubnel!, M.-J. Quentin-Millet? and E.
Jacobs

Transgene SA, 11 rue de Molsheim, 67082 Strasbourg Cédex, France. 2Pasteur-
Mérieux Serums et Vaccins, 1541 avenue Marcel Mérieux, 69280 Marcy L'Etaile,
France.

Neisseria meningitidis drains grown under iron starvation conditions produce
trandferrin binding proteins (Thpl and Thp2) whichhave been shownto play amagor
role in iron acquidtion. Trandferrin binding proteins isolated from serogroup B
Neisseria meningitidis (strain B16B6) dlicit protective and bactericidal antibodies
in laboratory animals (1). Severa linesof evidence show that Thp2 may condtitute a
good vaccine candidate (3). Low amounts of Thp2 are produced by Neisseria and
a heterologous expression system is therefore needed to prepare sufficient quantity
of this protein. Expression of tbp2 has been achieved in E.coli usng an arabinose
inducible promoter.

Thp2 is produced in Neisseria as a precursor with asigna peptide whose cleavage
follows a lipidetion step on a cyseine resdue which is the first amino acid in the
meature protein (2). When produced in E.coli with its natural Sgnd peptide high
amount of rTbp2 (about 10% of total cdl proteins) was detected. However, most of
the protein was non-lipidated precursor and only asmal fraction wasmaturerTbp2.
In order to optimize the maturationof the precursor, the natural sgna sequence was
replaced by severa E.coli lipoprotein sgnd peptides. Expression levels and
meaturation of the precursor where highly variable depending on the signa peptide
used. Withone of these, an eficdent maturationand a high amount of maturelipidated
r'Thp2 were obtained (about 3% of total cell proteins). A large scale production
process was established for this E.coli -produced rThp2, and immunogenicity in
animal modelsis currently being eva uated.
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Development and optimization of a gene replacement system for thetbp
genes of N. meningitidis
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Neisseria meningitidis, an important human pathogen, utilizes a mechanism of iron
acquigtion tha involves direct binding of the host iron-binding glycoprotein,
tranderrin, by receptor proteinsat the bacterial surface. Recently, the genesencoding
the trandferrin binding proteins (Tbpl and Tbp2) of N. meningitidis and N.
gonorrhoeae have been cloned and sequenced, and isogenic mutants lacking
expression of these proteins have been characterized (1,3,5,6). Although Tbpl done
is auffident to mediate trandferrin iron acquigtion in N. gonorrhoeae (1), its
expressionat the surface of Escherichia coli did not confer the ability to acquireiron
from transferrin in spite of effective binding of this glycoprotein (2). These results
suggest that ether the conformation of Thpl within the membrane is not correct or
that other component(s) of this pathway are not present and/or functiona in E. coli.
Inaddition, the Thp2 protein was required for iron acquisition inN. meningitidis(5)
and is not exported to the bacterial surface when expressed in E. coli (unpublished
observations). These reaults indicate that Structure/function andyss of these
fascinating proteins will have to be performed in the host species.

Although N. meningitidis possesses a naturd transformation system, which dlows
it to effidently recognize and spedificdly take up meningococcal DNA, thereis a
dearth of genetic tools available for use inthis species and biosafety concerns related
to genetic manipulation in this organiam. The potentid need for a large number of
tbpA and/or tbpB constructs to be generated and reintroduced into N. meningitidis
has therefore prompted us to look into the development of a system which would
dlow thisto be done smply and efficiently.

Due bothto the limited number of available markers and to the biosafety concerns of
introducing heterologous sequences into N. meningitidis, the generationof abiosafe
stran to provide the background in which such manipulations could occur is
gopeding. Recently, our |aboratory has cloned the meningococca asd gene encoding
aspartate b-semiadehyde dehydrogenase (Asd; 4). The Asd enzymeis key for the
gynthess of diaminopimdic acid (DAP), a component of the cell wall of Gram
negative bacteria. Bacteria unable to synthesize DAP undergo lysis when an
exogenous sourceisnot supplied. Due to the absence of DAP inmammdiantissues,
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asd mutants lack the ability to proliferatein vivo and may therefore be consdered
innocuous. Preliminary attempts to develop an asd meningococcd drain have,
however, proven unsuccesstul (4).

Inthe present study, the intact asd gene and flanking regions of N. meningitidishas
been sequenced. Sequence data obtained fromthis regionhas beenused to develop
aseries of congtructs designed such that the heterologous congtructs are flanked by
the native sequences adjacent to asd. In order to reduce the possibility that polar
effects would affect the likelihood of successful insertion into this locus, inserted
sequences were cloned using Site directed mutagenesis such that they replace the
entire asd open reading frame and lie in frame withthe native asd promoter. Coding
sequences inserted in this manner will therefore be transcribed from the
meningococcal asd promoter, dlowing condtitutive expression of the gene without
confounding problems associated with heterologous promoter recognition and
expresson levels. Andogous constructs have aso been prepared within the N.
meningitidis tbp locus, and a comparison of these systems will be discussed.

A number of insertion cassettes were generated and employed in order to directly
compare the suitability of these systems for genetic replacement. Insertion of the
Tn903-derived aminoglycos de 3'-phosphotransferase dlows smple detection of the
replacement of the asd gene by itsahility to confer res stance to kanamycin. Smilarly,
the introductionof the E. coli beta-ga actosidase gene (lacZ) into this sysem dlows
blue/white colour selection and quantitation of expressonlevels sncethisenzymeis
absent from wild type meningococci. Fndly, the utilization in N. meningitidis of a
cassette consding of the Bacillus subtilis sacB gene followed by gentamycin
acetyltransferase-3-1 gene (GMR) will be described. Withthis cassette, resstanceto
gentamycin (GmR) dlows the asd - phenotype to be eeslly screened and stably
maintained, while the sengtivity to sucrose conferred by the sacB gene will alow
subsequent replacement everts to be sdected for by growth on media containing
sucrose.
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Characterization of a highly structured domain in Tbp2 from
N. meningitidisinvolved in the binding to human transferrin
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The binding of iron-loaded human transferrin a the surface of Neisseria
meningitidis is mediated by two polypeptides, Tbpl and Tbp2. Predicted Thp
amino acid sequences from N. meningitidis srans are highly divergent (1). This
variability is particularly pronounced for Thp2s, throughout the polypeptide. In this
sudy, ahighly structured and extremely stable domain of about 270 to 290 amino
acids has been characterized, which is involved in the binding to transferrin and
whose positioniswel conserved in very divergent Thp2 polypeptides. Only strong
denaturing trestments are able to disorganize this protein domain.

The conservation of such aremarkable structure in very divergent Tbp2s suggests
that it plays an essentid biological role. These observations as well as other
experimenta data raisng a number of questions regarding tbp2 evolution will be
discussed.
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I dentification of transferrin binding regions of the Neisseria meningitidis
transferrin receptor proteins by the use of chimeric Thp's
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Neisseria meningitidis is an important human pathogen which acquires transferrin
bound ironviahost species-specific tranderrinbindingproteins designated transferrin
binding protein 1 (Thpl) and transferrin binding protein 2 (Tbp2; 3). In conjunction
with biochemicd data, the protein sequences of the Thpl and Thp2 proteins,
predicted from the nucleotide sequence of the tbpA and tbpB genes, suggested that
Tbpl is a tonB-dependant transmembrane receptor and that Tbp2 is lipoprotein
anchored to the outer membrane surface by it lipid tail (2). Insertiond mutagenesis
of ether or both of the tbpA and tbpB genesinN. meningitidis diminated utilization
of trandferrin iron indicating that both proteins are essentid for iron acquisition (1).
However, the process by whichthe receptor proteins interact with humantransferrin
(hTf) has not been characterized.

The god of the study outlined in this abstract was to localize the domains of the
receptor proteins involved in binding to hTF. The overdl Strategy was to prepare
hybrid receptor genesand andyze the binding propertiesof the resultant recombinant
chimeric receptor proteins. The tbpA and tbpB genes from the porcine pathogen,
Actinobacillus pleuropneumoniae, were cloned and sequenced in our laboratory
and compared to the receptor genes from N. meningitidis to identify regions of
homology. Thisanadyss enabled usto sdect Stesat whichthe N. meningitidis and
A. pleuropneumoniae genes were spliced together by the PCR-based splicing by
overlap extenson (SOEing) technique. The hybrid geneswereclonedinto apT7-7
expression system and the properties of the recombinant chimeric proteins were
evauated by acombinationof binding assays and affinity isolation procedures. The
preliminary results have enabled usto tentatively locdize regionsinvolved in binding
to hTf and/or interactions between the two receptor proteins.
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| dentification of the domains of human transferrin involved in binding to
transferrin receptors of human pathogens by the use of chimeric
recombinant transferrins expressed in a baculovirus expression system
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Pathogenic bacteria of the Ne sseriaceae and Pasteurellaceae families possessiron
repressble outer membrane proteins (designated Thpl and Thp2 ) which are
involved inironacquisitionfromtransferrin and are goecific for their respective hosts
tranderrin (4). This receptor-mediated iron acquistion mechanism enables the
pathogensto acquireiron in vivo from the iron restricted environment of the host.
The N-linked oligosaccharide side chains of humantransferrin (hTf) are not required
for binding to the bacterid receptor proteins indicating that the amino acids at the
surface of hTf mediate receptor binding (3). The observation that the human
pathogens Neisseria meningitidis, Haemophilus influenzae and Moraxella
catarrhalis recognize the same spectrum of primatetransferrins and that transferrin
binding in these speciesis inhibited by the same monoclona antibody suggests thet
the trandferrin-receptor interaction involves a smilar region of tranderrin in these
species (2). The primary region of interaction has been locdized to the hTf C-lobe
by binding and &ffinity isolationexperimentswith proteol ytically-derived C-lobe and
N-lobe fragments (1). This approach was unable to locdize the region recognized
by the M. catarrhalis Thp2 (5) and has severa inherent limitations for further
ddinesting the regions involved in receptor binding.

In this study we describe an agpproach involving production and testing of
recombinant chimeric molecules of human and bovine trandferrin to further identify
the regions of interaction. Inorder to prepare bovinehumanhybrid genes, thebovine
transferrin gene was cloned and sequenced. Bovine transferrin cONA was isolated
by plague hybridization of a lambda library usng human transferrin cDNA as the
probe. The hybrid transferrin genes were subsequently constructed using the PCR-
based splicing by overlap extenson (SOEing) technique. Five hybrid genes
containing sequences from both bovine and humantransferrinwereconstructed. The
hybrids and recombinant human and bovine trandferrin genes, were subsequently
expressed in abaculovirus expression sysem. Expressed proteins were detected
by SDS PAGE and Coomassie blue saining and confirmed usng eectroblotting
followed by incubation withantibodies directed againgt humanor bovine transferrin.
The concentrations of the isolated moleculeswere approximately 50-100:- gper - 1.
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The expressed proteins were subsequently iron loaded and utilized in a series of
competitive dot binding assays. This enabled us to locdize the regionof hTfinvolved
in binding to the N .meningitidis receptors to amino acid residues 365 to 607.
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It is now firmly established that receptors for serum trandferrin are present on the
surfaceof anumber of bacterial pathogens induding Neisseria meningitidis. Aspart
of astudy to identify regions on serum transferrins important for transferrin-receptor
interactions, we carried out receptor-binding studies on a number of native and
deglycosylated trandferrins usng both bacterial and the aready well-characterized
mammaian sysems.

To investigate the role of the glycan on transferrin-receptor interactions we
investigated the properties of native and enzymaticaly-deglycosylated pig serum
tranderin.  Although pig transferrin has 70% sequence homology with human
transferrin, we found that it does not bind to the receptor for human transferrin on
Neisseriameningitidis. Thisfalureto bindisnot aconsequence of seric hindrance
by the glycanas deglycosylated pig trandferrinis al so not recognised by the bacteria
tranderrin receptor. In contrast, we found that the native, iron-saturated pig
trandferrin binds to K562 cdls with an affinity comparable to that of human
trandferrin and that deglycosylation of the protein has no effect on affinity.

From these results with K562 cells we conclude that human and pig serum
trandferrins share common receptor binding regions and that the glycan chains are
not involved in receptor binding. However, our results dso suggest that the
meningococcal receptor recognizes regions of the transferrin molecule which differ
from those involved in binding to the human receptor. We have identified severa
amino acids located onthe surface of the C-lobe whichcould beinvolved in binding
interactions.

As has been previoudy observed with mamméian transferrin receptors, we found
that apo humanserum trandferrin hasa reduced finity for the receptor onNeisseria
meningitidis. We dso found that a variant form of human diferric transferrin, with
asngle amino acid subgtitution in the C-lobe at position 394, hasareduced afinity
for both mammalian and meningococca receptors.
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Antigenicity and cross-reactivity of purified Neisseria meningitidis
transferrin binding protein 2 (TBP2)
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The strains used in this sudy were Neisseria meningitidis POOO (serogroup B;
serotype 15; carrier strain; TBP2 . 80kDa), P391 (autoagglutinable; serotype 15;
carier dran; TBP2 . 80 kDa), P636 (autoagglutinable; serotype 8, 15; carrier
drain; TBP2 . 85kDa), V002 (serogroup B; serotype 15; casestrain; TBP2 . 70
kDa), V021 (serogroup B; nontypeable; case drain; TBP2 - 80 kDa) and HG7
(serogroup C; serotype 2b; case strain; TBP2 . 65 kDa).

The TBP2s from strains PO00, P391 and HG7 were purified to homogeneity by
non denaturing procedures usng affinity chromatography on transferrin-Sepharose
followed by ion-exchange chromatography on a Pharmacia mono-Q column and
used for hyperimmunizationof miceto obtain polyclond anti-TBP2 specific antisera.
Reactivity was assayed after SDS-PAGE and e ectroblotting of homologous outer
membranevesicles(OMV's) extracted fromculturesiniron-restricted conditions (3).
Cross-reactivities of the anti-TBP2 antibodies were determined inthe same way for
five heterologous N. meningitidis strains.

The three purified TBP2's were fully antigenic in mice, with no antibodies aganst
other OMV antigens detected. Cross-reactivity patterns of the anti-TBP2 serawere
asfollows 1) anti-TBP2 fromstrain POO0 did not cross-react withany heterologous
drain; 2) anti-TBP2 fromdirain P391 cross-reacted withstrain P636; 3) anti-TBP2
from strain HG7 cross-reacted with strain V002.

Cross-reactivity patterns for anti-TBP2 sera from strains PO00 and HG7 were
coincident with those observed for the TBP2 bands in previous studies using
anti-OMV's sera (2, 3), but cross-reactivity of the anti-TBP2 serum from strain
P391 was more redtricted than that showed by the anti-OMV's serum (which
cross-reacted withstrains PO00, P636 and VV021). A mouse antiserumrai sed against
TBPL/2 complexes from this last drain (obtained after the first step of our
purification protocol), regained the cross-reactivity pattern showed by the
anti-OMV's serum.

Resultsobtained by AlaAldeen (1) showed that anti- TBP2 antibodiesinmousesera
showed raised against TBPL/2 complexes crossreacted with only some
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heterologous, agreeing with our results. In contrast, rabbit sera against TBPL/2
complexes (1) or TBP2 purified by SDS-PAGE (4) cross-reacted with the TBP2
of dl heterologous strains tested, suggesting that the response can differ depending
on the anima modd chosen, which is dso supported by the results obtained with
human sera (1, 2).

Our results show that TBP2's purified by non denaturing procedures maintain

their antigenicity in mouse, dthough, as in drain P391, cross-reactivity can differ
from those obtained for the same protein when immunization is made with whole
OMV's (inwhich TBPs arein native natura conformation), implying some epitope
variation. Regained cross-reactivity of the P391 strain anti-TBPL/2 serum suggests
that possibly TBP1 and TBP2 can be associated in suchaway that conformationa
epitopes, perhaps with domains from each TBP, can be revant for antigenicity.
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The results reported here show that the two meningococca transferrin-binding
proteins (TBP1 and TBP2) generate different immune responses in different host
species and that there is variation in response dependent on the method of antigen
preparation, and possibly the route administration.

Mice immunised with ether whole cdlls of N. meningitidisstrain SD (B:15:P1.16)
or theisolated TBPL/TBP2 complex from the same strain produced antiserawhich,
when tested againgt a representative panel of meningococcd isolates by Western
blotting, recognised some but not dl heterologous TBP2 molecules. In contragt,
rabbit antisera raised to the same preparations were cross-reactive with dmost dl
the TBP2 molecules.  The immune response to TBP1 was aso host species
dependent. Westernblot andlysis using denatured TBPL falled to detect antibodies
in antisera raised in mice to whole cdls or in arabbit to TBPL/TBP2 complex, but
detected broadly cross-reactive antibodiesinmouseanti-TBPL/TBP2complexsera
and drain-specific antibodies in rabbit anti-whole cell serum. Human conval escent
sera obtained from five patients infected with meningococci of different serogroups
and serotypes, contained fully cross-reactive antibodies to TBP2 but no anti-TBP1
antibodies, when examined on Western blots. However, on dot immunoblots, the
same patients sera, as wdl as the mouse anti-whole cdl and the rabbit anti-
TBPL/TBP2 complex sera, reacted with purified biologically active TBP1 of strain
SD.

Thisindicates that native TBPL, a protein which loses its biologica and part of its
immunologicd activities when denatured, isimmunogenic and that humans generate
cross-reactive antibodies to native epitopes. These observations have important
implications for assessing the vaccine potentia of TBPs and other meningococca
antigens. Conclusions regarding the usefulness of TBPs as candidate components of
meningococca serogroup B vaccines based on results from certain anima species
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such as mice, or usng methods suchasWestern blotting, may have little bearing on
the gdtuation in man and may lead to some potentidly useful antigens being
disregarded.
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Blocking of iron uptake from transferrin by antibodies against the
transferrin-binding system of Neisseria meningitidis

C. Ferreir6s, M.T. Criado, L. Ferron and M. Pintor
Dep. Microbiologia, Fac. Farmacia, Universidad de Santiago. Spain.

In order to analyse the importance of the proteins of the transferrin-iron uptake
system of Neisseria meningitidis as potentid targets for the development of
effective vaccines, inthiswork we evauated the effect of antibodiesraised inmouse
againg those proteins on their metabolic functions.

Three Neisseria meningitidis srains used in this study were obtained from hedthy
carriers: PO00 (serogroup B; serotypel5; TBP2 . 80kDa), P391 (autoagglutinaole;
serotype 15; TBP2 . 80kDa), P636 (autoagglutinable; serotype 8, 15; TBP2 . 85
kDa), and the other three were case strains: V002 (serogroup B; serotype15; TBP2
- 70 kDa), V021 (serogroup B; nontypeable; TBP2 . 80 kDa) and HG7
(serogroup C; serotype 2b; TBP2 . 65 kDa). Immune sera were produced in
Bab/c mice hyperimmunized with outer membrane vesicles(OMV's) obtained from
cultures grown in iron sufficiency or iron restriction (1) or with transferrin binding
protein 2 (TBP2) or TBPL/2 complex purified by non-denaturing procedures from
the grains PO00, P391 and HGY. Iron interndization was determined in an uptake
assay using either [*°Fe](Fe,) human transferrin or [*°F¢] ferric citrate as the only
iron source (2,3).

Our results demondrate that immune sera aganst OMV's obtained from
iron-restricted cultures, but not those againg OMV's from iron-sufficient cultures,
blocked ironuptake from transferrin. Blocking was about 90% for the homologous
drain, with variable degrees of cross-blocking for heterologous strains (from O to
70%), blocking being in agreement with anti-TBP2 cross-reactivity determined in
immunoblotting assays after SDS-PAGE and electroblotting of OMV's. Both
immune cross-reaction and cross-blocking of iron uptake occurred preferentidly
between drains possessing Smilar molecular weight TBP2, inaway according to the
two-group classficationsuggested by Rokbi et al. (4). Smilar blocking resultswere
observed usnganti-TBP2 and anti- TBPL/2 antisera, dthough cross-reactivitieswere
more restricted with the latter.

Ironuptake fromferic citrate (determined ingtrains P391 and HG7) was unaffected

by any of the immune sera, whichdemonstratesthat blocking was due to antibodies
specific for the N. meningitidis trandferrin binding system (in a previous study (3)
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we demonstrated the existence of specific meningococcd receptors for ferric
citrate). FHndly, we have found that meningococca growthis affected by the immune
serainparale withblocking of ironuptake, which demonstratesthat our antibodies,
by blocking the uptake of this metd, impede the subsequent growth of the bacteria.

Our results show that the protein component of the neisserid transferrin binding
system can be consdered as potentialy vauabdle antigens, and that culture iniron
regtriction could be essentid for the development of effective meningococca
Vaccines.
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Production of monoclonal antibodiesto meningococcal transferrin binding
protein 2

S. Fourage, P. Dumes, L. Lissolo, M. Mignon, M.J. Quentin-Millet and C. Hurpin

Pasteur Merieux Sérums et Vaccins, Marcy |'Etoile, France.

To gan ingght on the structure and topology of meningococcd transferrin binding
proteins and to have well defined tools for further studies, we undertook to produce
monoclond antibodies. Because polyclond antibodies to the Thpl-Thp2 complex
are bactericida (1), we sought to drive the immune response to have amgority of
IgG2a and 1gG2b which are known to be the isotypes of immungiobulin in mice
which bind mogt efficiently complement. Therefore if the monoclond reacted with
surface exposed epitopes, it should bind to the surface of the bacteria and induce
killing in the presence of complement. To obtain a mgority of 1gG2a and 1gG2b,
MRL/Lpr.Lpr and CD1 mice were used.

To obtain antibodies to Thps in a conformation as close as possible to that of the
native protein, mice were primed with an outer membrane fraction prepared from
Neisseria meningitidis stran B16B6 (B:2a;P1.2) grown under iron limiting
conditions and then boosted severd times with purified Thp2. After fuson, clones
were screened by ELISA and the reactivity of the selected clones was further
determined by Westernblot analyss. Out of an initid number of gpproximately 700
clones, 18 were selected. Each monoclona antibody was produced and purified. 16
were specific of Thp2 and 2 reacted with Tbpl. The isotype of the Mabs was
determined, the EL | SA titersto transferrin-binding proteinsweremeasured and their
bactericida activity titered. All Mabs produced were IgG2aand 1gG2b, but only half
displayed a bactericidd activity.
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M apping monoclonal antibodies dir ected against meningococcal
tranderrin-binding protein 2

G. MaitreWilmotte, L. Fourrichon, M. Legrain, R. Vonder Haar, E. Jacobs, M.J.
Quentin-Millet and L. Lisolo

Pasteur Merieux Serums et Vaccins, Marcy I'Etoile, France.

Monoclonal antibodies (Mabs) to meningococca trandferrin-binding protein 2 from
srain B16B6 (B:2a:P1.2) have beenproduced and purified. Some Mabs displayed
bactericidal activity while others were devoid of it. To define the specificity of the
Mabs in order to attempt to locaise precisdy surface exposed epitopes, two
different techniques were used.

Firgly overlgpping peptides of sevenamino acids spanning the entire Thp2 molecule
were synthesized by the pin technology (Cambridge Research Biochemicds, UK.).
The reactivity of each purified Mab was assayed versus the 188 peptides. Some of
the Mabs showed a strong reactivity towards the linear peptideswhile others could
not be mapped to asngle site. Secondly to confirmthe specificity determined by the
pin technology, Mabs were tested for ther ability to react with various truncated
Tbp2's produced in E. coli. FAndly short Thp2 domains fused to MalE were
produced in E. coli and the reectivity of the Mabs with the fuson proteins was
determined.

The different methods were complementary and alowed the determination of the
specificity of the Mabs produced. Out of the 15 Mabs studied there was an even
digtribution of conformational Mabs and those which could be mapped to a linear
epitope. This set of well characterized Mabs should provide useful tools for further
Sudies.
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I dentification of the protective component within the meningococcal
transferrin-binding protein complex

L. Lisolo, G. MaitreWilmotte, P. Dumas, M. Mignon, B. Danve and M.-J
Quentin-Millet

Pasteur Mérieux Sérums et Vaccins, Marcy I'Etoile, France.

Nei sseria meningitidisis capable of acquiring ironviasurface accessible transferrin
receptors expressed in the outer membrane (2). The transferrin receptor is
composed of two polypeptides, Thpl and Thp2 (transferrin-binding proteins 1 and
2). Previous sudies have demondtrated that the complex Thpl-Thp2 dlicited
bactericidal and protective antibodiesinlaboratory animas (1). Two manquestions
remained: could both polypeptidesindependently confer protectionand if not which
of the two induced protective antibodies? Which mechanism(s) could be involved
in the protection, smple clearance by common opsonophagocytosis aong with
complement mediated killing? Or, whether antibodies to the transferrin receptor
could interfere with iron acquidtion therefore inhibiting or limiting bacterid growth?

To address these questions, milligram quantities of individud polypeptides were
purified by a chromatogrgphic method based on their different hydrophobic
characters. Monospecific antisera were raised againgt independent polypeptides
dlowingthe evaluaionof their biologica properties. The antibodies weretested for
ther ability to inhibit transferrin-binding to the receptor as measured by a solid-phase
binding assay and to inhibit growth of meningococci when given human transferrin
asthe soleironsource. Findly, the protective activities of the isolated protein were
evauated inmiceincomparisonto that of the Thpl-Thp2 complex . Takentogether
these results will be discussed in the scope of vaccine design.
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Biochemical and genetic analysis of the lactoferrin binding protein and
IbpA gene of Neisseria spp.

R.A. Bonnah, R.-H. Yuand A. B. Schryvers

Depatment of Microbiology and Infectious Diseases, Universty of Cagary,
Cdgary, Alberta, Canada.

Iron is an essentid eement for sustained growth of most organisms and thus
pathogenic bacteria require mechanisms of iron-acquisition thet are effective in the
iron-limited environment of the host. Pathogenic Neisseria species such as N.
meningitidisand N. gonorrhoeae and some commensal Nei sseria Species possess
surface receptors that mediate iron acquigition from human lactoferrin (hLf) on
mucosa surfaces and humantrandferrin (hTf) inserum. Thesereceptors are ecific
for the humanforms of these glycoproteins, and the interaction does not involve the
N-linked oligosaccharides moiety (2). Affinity isolation experiments usng
immohbilized hLfor hTfhaveidentifieda sngle Lf-binding protein (L bp), whereastwo
Tf-binding proteins or Thps (Tbpl and Thp2) have been identified. The gene
encoding the Lbp of N. meningitidis has been recently cloned and sequenced (6)
and the predicted protein sequence of Lbp was found to have greater than 43%
identity at the amino acid level to the gonococca and meningococca Thpls (1,3).
The cloned N. meningitidis Lbp can be expressed in a heterologous genetic
background (Escherichia coli) and isdirectedto the cdl surfaceinafunctiona form
that is able to bind native hLf (5).

Previous sudies examining different Neisseria species for ther ability to use Lf as
a sole source of iron (4) or for binding hLf and affinity isolation of Lbp (4) have
provided somewhat different indications of the extent of this mechanism of iron
acquisition within the Nelsseriacese. In this study, we have specificaly amplified
regions of the gene encoding Lbp (IbpA) from various pathogenic and commensa
Neisseria sp. by the polymerase chain reaction (PCR) and found evidence for the
presence of this gene in dmog dl isolaes tested. In addition, restriction
endonuclease digestionandyss was performed to provide anindication of the extent
of genetic variation of this gene within the Ne sseriacese.

In a second component of our sudy, various characteristics of heterologoudy-
expressed Lbp were examined to better characterize the hLf-Lbp interaction.
Vaious altered derivatives (either by limited proteolysis or by specific IbpA genetic
recombinationd events) of the meningococcal Lbp were evauated for ther ability
to bind enzymaticdly-derived preparations of C-lobe and N-lobe of iron-loaded
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human lactoferrin. Prior studies demonstrated that the both isolated C- and N-lobe
preparations are capable of binding to native Lbp from iron-deficient N.
meningitidis and N. gonorrhoeae (7). The purpose of these Sudiesisto examine
those domains of the meningococca Lbp involved in binding to hLf.
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Cloning a lactoferrin (Lf) receptor gene from Neisseria gonorrhoeae and
characterization of strainsunableto use Lf-bound iron

G.D. Biswas and P.F. Sparling

The Univergty of North Cardlina a Chapd Hill, School of Medicine, 521
Burnett-Womack, Chapel Hill NC 27599-7030, USA.

Many but not dl gonococcal isolates are able to obtain Fe from Lf. The Lf-Fe
uptake systemin Neisseria is mediated by a Lf-specific receptor. Wereport here
the isolation of a Lf-receptor gene from the gonococcus.

The method cons sted of transformation of agonococcal Lf- mutant unable to utilize
Lf as an Fe source with a wild type genomic library constructed in modified
pBluescript, selecting for Lf * transformants. The tranforming DNA was initidly
located on a 2 kb fragment. Further probing genomic DNA with insert specific
primers yielded overlapping fragments. DNA sequencing revealed an open reading
frame of 2832 bases with a predicted molecular weight of 103,077. A comparison
of the DNA sequence with the Lf receptor |bpA gene frommeningococcus showed
that they are 94% identicd (1,2). Insertion mutagenesis in the gonococca [bpA
followed by introduction of the mutation into the chromosome generated mutants,
unable to support growth in the presence of Lf, lacking the 103 kD protein by
SDS-PAGE, and showing no binding of Lf in a dot blot assay. A monoclona
antibody (MADb) to lactoferrin receptor protein from the meningococcus (kindly
provided by Jan Poolman) recognized the 103 kD protein fromthe wild type strains
of gonococci, but falled to detect aamilar protein in the mutant.

Anexaminationof severd L™ dinicd isolatesrevealed that they were unable to bind
Lf, andfailedto recognize the MAD directed against meningococca Lbp. However,
Lf* trandformants obtained by transforming Lf - strains with the cloned IbpA DNA
were ableto bind Lf, and recognized the anti-Lbp MADb, suggedting that neturdly
occurring Lf - grains carry defectsin the |bpA gene.
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Characterization of FrpB, the 74kD iron-regulated, outer-membrane
protein of N. gonorrhoeae

M. Beucher and_P.F. Sparling

Department of Microbiology and Immunology and the Department of Medicine,
University of North Carolina at Chapel Hill, Chapd Hill, North Carolina 27599
USA.

FrpB (for Fe-regulated protein B) isa 74kD outer membrane protein that is part of
theiron regulon of Neisseria gonorrhoeae and Neisseria meningitidis. The frpB
gene from gonococca dran FA19 was cloned and sequenced. FrpB was
homologous to severa TonB-dependent outer membrane receptors of E.coli aswell
asHemR of Yersinia enerocolitica and CopB of Moraxella catarrhalis.

An omega insertion into the frpB coding sequence abolished expression of FrpB.
Thismutant grew on haem as an iron source but was reduced in>>Fe-haem uptake.
Expressionof FrpB fromitsown promoter inpACY C184 wasironrepressible, and
alowed E.coli RK1065 hemA to grow on haemas asource of porphyrinand iron.
Thesedata suggest that FrpB may play arole inhaemuutilizationby N. gonorrhoeae.
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Cloning and DNA sequence of the gene coding for a DnaK homologue
from Neisseria meningitidis

A. Matin, T. Menéndez, S. Gonzdez, E. Cabadlero, A. Musacchio, R. Slvaand G.
Guillén

Divison de Vacunas, Centro de Ingenieria Genéticay Biotecnologia, Ave. 31/ 158
y 190, PO Box 6162, CP 10600, La Habana, Cuba.

A rabbit antiserum, raised againg a 70 kD iron-regulated protein (70 kD FeRP)
present in lithum acetate-chloride extracted outer membrane vesicles of
N. meningitidis, was used to screena8gt11 genomic library. Y 1089 lysogenswere
prepared from pogtive clones and an individud expressng a full-sized reactive
polypeptide was chosen for further studly.

Subcloning and sequence analysis revealed the presence of an open reading frame
coding for a 69 kD DnaK homologue. It was flanked by consensus heat shock
promoter and transcriptional terminator sequences, and associated with a neisseria
152 bp repeat (4). This open reading frame was subcloned and over-expressed
under a p trp promoter, yidding a 70 kD protein reactive with the rabbit
hyperimmune serum.

The 70 kD FeRP has been described as either a conserved, widdly cross-reactive
and drongly immunogenic (1,2,3) or an antigenicdly variable, strain-specific antigen
(5). Since the fractionation techniques employed in these reports differ, this
contradiction might have arisenfromthe presence of co-migrating iron-regulated 70
kD proteins in some of these preparations. In fact, the immunologica properties of
dress proteins fit wel into those ascribed to the crossreactive 70 kD FeRP (6).
Additiona work is currently under way to verify this hypothesis.
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Homology models of N. gonorrhoeae ferric binding protein
M.A. McTigue, A.S. Arva, T.A. Mietzner and D.E. McRee
The Scripps Research Ingtitute, La Jolla, CA 92037.

Three dimensond modds of the faric binding protein (Fbp) from Neisseria
gonorrhoeae have been congtructed based on the crystalographicaly determined
structures of humean lactoferrin and the sulphate-binding protein from Salmonella
typhimurium. The sulphate-binding protein belongs to aclass of bacterid nutrient
trangport proteinswhichare al gpproximately 300 amino acids and share acommon
fold. Each of the two identicd domains of the mammdiantransferrins are sructuraly
homologous to these bacterial proteins and the transferrins share many iron-binding
characteristicswith Fbp. The energy-minimized homology mode's of Fbop containan
iron-binding stewhichischemicdly smilar to that of lactoferrin and is consstent with
biochemica dataimplicating functiondly important resdues in Fop.

Crygdlographic studies of Fbp have been initiated and crystals of apo and ferric

Fbp have been obtained. The homology models of Fbp are being used with the
diffraction data to obtain a crystalographic structure of Fop.
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High affinity iron-binding by Fbp is homologousto the transferrinsat both
the structural and functional level

A.J. Nowdk and T.A. Mietzner

Department of Molecular Geneticsand Biochemistry, University of Pittsourgh School
of Medicine, Pittsourgh, Pennsylvania 15261.

The ferric iron-binding protein, Fop, functionsinthe high-affinity active transport of
growth-essentid iron by pathogenic Neisseria from humaen trandferrin (hTf),
lactoferrin and citrate (1). Fbp participates in this process as a periplaamic binding
protein, shuttling ironacross the periplasmic goace from hTf bound onthe surface of
the bacterium. Previous studies have demonstrated that Fop bindsasngle molecule
of iron per molecule of protein with an dfinity approximating that of hTf, and is
gpproximately hdf the 9ze of hTf (2). The transferring, of whichhTfisamember, are
ahighly conservedfamily of vertebrate iron-binding proteins which (i) reversibly bind
two molecules of ferric iron per molecule of protein with high affinity, (i) have a
molecular mass of ca. 80kD, and (jii) function in extracdlular iron metabolism and
bacteriogtasis. Similaritiesbetweenthe N- and C-termind iron-binding lobes of hTf,
epecidly asthey relate to criticd active Ste binding residues, provide compdling
evidence that these moleculesevolved by gene duplication, implying the existence of
a primordid mono-dited tranderrin. We have demonstrated that the spectral
properties of purified Fbp and hTf are smilar in the visble range. Chemica
modification of purified Fop in the presence and absence of iron demongrates thet,
gmilar to each iron-binding ste of the transferrins, two Tyr residues and one His
resdue areimplicated inironbinding. In addition, like the transferrins, a bicarbonate
anion isrequired for the efficient co-ordination of iron by Fop. The range of metds
bound by Fbp and hTf, including the fluorescent lanthanide terbium, is identica.
Fndly, terbium derivatives of Fbp and hTf yidd virtudly identica luminescence
excitation spectra, implying a highly smilar binding Ste environment. These dudies
suggest that the prokaryotic Fop is amono-sited andogue for iron- binding by the
eukaryotic tranderrins (3).

The structure of Fbp has been further probed by partid X-ray diffraction analysis
and homology moddling with human lactoferrin. These results have dlowed the
prediction of specific resdues involved in iron-binding. Site-directed mutarts of
aromatic residues predi cted to be proximd to the binding Site have been constructed
and probed in the terbium luminescence assay described above. Prdiminary
experiments in which amutant Fop was created that converted Tyr at position 265
to aPhe, indicated that mutation of this residue caused a decrease of two orders of
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magnitudein afinity for iron; however, terbium derivatives of this mutant showed no
difference in exditation spectra, implying that the residue is more than 10 A distant
fromthe metd-binding site. Conversionof Trp at position 196 to tyrosine dtered the
terbium derivative spectra, implying thet this resdue is more proxima to the metal-
binding site. Further experimentsto andyze the position of key aromatic residuesand
the effect of mutation on iron-binding affinity areinprogress. We hopeto define the
structura and functiona anatomy of the metd-bindingsite of Fbop withthese mutants.
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Heavy metal inhibition of pathogenic Neisseria
R.E. Michad, K.L. Verddi and T.A. Mietzner
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Fbp is the mgor iron-regulated protein that is conserved among al pathogenic
Neisseria. Previous sudiesfromour |aboratory and others have demonstrated that
the iron-binding protein, Fop, functionsinthe transport of growth-essentid ironinthe
capacity of a periplasmic binding protein. It has been suggested that the existence
of pathogenic Neisseria lacking the gene has not been described because it may
represent alethd condition. The current hypothesisisthat Fbp isthe 'nodd point’ for
the transport of growth-essentid iron obtained from a variety of sources such as
trandferrin, lactoferrinand citrate. Additiona studies on the biochemigtry of purified
Fop indicates thet this protein is quite promiscuous with regard to its binding of a
variety of metas, induding copper and galium. It was reasoned that pathogenic
Neisseria would be particularly sengtive to these metds based on the premise that
they may act as competitive antagonists of iron.

This reasoning was tested by the fallowing experiment. A lawn growth of gonococci

or meningococci cultivated on GC Agar medium with IsoVitdeX was exposed to

adeile disc containing 25 -1 of a1 M solution of ether cupric citrate or galium

citrate. After 20 h cultivation, aggnificant zone of inhibition (25-30cm) around both

the Ga*" and Cu** discs were observed. In contrast, an Escherichia coli srain

cultivated on Luria-Bertani Agar medium was only minimally inhibited by Ga®* and

CU?* (zone sze 2cm). Addition of faric citrate rescued the pathogenic Neisseria
from Ga** inhibition but not Cu?* inhibition, suggesting that Ga®* acts as a
competitive antagonist for iron and that Cu?*-dependent inhibition actsby amethod

independent of iron competition.

I ngpection of the growthcharacteristicsaround the copper-induced zone of inhibition
reveded a surprisng finding. Gonococci were more sendtive to copper inhibition
than meningococc and exhibited a characterisic Serile zone of inhibition.
Meningococci were less sendtive to copper inhibition, having a correspondingly
sndler gerile zone of inhibition. However, proxima to this zone was a brown
metdlic ring typical of the reduction of Cu?* to elemental copper (Cut). These
phenotypes are characterigtic of al gonococci and meningococci tested to date.

The basis for this cupric reductase activity is dependent upon the cyseing/cystine
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supplement within the IsoVitdeX componert of the GC Agar medium and the
oxygen tenson of the environment. We are currently attempting to define the
molecular basis for the meningococcal cupric reductase activity and the lack of
gonococca cupric reductase. Two possibilities are (a) the production of acysteine
oxidase by meningococci but not by gonococci or (b) the consumption of cysteine
by gonococci but not by meningococdi.

This study demonstrates that gonococci may be sdectively inhibited by the heavy
metd gdlium, and that a fundamenta dfferentiation between gonococci and
meningococci can be made by asimple visud assay invalving the observation of a
cupric reductase activity or lack thereof.
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Promoter mapping and transcriptional regulation of theiron-regulated
Neisseria gonorrhoeae Fbp gene

C.R. Ekechukwu?, S. Subbarao?, P.J. Desait, S.A. Morse? and C.A. Genco'

!Department of Microbiology and Immunology, Morehouse School of Medicing,
Atlanta, Ga 30310-1495. 2Divison of Sexualy Transmitted Diseases L aboratory
Research, Centers for Disease Control and Prevention, Atlanta, Ga, 30333, USA.

Introduction: The iron-regulated Neisseria gonorrhoeae ferric binding protein
(Fbp), is highly conserved among gonococcd srains, and is synthesized in greater
amountsthanany other iron-stressinduced protein. We have reported previoudy on
the doning and sequencing of the structura gene for Fop (1). We have aso shown
that the Escherichia coli ferric uptake regulator protein (Fur) binds to the Fbp
promoter (2). In order to gain a more complete understanding of therole of ironin
the genetic control of Fbp, we have constructed N. gonorrhoeae Fbp promoter-
CAT fudons in E. coli. We have aso mapped the promoter regionof fbp, and
studied the accumulation and stability of the Fbp mRNA and the regulation of Fbp
transcription by iron.

Experimental Design: The Fbp promoter sequence was cloned upstream of the
sructura gene for chloramphenicol acetyltransferase (CAT) in the E. coli /
N. gonorrhoeae shuttle vector pLES-2. ThisFbp-CAT congtruct wastransformed
into E. coli and cdlswere grownto a semi-logarithmic phasein achemicaly defined
medium (M 9) under ironreplete and iron depl ete conditions. The expressonof CAT
activity was assayed using a smple phase extractiontechnique (3). For Fbp mRNA
studies, N. gonorroheae F62 was grown in either GCB (ironreplete) or GCB with
50: M desferd (iron deplete) media, and samples removed at one hour intervas.
Tota cdlular RNA was isolated (4) and andyzed by Northern andyss usng a
radiolabdlled 200 bp fbp specific structurd gene probe. Stability of the Fbp
transcript was determined by trestment of exponentialy growing cdls with 200
- gml rifampicinjust prior to RNA isolation; quantitative results were obtained. To
correlate the production of Fbp with the fbp mRNA, whole cdll lysates were dso
andyzed by SDS-PAGE and westernblot andyssusngantiserato N. gonorroheae
Fbp.

For primer extenson anadyss totad RNA was isolated (4) from Neisseria
gonorrhoeae F62 grown at 35°C bothin gonococca broth (GCB) and chemicaly
defined medium (CDM) (5) under condition of ether iron limitation (25 =M
desferd) or ironexcess (50 - M feric nitrate). Annedingof an 18 bp oligonuclectide
complementary to the 5' end of the noncoding strand of fbp and primer extension
reactions usng reverse transcriptase were carried out (5) usng45 - gRNA, and the
samples were andysed on a 6% sequencing gel dongside the M13mpl8 sequence
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which was generated using a standard M 13 primer.

Results: A datidicaly sgnificant increase in the expression of CAT activity was
observed when E. coli containing the Fbp-CAT fusion was grown under iron-
depleted conditions. In contrast, CAT activity decreased subgtantidly when cdlls
were grown under iron-replete conditions. Northern blot andyss usnga200 bp fbp
structura gene probe detected a single Fbp transcript of gpproximately 1 kb. In
cultures grown in iron-replete conditions, the Fop transcript was found to increase
over time, closdy reflecting the specific sage of growth. In contrast, Fop mRNA
isolated from culturesgrown iniron depleted medium accumulated at a steady state
throughout the growth cycle. Under these conditions, we observed a three-fold
increase in Fbp mMRNA accumulation during exponential growth relative to that
present during early logarithmic growth phase. In order to determine the haf-life of
Fbp mRNA, cdls were treated wtih 200 - g/ml rifampicin just prior to RNA
isolation. Northern blots indicated that the haf-life of Fbp RNA was gpproximeately
one minute. S multaneous determinationof Fop by immunaobl otting withanti-Fbp sera
confirmed that Fbp expressionwas aso regulated by iron. Primer extenson andyss
of the fbp promoter region indicated a single transcriptiona start Site located 51 bp
upstream of the ATG trandationd gart Site. There appeared to be a greater amout
of fbp transcript inRNA fromcdls growninCDM under conditions of ironlimitation
compared to iron excess.

Conclusions: Results obtained from our in vivo Fop mRNA studies showed that
the production of the Fbp transcript paraleled the expression of Fbp, indicating that
the transcription and trandation of the gonoccoca Fop were closdly linked. Primer
extenson andysis indicated that there was a single transcriptiona start Site located
between one of the potential Fur binding sites and the Shine-Dagarno. Inaddition,
our dudiesin E. coli confirmed that the Fbp promoter was regulated by iron; this
regulation mogt likdy was in response to the regulatory protein, Fur. We are
currently examining the regulationof the Fbp promoter-CAT congtruct infur srains
of E. coli to study the expression of the Fop promoter asit relates to Fur.
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Use of operon fusionsto study the effect of gonococcal Fur on iron-
regulated gonococcal genes

S. Subbarao and S.A. Morse

Divisgonof Sexudly Transmitted DiseasesLaboratory Research. Nationa Center for
Infectious Diseases, Centersfor Disease Control and Prevention, 1600 Cliftonroad,
Atlanta GA 30333, USA.

Background and obj ectives. Neisseria gonorrhoeae synthesizes a unique set of
proteins when confronted with an iron redtricted environment. Some, like the
periplasmic iron binding protein Fop, which is synthesized by dl strains of N.
gonorrhoeae, arethought to play an essentia rolein iron acquisition and utilization
(4,5). The transcription of iron-regulated genes in Salmonella typhimurium and
Escherichia coli is regulated by Fur (1), and homologues of fur have been shown
to exig in gendticdly diverse microorganisms including N. gonorrhoeae (2) and
N. meningitidis (8). The promoter regions of gonococca fur and fbp contain
sequenceswitha high degree of amilarity to the consensus Fur binding sequence (3)
suggedting that Fur may be involved in the regulation of these genes. Attempts to
obtain afur mutant of N. gonorrhoeae to study the regulation of the fur and fbp
geneshave been unsuccesstul. Therefore, gonococcal promoter fusonswerestudied
ina Fur - drain of E.coali, in the presence of ahigh copy number plasmid on which
gonococcal fur was under the control of the lac promoter, inorder to quantitatively
determine the effect of gonococca Fur on the fbp and fur promoters under both
iron-deficient and iron-sufficient conditions.

Experimental design: The 235 bp region of DNA containing the fbp promoter
was cloned upstream of a promoterless chloramphenicol acetyl transferase (cat)
gene; a promoterless lacZ gene was cloned in the opposite orientation to the fbp
promoter. This double fusion was transferred onto a derivative of phage lambda by
homol ogous recombination (7) and subsequently, alysogen containing asingle copy
of the fusonwas selected in E.coli strainW3110fur - ) lac. Using asimilar strategy,
the gonococca fur promoter region was cloned into plasmid pRS551 upstream of
the promoterlesslacZ gene (7) and asngle copy of the fusonwas obtained in E.coli
strain W3110fur ) lac. Expression of the reporter geneswas examined under iron-
auffident (50 -M feric chloride) and iron-deficient (200 - M 2,2'-dipyridyl)
conditions in the presence and absence of gonococca Fur, which was expressed
from a high copy number plasmid under lac promoter control. Genome waking by
sngle-specific-primer polymerase chan reaction (SSP-PCR) (6) of gonococcal
DNA was used to clone and sequence the region upstream of fbp.
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Results: The fur'-lacZ fudon exhibited a relatively high basd levd of (¥
gd actosidaseexpress onether inthe presence or absence of gonococca Fur. Under
iron-sufficient conditions, the level of 3-galactosidase was repressed by 50% inthe
presence of gonococca Fur; however under iron-deficient conditions, enzyme
activity increased only by 5%. When Fur was maximdly induced using IPTG, a
higher level of [3-gal actos dase activity was observed under iron-deficient conditions
(50%) than was observed under iron-sufficient conditions.

Andyss of the lacZ'-'fbp'-'cat fusion construct in the presence of gonococca Fur
indicated a ggnificat (50-60%) increase in CAT activity under iron-deficient
conditions compared to that observed under iron-sufficient conditions. In addition,
there was dso aggnificant increase in 3-gal actosidase activity observed under iron-
restricted conditions. These resultstogether withthe presence of potentia Fur binding
sequences in both orientations suggested that there was aso a Fur-regulated
promoter in the opposite orientation to fbp.

Using the technique of SSP-PCR with an fbp specific primer, a clone containing the
region upstream of fbp was obtained and sequenced. The results indicated the
presence of a 537 bp open reading frame (ORF).

Conclusons: We were interested in ascertaining whether the gonococca fur gene,
like other repressor-encoding genes, was sdlf-regulated and whether Fur was
involved in the regulation of the mgor gonococca iron-regulated gene, fbp. The
observation that both the fur and fbp promoters contained Fur binding sequences
suggested that both of these genes were regulated by the product of the fur gene.
However, the gonococca fur gene was only moderately auto-regulated by its
product, Fur, and even under ironrsufficient conditions the expression of the fur
promoter was never completely repressed. It is possible that other regulatory factors
may have a role in the regulation of fur. A putative CAP binding site has been
identified in the gonococca fur promoter region (2). The role of the catabolite-
activator-protein (CAP) in the regulaion of fur remans unknown; however,
experiments are underway to study the effect of a mutagenized CAP site on fur
expression. The fbp promoter and the ORF promoter were shown to be negatively
regulated by gonococcal Fur under conditions of ironlimitation. The role of thisiron-
regulated ORF is currently under investigation.
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I solation of a Neisseria gonorrhoeae fur mutant and itsanalysis by 2-D
protein gel electrophoress

C.E. Thomas' and P.F. Sparling!-?

!Department of Microbiology and Immunology and the Department of Medicine,
Univergty of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599 USA.

Recently fur homologues have been identified and characterized in both Neisseria
gonorrhoeae (GC) (1) and Neisseria meningitidis (Nm) (3). Fur isresponsible for
transcriptional repression in the presence of iron in many Gram-negative bacteria.
Since the pathogenic Neisseriae produce a number of iron-regulated gene products
that are thought to be important in virulence we have sought to more completely
define the Fur regulon in these species. One of the standard methods of defining a
regulon is by andysis of a mutation in the regulon's central regulatory factor.
Unfortunatdy, null mutations of fur in GC or Nmare gpparently non-vigble (1,3). To
arcumvent this problem, we have used manganese (Mn) selection on chemicaly
defined media (CDM) to isolate a missense mutations of fur in GC (2).

Mn-resstant strains were isolated on Mn-CDM-transferrin plates and screened for
loss of the ability to properly repress a transcriptional fuson of an iron-regulated
neisserid promoter (5' fbop) withan enzymatic reporter gene (phoA). Mutations were
shown to be geneticdly linked to fur by co-transformation with a selectable marker
insertiondownstreamof fur. The linked mutation with the most profound defect was
PCR amplified, cloned and sequenced. The defect was found to be the result of a
angle base change converting tyrosine 82 to a cysteine and reduced regulation of the
reporter fuson from 7- to 10-fold down to approximately 2-fold. This mutationwas
andyzed dong with the parent by 2-D protein gel eectrophoresis. Bacterid cultures
grown in presence or absence of inorganic iron were intrinsicaly labelled with a4C
amino acid mixture in CDM. Whole cdll lysates were subjected isodectric focusng
(IEF) (1st dimendon) and sodium dodecyl sulphate polyacrylamide gé
electrophoresis (SDS PAGE) (2nd dimension). Preiminary andyssindicatesthat the
majority of Fe-repressible proteins (frps) were expressed semi-conditutively in this
fur mutant, however, Fe-inducible proteins (fips) seem to be unaffected by this
mutation in fur. A detailed andyds of the protein expression patterns of this fur
mutant and its parent will be presented.
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Analysis of the complexity of iron regulation by Neisseria gonorrhoeae
R.C. Nzeribe and C.A. Genco
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I ntr oduction: Inmost gram-negative bacteria, irontransport istypicaly characterized
by a specific transport system that involves outer membrane protein receptors,
periplasmic binding proteins and cytoplasmic membrane proteins. The precise
mechanisms by which Neisseria gonorrhoeae transports iron are not wel defined;
however, previous studies indicate that the ferric binding protein (Fop), plays an
important role (1). Flop appears to function within the periplasmof N. gonorrhoeae
to trangport iron from the outer membrane to the cytoplasmic membrane. Asironis
shuttled through the cdl, it is highly probable that Fop associates with the protein
components in the outer and inner membranes. Although a number of other iron-
regulated proteins have beendescribedinN. gonorrhoeae, their potentid interactions
with Fbp have not been defined. We describe here, studies designed to identify
additiond proteinsinvolved in iron trangport and to further examine the regulation of
expresson of N. gonorrhoeae proteins by iron.

Experimental Design: N. gonorrhoeae F62 was grown under iron replete (GCB)
or deplete (GCB with 25:- M desferd) conditions and cdlls fractionated into outer
membrane, cytoplasmic membrane, and periplasmic fractionsasprevioudy described
(2). To examine the association of Fop with specific protein components, we
performed amilar studies using the crosslinking agent formadehyde prior to
fractionation of cdls (3). All samples were andyzed by two-dimensiona ge
electrophoresis, and data assessed by computer aided analysis.

Results: Whengrown under ironreplete conditions, atotal of 505 protein spotswere
identified in the outer membrane, periplasm and cytoplasmic membrane fractions as
compared to 432 spots under iron deplete conditions. 54% of protein spots were
present in the periplasmic fraction, 24% in the outer membrane and 22% in the
cytoplasmic membrane under iron replete conditions. Under irondepl ete conditions,
84% of the proteins were found in the periplasmic fraction, 11% in the outer
membrane and 5% in the cytoplasmic membrane fraction. Fop was found primarily
asociated in the periplasmic fraction as determined by molecular weight, isodectric
pH, and reactivity with Fbp specific antibody. We aso identified protein spots
corresponding to the conserved gonococcal proteins pl, and plll in outer membrane
fractions from both iron replete and deplete samples.

When the crosdinking agent was added to cultures grown under iron deplete
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conditions, 56% of the total proteins wereassoci ated withthe cytoplasmic membrane,
23% were associated with the outer membrane, and 22% were associated with the
periplasmic fraction. Under ironreplete conditions, 1%, 5%, and 94% of the proteins
were associated with the cytoplasmic, outer membrane and periplasmic fractions
respectively. Taken together, these results indicate that crosdinking results in the
association of proteins in the periplasm with proteins in the cytoplasmic and outer
membranes. Under these conditions, Fbp was found associated primarily with the
cytoplasmic membrane supporting its role as a periplasmic binding protein that
interacts with potentia trangport proteins present in the cytoplasmic membrane.

Conclusion: A crucid aspect of the ducidationof the processinvolved in the active
transport of ironacross the cytoplasmic membraneisthe determination of the protein-
protein interactions that take place and the mode of interaction between the
membrane components and the periplasmic binding proteins. The results presented
here indicate that Fop interacts with cytoplasmic membrane proteins, consstent with
itsrole as a bacteria periplasmic trangport protein. In addition, our studies indicate
that in N. gonorrhoeae, regulation of protein expression by iron is much more
complex than previoudy thought, and may be similar to that described in other
pathogenic bacteria such as Vibrio cholerae and Salmonella typhimurium (4).
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Characterization of haemin transport in Neisseria gonorrhoeae
P.J. Desai, M. |. Torres, R.C. Nzeribe and C.A. Genco
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Introduction: Neisseria gonorrhoeae is capable of utilizing awide variety of iron
sources, induding trandferrin, lactoferrin, and haemin containing compounds (1,2).
Acquigtion of iron from these host-iron binding proteins by the gonococcus involves
a family of distinct iron-regulated outer membrane receptors (1). Previous studies
have established that the ferric binding protein (Fbp), functions as a periplasmic
binding protein, shuttlingironformtransferrin through the periplasm (3). Inthis sudy,
we have characterized the transport of haemin by N. gonorrhoeae and determined
the role of Fop in haemintransport. Inaddition, we have identified and characterized
severa N. gonorrhoeae Tn1545) 3insertiond mutantsthat aredefective inthe ability
to utilize haemin for growth.

Experimental Design: N. gonorrhoeae F62 was grown in a chemicdly defined
media (CDM) containing the iron chelator desferal; haemin transport initiated by the
additionof **C-haemin (0.5: M, specific activity 112Ci/mol€), *°*Fe-haemin or *Fe-
haemin (16 - M, spedific activity 1.5 Ci/mole). To confirm the active transport of
heemin, KCN, an inhibitor of energy transduction, was used. For Fbp extraction
studies, cdls were grown with *Fe-haemin and the Fbp extracted as previoudy
described (4). Tn1545) 3 was introduced by conjugation into N. gonorrhoeae F62
(5), and transconjugants screened for the ability to utilize haemin for growth by plating
on CDM with haemin as a sole source of iron.

Results: Our resultsindicated that the Fe from haemin was trangported into the cdl
in an energy dependent fashion; cultures sampled at 1 hr transported 7323 pmole
heemin/mg protein. The uptake of Fe was proportiona to both the amount of >Fe-
heemin added aswdl asthe simulaionof growth. Inaddition, we did not observe the
uptake of >*Fe-haemin if inorganic ironor if cold haemin were present. We found that
the mgjority of the >*Fe-haemin was associated with the gonococca Fbp indicating
that iron bound haemin associates with Fbp during the course of haemin uptake.
Although “C-haeminwas found to simulatethe growth of N. gonorrhoeaeinCDM,
we were unable to detect the transport of *“C-haemin into the cdll.

We have dso isolated two haemin uptake mutants of N. gonorrhoeae F62 by
Tn1545) 3 mutagenesis (GCMT-6 and GCMT-10). We have demonstrated that
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0.1- 0.2 - M haemin is sufficient to support the growth of the parent strain F62;
however GCMT-6 and GCMT-10 are not capable of growth even with 4.0 - M
haemin. Although GCMT-6and GCMT-10 can utilize ferric citrate for growth, they
do not utilize haemoglobin or norma human serum as sole ironsourcesfor growthin
vitro. Theseresultsindicate that the utilization of haemin and haemoglobin may occur
by smilar mechanisms in the gonococcus.

Conclusons: Theresultspresented hereindicatethat N. gonorrhoeae can remove
Fe fromhaemin prior tointerndizationand utilization, but does not appear to transport
the porphyrin ring. In addition to itsrole in the transport of Fe from transferrin, Fop
a0 gppears to function in the transport of Fe fromhaemin. Initid characterization of
N. gonorrhoeae mutants supports the existence of smilar pathwaysfor theacquisition
of ironformhaeminand haemogl obin. Competitionassays should dlow usto delineate
the specific haemin / haemoglobin acquisition pathway in the gonococcus.
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I dentification of an iron-regulated outer membrane protein of
Neisseria meningitidisinvolved in the utilization of haemoglobin
complexed to haptoglobin

L.A. Lewis and D.W. Dyer

Department of Microbiology and Immunology, BM SB#1023, 940 StantonL. Young
Blvd., Oklahoma University Hedth Sciences Center, Oklahoma City, OK 73104.

Haemoglobincomplexedto the plasma protein haptoglobin can be used by Neisseria
meningitidis as a source of iron to support growth in vitro. A N. meningitidis
mutant, DNM2E4, was generated by insertion of the mTn3erm trangposon into the
gene coding for an 85 kilodaton (kDa) iron regulated outer membrane protein.
Membrane proteins prepared from DNM2E4 were identicd to the wild-type strain
except that the 85 kDa protein was not produced. This mutant was unable to use
haemogl obin-haptoglobin complexes as an iron source to support growth and was
aso impaired in the utilization of free haemoglobin. The mutant failed to bind both
haemogl obin-haptoglobin complexes and apo-haptoglobin ona solid-phase dot blot
assay. We hypothesize that the 85 kDa iron regulated protein is the haemoglobin-
haptoglobin receptor and tentaively desgnate this protein Hpu (haptoglobin
utilization).
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L actoferrin and haemoglobin iron-utilization does not influence the
transmission of Neisseria gonorrhoeae

H.C. Wiesenfeld, H.D. Bittner, R.L. Sweet and T.A. Migtizner

Department of Obstetrics, Gynecology, and Reproductive Sciences, and Department
of Molecular Geneticsand Biochemigtry, University of Fittsburgh School of Medicine,
Pittsburgh, Pennsylvania 15261.

The frequency of male to femae tranamission of gonorrhoea is estimated to be 50-
80%. The factors affecting the transmissonrate have not beenwell-characterized but
are likely to include properties of both the host and the infecting organism. Iron
acquistion is an important factor in the pathogenesis of infection by Neisseria
gonorrhoeae. While dl gonococci utlize iron from trandferrin, lactoferrin (Lf) and
Haemoglobin (Hb) iron-utilization is variable. One study reported that 53% of srains
from alaboratory collection utilized iron from Lf (1). Smilarly, 62% of these srains
used Hb as an iron source (2). Infecting gonococci encounter different levels of iron
sources(e.g. Lf or Hb) a various times during the mengtrua cycle. Lf concentration
invagind secretionishighin the proliferative (early) phase of the menstrud cycle, and
is low during the secretory (late) phase (3). Smilarly, Hb concentrations in these
secretions are suspected to be low prior to menses, and high during and following the
onset of the mendrud period. Therefore, the ability to utilize these dterndive iron
sources may confer a selective advantage for transmission of N. gonorrhoeae at
varioustimesin the mengtrud cycle.

We are examining these issues by determining the iron-utilization phenotypes of N.
gonorrhoeae fromawell-characterized STD populationin Fittsburgh, Pennsylvania
Iron-utilization phenotype, serovar/auxotype and clinical history were determined in
anattempt to correl ate these characteristicswithgivenclones of N. gonorrhoeae. We
are investigating whether the ability to utilize iron from Lf or Hb affects the mde-to-
femdetransmisson of N. gonorrhoeae at different stages of the mengtrua cycle.

Currently, the prevaent serovar within the Pittsburgh population is IB-3 (66.6%).
Iron-utilization phenotype could not be corrdated with a given serovar. The
prevaence of human Lf utilization (Lf*) inour population was 29.5% and 70.5% of
theseisolaes utilized iron from Hb (Hb™). Only one IB-3 isolate could useironfrom
Lf, suggedting thet Lf utilization may not be important for the maintenance of aclone
within apopulation. Iron-utilization phenotypes of the paired transmitted strains were
identicd, indicating that this phenotype appears to be stably maintained by an
infectious clone.
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Trangmission of infection to the femde sexud partner did not correlate with the Lf
utilization phenotype; 66.7% Lf* isolatesand 68.4% of Lf " isolateswere transmitted.
Transmission occurred in 58.8% of Hb" isolates and 87.5% of Hb ~ isolates. In the
proliferative phase of the mengtrua cycle, whenhighlevels of Lf are present invagind
secretions, therewasno differenceintransmissonrates of Lf utilizing and non-utilizing
phenotypes. Smilarly, no difference in tranamissonrates was found in the secretory
phase, whenlow levels of Lf are present. Utilization of ironfromHb did not affect the
transmission rates of N. gonorrhoeae in either phase of the menstrud cycle.

Our study documents the variability of iron utilization from Lf and Hb among strains
of N. gonorrhoeae in an active dinicad populaion. We have shown that there are
differencesiniron-utilization phenotypeswithin each serovar/auxotype, afinding that
may prove to be useful in further characterizing and dlassfying N. gonorrhoeae
isolates. In addition, the phenotype of each transmitted strain was conserved within
each mde and femde sexud partner, indicating that thisiron-utilization phenotype is
gably maintained in the host. While the &hility to utilize iron from Lf or Hb do not
appear to be important factorsinthemae-to-femaetransmissonof N. gonorrhoeae,
it may be rdevant to other aspects of gonococca pathobiology. For indance, it is
postulated that gonococci ascend to the upper genitd tract during menses as the
initiating step in pelvic inflammatory disease. Growth of Hb*™ phenotypes may be
enhanced in this haemoglobin-enriched environment. We are currently investigating
iron-acquisition phenotypes fromstrains derived fromupper genita tract infectionsto
address this possibility.
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I dentification and characterization of a genein Neisseria meningitidisand
Neisseria gonorrhoeae that enables an Escherichia coli TonB mutant to
grow with ferrichrome A asthe soleiron source

SA. Baishand SA. Morse

Divisonof Sexudly Transmitted Diseases L aboratory Research, Nationa Center for
Infectious Diseases, Centers for Disease Control and Prevention, Atlanta, Georgia
30333.

Introduction: Neisseria meningitidis and N. gonorrhoeae are cepable of
gyntheszing a unique set of proteins when confronted with an iron-limited
environment. Several of these iron-regulated proteins have been characterized and
one, the transferrin receptor (TBP1), has been shown to have aTonB box (2). The
TonB protein couples cytoplasmic membrane dectrochemical potentid to active
transport of iron-siderophore complexes and other substrates via high-affinity outer-
membrane receptorsin Gram-negative bacteria. It was postulated that the presence
of aTonB box onanouter membrane receptor may indicate that a TonB homologue
is present in the pathogenic Neisseria species.

Experimental Design: Dipeptide repests of the TonB protein were amplified by
PCR from the fallowing organisms. Escherichia coli (7), Salmonella typhimurium
(6), and Serratia marcescens (4). The PCR products were nick trandated and
hybridized to Southern blots of DNA from N. meningitidis (strain 80084313,
serogroup A) digested with various restriction endonucleases. All three labelled
products hybridizedto a 1.6 Kb Sau3A fragment. Purified N. meningitidis DNA
was digested with Sau3A and size fractionated to obtain fragments between 1.5 Kb
and 1.7 Kb. The gze fractionated DNA was ligated into pACYC177, pgB2 and
pUC18 and transformed into E. coli DH5". DNA from the transformants was
pooled and transformed into E. coli sran ABOO1 (TonB™ ). Trandformants were
screened for growthon NBD plates (2) that contained 3 - mferrichrome A asthe sole
source of iron. A single poditive transformant was obtained with the pUC18 vector
(clone SBL 149). Additiona sequence dataupstream of SBL 149 was obtained by
using SSP-PCR (8). All sequencing was done directly on PCR products using the
373 Automated DNA sequencing system (Applied Biosystems).

Results: Clone SBL 149 was sequenced directly as a PCR product in both
directions and found to be 1702 bp in length. Sequence analysis and searches were
done by usng Genetics Computer Group Software (1992, verson 7.2, Madison,
Wiscongn). A FASTA searchreved ed that there were sequences highly homologous
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to ATP-binding proteins at the left end of the clone. At the left Sau3A junction of
clone SBL 149 there was a 243 amino acid open reading frame designated nucB
which exhibited homology to the E. coli ATP-binding proteins HisP (62% identity)
MaK (60% identity), PstB (59% identity), and CysA (63% identity). The DNA
sequence predicted a hydrophilic protein of 27.1 Kd. A strong inverted repeat was
located 2bp downstream from the stop codon and the promoter was devoid of a Fur
box or conventiona -10 or -35 sequences. The same gene was found to be present
inN. gonorrhoeae (strain F62) with minor changes in the wobble postion.

To invedtigate the possbility that nucB was part of an operon, sequences 5' to nucB
were determined in both N. meningitidis and N. gonorrhoeae. A 220 amino acid
open reading frame was found to be present upstream of nucB in both pathogenic
Neisseria species (desgnated RMT). A FASTA andysis showed homology to the
following RNA methyltransferases: ksgA from E. coli (60.5% identity), ermD from
Bacillus licheniformis, eemC from Staphylococcus aureus and the methylase
sructurd gene on plasmid pAM 77 from Streptococcus sanguis.

Conclusions: Bacterid periplasmic trangport sysems are involved in the uptake of
a variety of substrates and are characterized by a common globa organization.
Typicdly they consgst of a periplasmic protein which binds the subgtrate with a high
dfinity and ddivers it to a complex of membrane associated proteins. Usudly two
very hydrophobic integral membrane proteins and one hydrophilic peripherd protein
areinvolved. These peripherd membrane proteins contain sequences homologous to
the ATP-binding motifs found in ATPases.

Here we report the nucl eotidesequenceof nucB and homology of the deduced amino
acid sequence with afamily of the transport-related ATP-binding proteins. The fact
that nucB enablesa TonB" strain of E. coli to grow with Fe** ferrichrome asthe sole
source of iron suggests that this gene may be involved in the uptake of iron by the
pathogenic Neisseria species. The RNA methyltransferase is also of interest as
severd investigators observed that unique methylated tRNAs were syntheszed by E.
coli (5) and N. meningitidis (1) under iron-redtricted conditions. Ongoing
experiments will attempt to characterize nucB and the potential RNA methylase
further and define their role in the uptake of iron by the pathogenic Nei sseria species.
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Environmentally-regulated, periplasmically-located [Cu, Zn]-superoxide
dismutasefrom N. meningitidis. Another virulence factor?

K.EWilks, P.R. Langford and J.S. Kroll

Molecular Infectious DiseasesGroup, Department of Paediatrics, St Mary'sHospital
Medica School, Imperid College, London UK.

Nearly al bacteria superoxide dismutases (SODs) are Fe- or Mn-containing
cytosolic enzymes, necessary for the remova of toxic oxygenfree radicals produced
during secondary metabolism. We have recently discovered afamily of unusud, Cu,
Zn-containing, bacterid SODs in respiratory tract colonists and have now found the
enzyme in the mgor human pathogen, Neisseria meningitidis.

In non-denaturing SOD gels, whole cell extracts of plate-grown N. meningitidis
exhibit bands of SOD ectivity, identifiedby their sengtivity to H,O, asisoforms of Fe-
SOD. No other SOD can be detected. However, following our discovery of inactive
[Cu, Zn]-SOD in Haemophilus influenzae type b (1), we used degenerate PCR
primers designed to amplify genes for [Cu, Zn]-SOD (sodC) to examine the
meningococcus. We isolated a partial sodC from a Group B dran of N.
meningitidis, which we have now cloned in its entirety. Southern blotting indicates
that the gene is also present in Group A and Group C meningococd. The doned
Group B meningococca sodC encodes active SOD when expressed in shaking
culturesof E. cali. A fusonof the 5-end of sodC to agene encoding a promoterless,
|eader-pepti dedeficient, $-lactamase gene was constructed and expressedinE. coli.
The resultant strain produced functiond $-lactamase, indicatingthat the fusonprotein
was exported to the periplasm, and thus providing strong though indirect evidencethat
meningococcd [Cu, Zn]-SOD is periplasmic.

While [Cu, Zn]-SOD activity could not be detected in extracts of plate-grown N.
meningitidis, abundant active enzyme was made in shaking liquid culture. This
srongly suggests that sodC is environmentally regulated, with aerobiosis a strong
candidate for the environmenta stimulus for gene expression. We speculate that an
environmentally-regulated periplasmic SOD, made by an organism exposed
intermittently to high levels of oxidaive stress (for example, on encountering
phagocytic cdls in the course of invasve infection), may play a part in enhancing
bacterid surviva and so act as a determinant of meningococcd virulence,
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Environmental control of gonococcal salyltransfer ase activity, LOS
biosynthess, salylation and senditivity to serum killing

R. Rest, D. Bell, J. Ferguson, J. Liu, D. McGee and R. Tdukdar

Microbiology & Immunology HahnemannUniversity, Philadelphia, PA, 19102-1192,
USA.

When grown in the presence of cytidine 5 monophospho-N-acetylneuraminic acid
(CMP-NANA, or CMP-gdic acid), gonococci (gc) covaently coat themsdveswith
sdic acid. Inso doing, they become gradudly moreresigtant to killing by norma and
immune human serum. Gonococc possess amembrane-associated enzyme activity,
sayltrandferase (sase), that trandfers sdic acid from CMP-NANA to the termina
galactose of gonococcdl lipooligosaccharide (LOS). We have previoudy observed
that: 1) gc grown anaerobicaly express about 4 times more stase activity than do
those grown aerobicdly; 2) that anaerobic gc have dtered (more easlly ddylated)
LOS, and; 3) that, regardless of the presence of CMP-NANA, anagrobic gc areless
sengtive to killing by norma human serum than are aerobic gc. In the presence of
limiting concentrationsof CMP-NANA,, anaerobic gc are subgtantialy moreresstant
to serum killing than are agrobic gc. We have expanded on these observations by
investigating how additiond environmenta gimui, i.e., those expected to be found in
Vivo during infection and disease, affect gonococcd sdyltransferase activity, LOS
phenotype, DNA supercoiling and serum sengtivity.

Our initid investigations indicated that negative supercoiling of the gonococcal 24 kb
cryptic plasmid increased under trict anaerobic conditions. Since stase activity also
increased under these conditions, we set out to determine whether DNA supercoiling
and stase activity co-varied under other conditions. We first compared gc grown on
plates and in broth to log phase. Broth-grown gc expressed about twice as much
sase activity, and had more negatively supercoiled plasmid DNA than did gc grown
on plates. Thus, DNA supercoiling and stase activity again changed in paraldl.

In another series of experiments, gonococcd stase activity decreased incrementally
with decreasing growth medium osmolarity, from 0.17 to 0.025 M NaCl; stase
activity did not increase withincreesing osmolarity (> 0.17 M). Interestingly, whereas
stase activity was dramdicdly affected by changes in osmolarity of the growth
medium, no sgnificant effect on plasmid supercoiling was observed. Thus, these
experiments indicated that there was no correlation between plasmid DNA
supercailing and increased stase activity. FHndly in this regard, whereas we have
observed that anaerobic conditions dter L OS biosynthes's, no obvious differencesin
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L OS phenotype were observed under the various osmotic conditions. Thus, stase
activity and LOS biosynthesis appear to be controlled by overlapping, but separate
regulatory systems. In dl cases, as stase activity decreased, the ability of gc to utilize
CMP-NANA, and to gan serum resstance adso decreased. We are presently
investigating the role of other osmolitesand beginningto measure chromosoma DNA

supercailing.

Smilar to those affects we saw with NaCl, as iron concentration in the growth
medium decreased from the "normd™ concentration of 50 - M, gonococca stase
activity decreased; inthe absence of added iron, withadded desferrioxamine (aniron
chelator), stase activity was gpproximatdy 5-fold lower than with 50 - M iron. We
are presently invedigating the effects of physologic iron sources (lactoferrin and
trangferrin), and growth medium pH onregulationof stase ctivity, LOS biosynthesis
and serum resistance.

At this early stage in the investigations, it is certainly not clear how, or even if, our
observations bear on gonococca virulence. They do, however, indicate anincredibly
intricate environmenta control of suspected gonococcal virulencefactors, specificadly
stase activity and itsconsequent activities. Futureresearchshould be very exciting and
rich with discoveries.
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Novel gene organization for carA and carB in Neisseria gonorrhoeae
F.S. Lawson* and JR. Dillon*?
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Carbamoylphosphate synthetase (CPS) catalyses the formation of
carbamoylphosphate from CO,, ATP, and ammonia; the firs committed step in the
aginine and pyrimidine biosynthetic pathways. Initid interest in the CPS enzyme of
Neisseria gonorrhoeae semmed from the natura occurrence of CPS deficiencies
in 10-20% of clinica isolates (5, Dillon et al., unpublished data). This property,
causing aconcurrent dtrulline and uracil auxotrophy, is employed in atyping scheme
(2). Prokaryotic CPSis a heterodimer, conssting of two subunitsencoded by genes
commonly calledcar Aand car B. InEscherichia coli, Salmonella typhimuriumand
Pseudomonas stutzeri these genesare separated by 17, 18 and 24 bp respectively,
and are co-transcribed (4,6,7). Recently, it was reported that Pseudomonas
aeruginosa carA and carB are separated by 682 bp, though they are ill co-
transcribed (6). We now report the compl ete sequence of the car A and car B genes
of N. gonorrhoeae CH811.

CarA (1125 bp) and carB (3237 bp) are comparable sizes with other prokaryotic
CPSgenes, and deduced protein sequences fromthese genesindi catethe gonococcal
CPS is dmilar in function to other CPS's. However, these carA and carB genesin
drain CH811 are separated by 3287 bp and putative transcription terminators are
found downstream of both genes, suggesting they may be separately transcribed.
Prokaryotic CPS gene organization, therefore, seems more variable than previoudy
assumed. The sequence between the gonococcal CPS genes has adso been
investigated inother strains of N. gonorrhoeae, through use of the polymerase chain
reaction. We report that the intervening sequence varies in 9ze from approximeately
2.2 to 3.7 kb. This variation occurs both between gonococca isolates of different
auxotype/serotype/plasmid class, and evenwithinsome classes, aproperty whichmay
be useful in a molecular-based typing scheme. Though this intervening sequenceis
variable, PCR amplification of the car A and car B genes from different isolates with
functiond CPS shows the genes themsdves do not vary in Sze. Previoudy
characterized repeats commonly found around gonococca pil genes (3) are found
upstreamof car A aswdl asa 152 bp repest first reported by Correia et al. (2). Two
nove 120 and 150 bp repeats, whichwe have named RS6 and RS7, arefound inthe
intervening sequence between carA and carB. These RS6 and RS7 sequences
contain GC rich inverted repeats, and are flanked by gonococcal uptake sequences.
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These repests are likdy facilitators of the variation in sequence seen in this region.
Thismay in part explain why deficiencies in CPS are frequently found in Neisseria
gonorrhoeae.
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Cloning and sequencing of the meningococcal polyphosphate kinase gene:
Production of mutantsin polyphosphate synthesis
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1230 York Avenue, New York, USA.

Polyphosphate is a long-chain polymer of phosphate residues. It is synthesized, in
bacteria, from ATP by the enzyme polyphosphate kinase (PPK). It has been
suggested that polyphosphate in microorganisms might serve as an energy or as a
phosphate store, as a subgtitute for ATP in some reactions, as a buffer for the
maintenance of congtant intracellular phosphate concentration or as a component of
a hydrophilic membrane poreinvolved in DNA uptake. The purification and partid
amino acid sequence andlysis of PPK from N. meningitidis strain BNCV has been
described previoudy (6). This report describes the cloning of the ppk gene and the
productionof mutantslacking polyphosphatekinasein order to investigate thefunction
of polyphosphate in the pathogenic Neisseria.

Oligonucleotide probes, based on the partiad amino acid sequence of the purified
PPK, were used to screen a library of meningococcal DNA in 8gtll (3). The
sequence of the 5' portion of the ppk gene was determined from one 8gt11 clone,
subcloned into the vector pBluescript. Its 3' end was sequenced from a restriction
fragment of the chromosoma DNA cloned into an M 13mp vector. The ppk genewas
an open reading frame of length 2047 bp, coding for a protein of predicted size 77
kDa, and followed by a terminator structure congting of an inverted repest of the
neisserial uptake sequence (1,2).

Southern blotting of chromosoma DNA fromtwo meningococcd, three gonococcal
and one N. flava strain demonstrated a reactive 6.6 kbp EcoRI fragment in the
gonococci and meningococci and a4 kbp band inthe commensa species, suggesting
that the ppk gene is very dmilar in the pathogenic Neisseria species. No reactive
fragment was seen in two drains of E. coli and one of H. influenzae which were
tested.

The ppk open reading frame in the Bluescript vector was interrupted at a unique Sfu
| ste with a selectable kanamycin resistance marker, and was used to transform
gonococcus strains F62 and M S11 and meningococcus strain M 1080 to kanamycin
resistance. The success of the transformations was further evidence for the amilarity
of the genes.
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The mutantslacked PPK activity and did not produce polyphosphate. The growth of
the ppk mutantsis somewhat dower thanthat of the parenta strains, and surviva after
the cessation of growth in liquid media is diminished, especidly in the case of the
gonococcus. Suggested functions of polyphosphate include scavenging of metd ions
(4) and uptake of trandforming DNA (5). The &hility to grow in conditions of low
phosphate or of iron deprivation was not affected, nor was the efficiency of
transformation by neisserid DNA affected.
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Nove lipoprotein found in meningococci
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The ppk gene, coding for the enzyme polyphosphate kinase (Tindey and Gotschlich,
unpublished) is preceded by an open reading frame coding for a protein of predicted
9ze 19 kDa, withatypicd lipoprotein sgnd sequence of 21 amino acids. The protein
has sgnificant homology to the N-termina portion of an outer membrane protein from
Haemophilus somnus (2). This region of the chromosomes of severd strainsof N.
meningitidisand N. gonorrhoeae wasfound to be very smilar by Southernblotting.

Using PCR technology the meningococca gene from strain BNCV was cloned into
apGEX expressonvector, producingaGST-hybrid protein (Pharmacia). The protein
was purified by glutathione-affinity chromatography, was enzymatically cleaved to
liberate the nelsserid protein and was used to prepare rabbit antisera. The rabbit
antiseradid not have sgnificant bactericidal activity. Westernblots demonstrated that
the protein was present in the membrane fraction of meningococci, but not in
gonococci. Thiswas surprising in view of the gpparent Smilarity of this region of the
chromosome between the species.

Inorder to try to explain this discrepancy, sequencing of the gene fromsevera srains
of Neisseria was performed, directly on DNA fragments produced by PCR from
chromosoma DNA (1). Thedrains used, meningococcus strans BNCV and M1080
and gonococcus srains MS11, UU1, R10and F62 wereisolatesfromdifferent times
and placesinthe USA. The meningococca sequenceswereidentica. Thegonococca
sequences were Smilar to those of the meningococci. However, the insertion of one
base par a podgtion 73 of the gene results in a frameshift reative to the
meningococcd reading frame, and the open reading frames of al the gonococcal
sequences terminate a the same point gpproximately 100 bp later.

Thefunctionof the neisserid proteinis asyet opento speculaion. The amino-termind
domain of the antigen from Haemophilus somnus has been implicated in the
haemolytic activity of this protein, but the authors notethe possibility thet the observed
property of the antigenmay be artifactud. The possihility thet the neisserid proteinis
in some way linked to polyphosphate metabolism or transport is presently being
addressed. The disparity of the Sngle base pair insartioninthe gene, and consequent
absence of the protein from N. gonorrhoeae, in the face of the conservation of the
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remainder of the coding sequence deserves further investigation.
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Phosphoglucose isomerase (PGI) is a dimeric enzyme that catdyzes the reversble
isomerization of glucose-6-phosphate and fructose-6-phosphate in glycolysis (2). In
the course of studies on gonococca pilus assembly genes, immediately upstream of
pilG (5) we located another gene. DNA sequence andyss showed that this gene
congsted of an open reading frame of 1647 bp that was read inthe opposite direction
of pilG. The deduced amino acid sequence of the gonococca gene wasfound to be
highly homologous to the gene for PGI (pgi) in E. coli. In vitro transcription-
trandation of the pgi-containing plasmid DNA predicted the PGI homologue in N.
gonorrhoeae to be a protein of approximately 61 kD.

Trangposon mutagenesis of the plasmid containing the Neisseria gonorrhoeae pgi
was performed (3), and the linearized plasmid was transformed into wildtype
gonococca and meningococcd strains. The mutants displayed no growth defect on
standard gonococcal medium. InEscherichia coli there isasngle pgi gene and PGl
appearsto be dispensable because strains lacking it are dso ale to grow onglucose
minima media, apparently utilizing glucose primarily by the pentose phosphate shunt
a,7).

PGl enzyme activity of E. coli with and without pgi-containing plasmids and of
gonococcal and meningococca wild-typeand pgi-mutant transformantswereassayed
by starch gel eectrophoresis and isoenzyme andysis (6). WildtypeE. coli displayed
one band, while E. coli withthe pgi-containing plasmid revealed an additiona strong
band. Gonococcal and meningococca wildtype strains expressed two bands, but the
pgi-mutant transformants lacked the lower and wesker band. This finding suggested
the existence of two digtinct isoforms of PGI inN. gonorrhoeaeand N. meningitidis.
Indeed, Southernblot andysisof N. meningitidisand N. gonorrhoeae chromosomal
DNAswiththe PCR product of the gonococcal pgi asahybridizationprobeindicated
that there are two pgi genesin the genomes of pathogenic Neisseria.

Electronmicroscopy of N. meningitidisand N. gonorrhoeae wildtype and pgi- and
pil G-mutants demonstrated abundant piliationinthe wildtype and pgi-mutants, while
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the pil G-mutant was non-piliated, indicating that PGI activity of this pgi gene product
isnot essentia for the expression of the piliated state. Further characterization of both
pgi gene products may contribute to an underdanding of thar reative roles in
glycolytic metabolism and other potentialy related processes.
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44,000 dalton proteins of Neisseria gonorrhoeae
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A vaiety of observations have been made regarding proteins of Neisseria
gonorrhoeae havingmolecular massesinthe range of 44,000 daltons (44kDa). These
incdude surface-exposure, based on immunoprecipitation (7), susceptibility toin situ
enzymdtic cleavage (5) and surface-radiolodination (4), reactivity with patient serum
(8), lipidation and association with the multiple transferrable resistance phenotype
(MTR") (1), presenceinshock extracts of the gonococcd periplasm (3), association
with peptidoglycan (2) and penicillin-binding (6). To sort out thesemany observations
we used various immunologicd reagents to identify clones expressing gonococcal
44kDa genes.

We have identified metabolic proteins, eongation factor Tu (EFTu; data presented
in anaccompanying abstract by Porcella, et al.) and what appears to be the MTR*-
associated protein (Hageman, et al.) dl having molecular masses of about 44kDa.
Two-dimensond isodectric focusng SDS-PAGE reveded as many asthirty distinct
proteins having a molecular masses between43kDaand 45k Da, meking this the most
common protein 9ze in the gonococcus. The most prevalent gonococca protein
(believed to be EFTu) had amolecular massof 44kDa. At least eght 44kDa proteins
reacted with antisera generated againg proteins isolated from purified outer
membranes (1). Six of twenty dominant surface-radiolabeled proteins resded in this
molecular weight range as wdl. The large number of proteins in the 44kDa region
supports the view that the manifold characterigtics previoudy ascribed to a single
"44kDa' protein actudly reflect the contributions of many different 44kDa proteins.
Efforts are underway to identify and characterize other 44kDa proteins that may be
important to the surviva of this canny pathogen.
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Antibodies to two 44,000 daton (44kDa) proteins (one periplasmic, the other non-
periplasmic) were used to screen a genomic library of Neisseria gonorrhoeae in
order to locate the genes coding for the 44kDa protein. The tufA gene of the
gonococcal str operon and the sucB and Ipd genes of the gonococcal sucAB-Ipd
operon were thus cloned and sequenced.

These genes code for proteins that have a potentia molecular massin the range of
44kDa. InE. coli, tufA codes for dongation factor-TuA (EFTUA) which isfoundin
periplasmic shock extracts. EFTUA playsamgor rolein protein synthess and may
beintricately involved innutrient sensing and growth regulation of the bacterium. sucB
codes for dihydrolipoamide succinyltransferase (SucB) and forms the centra core
region of the 2-oxoglutarate dehydrogenase complex. SucB contains an inverted
AAEAP repeat motif, smilar to that found in H8-antigen (Lip), and a lipoyl group
whichmay explain previous lipidation observations related to the 44kDaprotein. Ipd
codesfor lipoamide dehydrogenase; a ubiquitous enzyme able to interact equdly well
with two different 2-oxo acid dehydrogenase complexes and thought to be involved
withmembrane-bound ribosomesand proteinbinding-dependent transport processes.

The Ipd gene in the cloned fragment was truncated by a gonococca compound
trangposable-like dement (1) and lacked the coding regionfor the carboxy-termina
portionof the protein involved in El, and E2, subunit binding and interaction. Genetic
deletion experiments, employing the gonococcal Th shuttle mutagenesis protocol
developed by Seifert, were performed in an effort to delete the genes and thereby
assign functionto the resultant mutant phenotypes. An apparent duplicationof the tuf
gene, or the essentia nature of the tufA gene product, precluded deletionof this gene.
The Ipd gene was shown to exig in three separate copies, thwarting efforts to
inectivate the gene. Deetion of the sucB gene was successful and efforts to
understand this interesting mutant are under way.
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The gonococcus often infects Stes rich in toxic fatty acids and/or bile sdts. These
hydrophobic agents (HA) display potent antimicrobial action against numerous
Gram-negative bacteria, induding N. gonorrhoeae. Thus, successful infection of
mucosa stes rich in HAs requires that the invading gonococcus resist their letha
action. The capacity of gonococci to resist the antibacterial action of HAs was
described in the early 1970's (4) but the molecular genetics of resistance was only
recently described (7). The mtr (multiple transferable resstance) system of
resstance, which imparts high level resistance to hydrophobic drugs, dyes and
detergents, hasbeen suggested to be a mgjor mechanism employed by gonococci to
ress gructuraly diverse HA's. This system is expressed by approximately 12.5%
of dl dinicd isolates (5) and HAR grains are frequently isolated from the rectum,
presumably because of the strong selective pressure exerted by faecd faity acids.

Themtr systemis composed of four closdly linked genes, whichare the subject of this
report. The mtr R gene encodesatranscriptiond regulator that resembles numerous
repressors of transcription (notably the family of tetracycdline repressors[1]) and at
least one transcriptiond activator, the LUxR protein of Vibrio harveyi (10). The
MtrR protein possessed by gonococci is analogousto the AcrR and EnvR proteins
possessed by E. cali that are likely to regulate expression of the acrAE (3) ad

envCD (2) operons; these operons are important in mediating resistance of E. coli

to antimicrobial compounds. In this study we found that two distinct missense
mutations, one of whichatersthe putative DNA-binding domain of the MtrR protein,

or null mutationsinthe mtr Rgene resulted in intermediate levels of HAR. However,

high levd HAR, such as that expressed by dlinica isolates, was correlated with a
angle bp ddetion in a 13 bp inverted repeat that was podgtioned upstream of the
trandationa start codon of the mtr R gene.

A three gene complex (mtrCDE) was found downstream and divergent from the
mtr R gene. These genes encode membrane proteins resembling the MexABOprK
membrane proteins of P. aeruginosa (8). These proteins regulate levels of bacteria
resstance to dructurdly diverse antimicrobid agents, including HA's, by an
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energy-dependent efflux system(9). The MexABOprK proteins arethought to form
a continuous channd through the cell envelope that permits efflux of hydrophobic
compoundsthat either damage the integrity of the cdl envelope or attack cytoplasmic
components (6). The importance of the mtrCDE genes in mediating resistance of
gonococci to HAswas determined by insertiond inactivation of the first gene (mtrC)
in the operon-like gene complex. Loss of the 44 kDa MtrC membrane lipoprotein
resulted in hypersusceptibility of gonococci to a paned of hydrophobic compounds,
including crystd violet, erythromycin and Triton X-100. Moreover, overproduction
of MtrC due to mutaions in the mtrR gene resulted in increased resstance of
gonococci to these agents.

The mirRCDE gene complex in gonococci represents a hybrid of the
acrRAE/envRCD operons inE. coli and themexABOprK operon of P. aeruginosa.
By combining homol ogues of these structural and regul atory genes, gonococci appear
to have the unique capacity to modulate leves of resstance to HAs by varying the
amount of efflux pumps that serve to actively export toxic agents.
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Lactobacillus species are found in the vaginas of most women and are believed to
contribute to the control of the vagind bacteriad microflora by several mechaniams
induding lowering of the vagind pH and the production of bactericida compounds
suchasH,0,. Inthevaginaand endocervix Neisseriagonorrhoeamustinteract with
a complex microflora induding lactobacilli. It has been reported that lactobacilli
(especidly strains capable of producing H,O,) may inhibit the growth of gonococci
(1,2). Lactobacillusacidophilusthat produced H,O, (LB*) and L.acidophilusand
L. casal that did not produce H,O, (LB") were co-incubated with both catalase
positive and catal ase deficient strains of N. gonorrhoeae. Whentheincubation media
wasmaintaned at pH 7.3 neither LB* nor LB organisms affected gonococcal growth.
However, LB caused a sgnificant increase in expression of gonococcal catalase,
whichcould be offset withexposure of the bacteriato exogenous catdase. At lower
co-incubation medium pH (4.8-5.0) there was a significant decrease in gonococca
survival and catalase activity, which was only partidly reversed by exogenous
catalase. Lysates of LB™ were dso shown to effectively inhibit gonococca catalase.
Thisinhibition was retained upon heet treestment but lost by proteinase K treatment
of the lysate. The results demongtrate that LB* may inhibit growth of gonococci by
acidification of the environment, secretion of H,O,, and the production of a protein
inhibitor(s).
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The &bility to select mutants of defined specificity has been extremely useful in
elucidating metabolic pathways in Escherichiacoli. 1n 1948, Lederberg and Zinder
(5) and Davis (2) reported that because penicillin kills growing bacteria only,
treatment of mutagenized E. coli with penidillininadefined medium alowed sdective
aurviva of auxotrophs. Attempts to adapt this gpproach to N. meningitidis have
generdly been unsuccessful (6). We describe our efforts to develop a system for
selecting meningococcd auxotrophs, by whichwe have isolated mutantswith atered
carbon source utilization and with amino acid requirements.

A smple defined medium modified from one described by Catlin and Schloer (1) was
used. We used N. meningitidisstran M1080-C (3), derived fromagroup B dran.
In some experiments we used Tn916 mutants of the group B strain NMB (4,7).

We tested severa bactericidal antibioticsto identify those whichkilled meningococci
only inmediawhichwould support growth. Streptomycin (2 - g/ml) reduced viability
by 4.9 log unitsin 5 h in amedium containing L-lactate. Without the lactate, viability
was reduced only by 0.9 log unit in ether the presence or absence of streptomycin.
Thus at this concentration the drug was specific for growing bacteria. At higher
concentrations of sreptomycin(25 - g/ml), killing was not reduced by omissionof the
carbon source. For some drugs, the specificity for growing bacteria was strain-
dependent. For cefotaxime we were unable to find a concentration at which killing
of srain M1080-C was drictly dependent on the presence of a carbon source. In
contrast, two Tn916 mutants of strain NMB (one proline-requiring and the other
uncble to utilize lactate or pyruvate) were killed by cefotaxime only in a permissve
medium. We dsotested two quinolones. Nalidixic acid (50 - g/ml) was specific for
growing cdls of either strain. A second quinolone, ciprofloxacin, killed bacteria only
dightly more in the presence of L-lactate than in its absence.

Thus ndidixic acid, sreptomycin, and for some drains cefotaxime appeared
potentidly useful for sdecting mutants unable to grow in a specific medium. We
tested this by adding asmadl inoculum of one of the Tn916 mutants mentioned above
to a suspension of M1080-C and treeting with antibiotics in a medium in which
M1080-C, but not the mutants, could grow. Nalidixic acid and cefotaxime, but not
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sreptomycin, increased the proportion of auxotrophs in the mixture by 1000 and
5000 fold respectively.

We next attempted to select mutants of desired specificity from a population of
nitrosoguani dine-mutagenized meningococci of srain M 1080-C, usng three steps:
(1) antibiotictrestment in amedium that was nonpermissvefor the desired mutations;
(2) overnight growth in a permissve defined medium to reduce the proportion of
auxotrophic mutants with other phenotypesthanthat desired; (3) a second antibiotic
trestment, in some cases with a different antibiotic. Survivors were plated on GC
agar, and isolated colonies were subcultured onto defined media or indicator media
for identification of mutants

Using these methods, we have isolated mutantswithfour phenotypes. (1) ingbility to
grow oneither L-lactate or pyruvate, (2) failure to accumulate acid during growth on
medium containing matose, (3) proline requirement, and (4) methionine requirement.

One problem is that mutagenes's can result in resstance to the antibiotic being used
for sdlection. A second problem isthat meningococc (unlike E. coli) do not survive
wel when they are not growing. In these experiments, viability in nonpermissve
media declined 2 to |2 log units during antibiotic trestment.
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Rdativdly little is known about the physiology of N. meningiditis. In order to identify
auxotrophic mutants, we screened alibrary of Tn916 transformants of the serogroup
B srain NMB (2) for mutations resulting in an ingbility to grow on a smple defined
medium, MCDA, with L-lactate as the principa carbon source. Of 1483 isolates
tested, 14 had no growth or substantially reduced growth.

To characterize these mutantsfurther we used two defined media, MCDA and Wong
medium (3), aswdl as GC agar basewithor without Isovitalex. MCDA was modified
fromthe medium described by Catlin and Schloer (1). In addition to minerd sdtsand
citrate (2.2 mM), the medium contained four amino acids. arginine (1.4 mM), gyadne
(2.3 mM), glutamate (1 mM), and cysteine (0.06 mM). L-lactate, pyruvate, or
glucose (3.8 mg/ml) were used as carbon sources. Wong medium includes all 20
amino acidsand severa vitamins and cofactorsin addition to several compoundsthat
are potentia carbon and energy sources.

The 14 mutants fdl into four groups. The firg group, eght isolates, had wild-type
growth on Wong medium but faled to grow on MCDA-L-lactate unless soecific
amino acidswere added. The amino acidsrequired were hiidine (2 isolates); leucine
(1 isolate); proline (1isolate); tryptophan (2 isolates); and phenylaanine, tryptophan
and tyrogne (all three amino acids required by 2 isolates).

A second group, with three isolates, had wild-type growth on MCDA-glucose, but
reduced or no growth on L-lactate or on pyruvate. Of these, one grew wel on GC
agar base without Isovitalex, while the other two required the addition of either
Isovitadex or glucose (10 mg/ml).

A third group contained two isolates which exhibited better growth on MCDA -
pyruvate than on MCDA-L-lactate. This was not due to an inability to metabolize
L-lactate, since good growth on L-lactate occurred if the amino acid composition of
the medium was modified dightly.

The fourth group consisted of one isolate that grew poorly on Wong medium and
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poorly on MCDA regardless of carbon source.

In summary, 14 Tn916 trangposon mutants with metabolic abnormdities have been
identified. Eight of these are amino acid auxotrophs. The remaining isolates have
severd diginct phenotypes, but the physiologic basis of their mutations has not been
determined. These observations provide further evidence that Tn916 can insert into
the meningococca genome a avariety of Stes.

References

1 Catlin, B.W. and G.M. Schloer. 1962. A defined agar medium for genetic
transformation of Neisseria meningitidis. JBacteriol. 83: 470-474.

2. Stephens, D.S., J.S. Swartley, S. Kathariou and SAA. Morse. 1991.
Insertion of TN916 in Neisseria meningitidis resulting in loss of group B
capaular polysaccharide. Infect.Immun. 59: 4097-4102.

3. Wong, T.P., R.K. Shockley and K.H. Johnston. 1980. WSIM, asmple
chemicdly defined medium for growth of Neisseria gonorrhoeae.
J.Clin.Microbiol. 11: 363-369.

220



