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ABSTRACT 

~h.D. Jennifer L. Port Mlcroblology 

Sulphur Acquisition in Neisseria meninqitidis 

~ 

Neisseria meningitidis is able to utilize a variety of 

biologically relevant compounds as its sole source of 

sulphur. Sulphate transport in the meningococcus i5 

temperature-, pH-, concentration-, and energy-dependent. 

Group VI anions and sulphur-containing amine acids affect 
~ 

sulphate uptake. Selenate is a competitive inhlbitor of 

sulphate transport and enters the meningococcus via the 

sulphate transporter. L-cysteine, a noncompetitlve 

inhibitor of sulphate transport, exerts allosterlc control 

on the system. L-cystelne has its own energy-dependent 

uptake system. Thiocyanate, a unique sulphur source for a. 
1 

heterot~ophic bacterium, appears to be transported in the 

menlngococcus by a system other than that for sulphate or L-

cysteine uptake. Sulphur starvatlon enhance~ transport 
\ 

capaclty and causes variations in sorne of the enzymes ln the 

meningococcus. The sulphur source used for growth causes 

changes in the protein profiles of the envelope and cytosol 

fractions. The soluble sulphur pool ln ~. menlngLtldls 

~ regulates transport and metabollsm of sulphur-containLng 
, , 



compounds. I~ The presence of thlosulphate reâuctase may be to 

allow thlosulpahte to serve as an alternate electron 

acceptor during ln ~ anaeroblc growth. 
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RESUME 

Jennifer L. Port Mlcrobiolog le 

Acquisition du soufre chez Neisseria menlngltldls 

~ 
Neisseria me n i n 9 i t id i s est un organ lsme capable 

d ' t i l i va r i ~e t"'e d b 1 l 1 l user une e composes 0 og que comme seu e 

source de sulfure. ~ez les meningococcus, le transport du 

sulfate est influenc~ par le temperature, le pH, la 

" concentration, et l' energie. Les anions du groupe VI et les 

amino acides contenant du soufre affectent aussi 

l'absorption cel;lulaire du sulfate. Le selenate, inhibiteur 
, 

competitif du transport du sulfate, est 
",. 

absorbe par le 

meningococcus via un transporteur du sulfate. L-cysteine, 
Il); 

inhibiteur non comp'êtitlf d.u tran!P?;rt du sulfate, exerce un 
A. ;' , "-

controle allosterique sur le systeme. En outre, la L-

cystêine possède son propre syst'ème d'absorption dependant 

de l' e ne r 9 le. Le thlQcyanate, source unique de soufre chez 

les organismes heterotrophles, 
J\ ,. 

semble etre absorbe par le 

meningococcus par un syst~me autre que ce 1 u l ut i lisé' pour 
~ 

l'absorption du sulfate ou de la L-cy'steine. Une carence en 

sulfure augmente la capacité de son transport et provoque 

des fluctuations chez quelques enzymes produits par le 

meningococcus. Suivant la source de soufre 
",. 

utilisee les 
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prof i15 
~ 

de5 proteines de l'enveloppe et du cyt0501 varient. 
~ , .... 

La re5erv~ soufre 501uble chez ~. menlngltidis regu1arlse le 
, ~ ~ 

transport et la rnetabolisme des composes sulfures. 

le' " / thlosul fate peut etre ut lUse comme une al ternatl ve et 

servir d'accepteur d'electrons lors la croissance en 
~ 

anaeroblose. 
'. , 
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CLAIM OF CONTRIBUTION TO KNOWLEDGE 

1 . fi. 
1> 

, 
menlngitldis, cultured in a chemically defined 

2. 

3. 

4. 

medium, was able to use a va:r:-lety of -,blo10gi;cally 

relevant Inorganic and orgariic sulphur compounds as-

sole sour~es of sulphur for growth. 

sulphate 
\ transport in the meningococcus was shown 

to be dependent on temperature, pH, concentration, 

and energy. Group VI anions, other inorganic 

\ sulphur compounds, sulphur-cont~ining amino ac1ds, 
, 

and gl~tath1one affected sulphate transport. 

K1net1c studies' flearly showed that selenate was a 

competitive inh~itor of sulphate uptake and that 

both ions were transported by the same mechanism. 

L-cysteine was shown to be a noncompetitive 

inhibitor of the sulphate. transport ,system. 

5. L-cysteine, the endproduct of the sulp,hate pathway, 

was shown to be an allosteric· inhibi,tor of the 

sulphate transport mechanism. 

6. L-cystelne was transported by a system separate from 

the sulphate uptake system l ~ in ~. meningitidis. 

..-
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7. 

8. 

10. 

-, 

11. 

12. 

Uptake of L-cysteine was energy-dependent and 

disp1ayed Michae1is-Menten kinetics. Uptake ln 

starved ce11s was unaffected by inorganic su1phur 

compounds. 

Thiocyanate, a unique su1phur source for a 

hetero~rophic bacterium, appeared ta have Its own 

uptake system. 

/ ~I 
Su1phate ~ L-cysteine transport and metabolisrn 

,/ 
were regul_<;ited by the low mo1ecular weight soluble 

sulphur pool. 

Sulphur starvation induced changes ln the 

meningococcus, inc1uding enhanced transport rates 

and al tere'd leve 1s of sorne enzymes. 

The sulphur source used for growth of the 

meni ngococcus resulted in differences ln the 

prote in profiles' of the envelope and cytosol 

fractions subjected ta SDS-PAGE. 

Thiasulphate reductase was identified ln li· -

meningitldls and may be present to allow 

thiosu1phate to serve as an a1teI~ate electron 

acceptoI durlng'ln ~ anaerobic growth. 

VIH' 
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LITERATURE REVIEW 

I. Sulphur Metabolism 

1. Introduction 

The sulphur cycle in nature 15 a complex system of 

reductive and oxidative processes Involvlng plants, animals, 

and microorganisms. sulphur ls transformed throughout the 

cycle via an elght electron change, ranglng in oxidatlon 

state from + 0 
6 ln sulphate, to S as elemental sulphur, to 

2 as sulphide and sulphydryl. The majority of the Earth's 

sulphur Is found ln rocks and sediments ln the form of 

mineraIs such as gypsum (caso 4 ) or pyrite (FeS 2 ). The ocean 

contalns the large st sulphur store for the biosphere, in the 

form of su'thate (Brock II Ù., 1984). The sulphur cycle 

(Wlstreich and Lechtman, 1984) is shown on the following 

page. 

Sulphur is a major nutrient for aIl living cells. 

Mammals can oxldize reduced sulphur compounds such as 

sulphide, sulphite, and th10sulphate and incorporate the 

sulphate Into organic molecules (Lipmann, 1958), but are 

unable to reduce sulphate to sulphide and depend on plants 

and microbes to supply them with reduced sulphur compounds 

(Diewiatkowski, 1954). 

1 . 
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~ Plants, Animais (proteln) 

Plant, Animal, Bacterial 
Assimilation 

r s\/- Sulphate Reduction 
< 

) 

Microbial Oxidation 

Microbial 
Decompos i t i on 

\ 

l " 
Microbial Oxidation Microbial Oxidatlon 

\ Thiobacillus ...,r' 
) 

Photoautotrophic and Chemoautotrophic 

ii. Microbial Sulphate Reduction 

-Postgate (1959) di vided sulphate reduction by 

microorganisms into two classes, ass-imi la tory and 

dlss1ml1atory. Assimilatory sulphate reductlon is carrled 

out by aerobes and facultative organisms which use sulphate 

as a principal sulphur source. Sulph~te must be reduced as 
. " 

the majority of sulphur-containlng compounds In~the celi are 

at .the oxldatlon level of H2S. 

reduction is summarized ln FIgure 1~ 

A,ss Imllat~y stiiphate 1 

\ 

Dis5iml1atory 5uIphate reductlon 15 carrled out only by 

2 Il 



Figure 1. Assimilatory reduction of sulphate and formation 
of L-cystel~e. 

1 = sulphate permease 

2 = ATP sulphurylase 

3 = APS phosphoklnase 

4 = PAPS reductase 

5 = sulphlte reductase 

6 = thiosulphate reductase 

7 = o-acetylserlne sulphydralase 

APS = adenosine-S'-phosphosulphate 

PAPS = adenosine-3'-phosphate-S'-phosphosulphate 

R-(SH)2 = thloredoxin 

\ 
'---

3 

" , 

/, 

) 
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Sulphate ( 1 ns ide) 
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'.ATP~ 
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Sulphite 

3NADPH + 3H+ ---J 5 

3NADP+ ~" 
Sulphide 

O-acetyl-ser ine -----.J 7 

Acetate ~ 
L-cystelne 

6 
>----

/ 
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Thiosulphate 
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strict anaerobes whlch use sulphate as a terminal electron 

acceptor, releasing hydrogen sulphide and produclng ATP. 

These SUIPhate-re~dUClngi. b~fterla contaln high concentrations 

of b-type ~r c-t tochromes as weIl as menaquinone, 

several ferredoxins, and flavodoxin. Characteristic to 

sulphate reducers 15 siro~eme protein, which has sulphite 

red uctase, actl v 1 ty as{ we II as the abil i ty to catalyze ,s i x-

electron transfers (Gottschalk, 1986). 

The sulphate reducers are dlvided into two groups, based 

on their oxidatlve capabilities. Group l bacteria 
, 

(le., , pesulphovlbrio spp.), known as incomplete oxidizers, 

oxidlze a number of organic acids and alcohols to acetate 

whi le those in Group II ( i e . , Desulphotomaculum 

~~tQxldans) are able to oxldize acetate to carbon dioxide 

(Gottschalk, 1986). 

An example of incomplete oxidatlon is the fermentatiqn 

of lactate and sulphate by DesulphQvibrl0, summarized as 

follows: 

2 Lactate + 2H 20 --~')2 Acetate + 2C0
2 

+ 8H 

S04 2- + 8H ~ s2- + 4H
2

0 

Lactate 15 oxidlzed via pyruvate and acetyl-CoA to acetate 

and CO 2 , resultlng in the synthesis of ATP. Sulphate ls 

reduced ta sulphlde by a hydrogen cycllng mechanlsm. The 8H+ 

represent 4 H2 molecules located in the cytoplasm. These 

4 
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h~drogens are transferred to a periplasmic hydrogenase, then 

to cytochrome c 3 , channelled through electron carriers in 

the membrane, and back across the membrane to the APS

'1 reductase and sulphlte reductas; (Gottschalk, 1986). 

Desulphotomaculum acetoxldans (Group II) grows on 

acetate and elemental sulphur, oxidizing acetate'to CO
2 

via 

the tricarboxylic acid cycle and using the resultlng 

reduclng power to reduce sulphate to sulphide: 

Acetate + ~ H20 ----->1 2 CO 2 + 8H 

-' 4 sO + 8H 1'4 H
2

S 

(" ). 
~. Mic.roblai Sulphur ~~idation 

~ The oxidation of reduced 1norganic sulphur compounds 19 

characteristic of two groups of bacterla, the photosynthetic 

bacteria in the o~der Rho90spirillales and two genera of 

chemolithotrophic bacteria, Ihiobacil1u~ and ëylpholobys. 

The thlobacilli are small Gram-negative rods wh1ch 

derive their energy from the ox1dation of sulphides, 

elemental sulphur, thiosulphate, polythlonates, and sulphlte 

to sulphate (Vishniac, 1974). 

Thlobac i llus ferrooxldans 15 frequently found ln 

strongly acidic - envlronments where Iron and sulphur are 

5 
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present ln the form of pyrite~(Fes2)' Its unique metabolism 

allows thls bacterlum to ~xidlze pyrite to ferrous ions' 
, 

(Fe 2+) and sulphate. Under acidic conditions, ferrous ions 
3+ are further oxidized to ferrlc (Fe ) ions, which then react 

~ith more pyrite, leading to a propagat}on cycle of ~yrite 

oxidation via the following reactlon: 

~ 
Fe2+ 

, l 14 3+ 8 15 2+ 2 2-FeS 2 ~" Fe + H20 ----'r Fe,. + sa 4 

-----~> Fe 3 + 

This chemistry is common in mining regions where sulphide 

forms hlghly' insoluble mineraIs with many metals includlng 

coppej1, Iead, zinc, and arsenic. Ser'ious environmental 

problems occur when the byproducts of thlobacllll oxidation 

leach into the 'groundwater, lowering the pH and depositing 

metals whlch render the water unusable (Brock ~ gl., 1984). 

The order Rhodospirillales contains three families which 

metabolize sulphur in a varlet y of ways. In the fami ly 

Rhodospirillaceae, Rhodospirillum and RhodoDseudo'mo~as are 

mlcroaerophiles whlch use sulphide and sulphur as the sole 

photosyn~hetic electron donor. They are' able to oxidize 

sulphlde 

the sO 

to elemental ~sulphur, but cannot further 

to sulphate. The family Chromatiaceae 

6 

oxidize 

includes 



" Chr omift i um, 1hlocystis, Thlosarcina, and Thiosplrlllum, 

anaerobes whlch carry out photosynthesls.1n the presence of 
. \ 

hydrogen sulphide,' stor ing elemental sulphur in globules 

wlthln the cell.- One genus, Sctoth~orhodo~plra, stores Its 

sulphur globules outside the cell. Sulphate 15 the ultimate 

oxidation product of the Chromatiaceae. In the fami ly --

Chlorobiaceae, elementai sulphur is always deposited outside 

the celi. Thes-e genera are str let anaerobes whlch are 

capable of photolithotrophlc ass!milation of carbon dioxide 

in the presence of sulphide or sulphur which are then 

photooxidized to sulphate. Genera include CblorQbium, 

Prosthecochlorls, and Pelydictyoo (Pfenn~g_ and Truper, 

-1974). 

The process by which nutrients enter the cell Involves 

active transport across an impermeable membrane barrler. A 

discussion of these mechanisms ln severaI dlfferent 

blo1ogical systems follows. 

II. Active Transgort 

/ 

i. Introduction 

The process by which celis remove nutrients from thelr 

external envlronment, move them across the cytoplasmic 

membrane, and accumulate the se nutrients agalnst a 

7 
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concentration gradient is known as active transport.1 A 

carr1er proteines) 1s involved and the cell must expend 

metabol ie energy in the process (Moat, 1979). It is in this 

manner that s'ugars, amino aeids, and ions are taken up by 

ce lIs. The energy for active transport is derived from the , 

coupling of oxidation to phosphorylation and is explained in • 
the chemi9smotic~hypothesis of Mitchell (1961). He states 

that .metabollc energy 1s conse~é(i at the level of the 

membrane as an electrochemical gradient of hydrogen ions. 

According to Mitchell, as electrons are transferred along 

the: respir~tory chain, protons and hydroxyl ions are 

separated on opposite sides of the membrane. This results 

in a chemical gradient of hydrogen ions (difference in pH) 

as weIl as a difference in electrical potential across ,< the 

membrane. The chemiosmot ic hypothesis explains 

phosphorylation as the uptake of extruped protons across the 

membrane via the ATPase complex, a soluble protein which 

passes through the membrane~ Protons translocated through 

provide the chem~fal energy to synthesize 
,," 

ATP the ATPase 

from ADP and inorganic phosphate, resulting in the 

conservation of the energy derived from respiration. 

Il. Transport Systems 

The most weIl characterized microbial transport systems 

8 
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are those for sugars (Sllhavy ~ ~., 1978 ; Po st ma , 19 77 ) 

and amino acids (Anraku, 1978; Booth and Hamilton, 1980). 

Far less attention has been given to the study of ion 

transport. 

Potassium transport has been weIl charaeterlzed ln 

Escherichia QQli (Rosen, 1986), StreDtocoç~ (Harold and 

Al tendpr f, 1974; Kashket and Barker, 1977), and 

RhodQpseudomonas capsulata (Jasper, 1978). Iron transport 

mechanisms in a number of microbes have been reviewed by 

Neilands (1974; 1980). Like potassium, the mechanisms of 

iron uptake are weIl characterized and the gene t ie 

regulation of the systems is un~.::y. Transport 

major intracellular divalent cation in 

of 

magnes i um, / -the 

livi~g cells, has been studied in ~. ~ (Silver and Clark, 

1971; Park et S!..l., 1976) and Bacillu:? subtilis (Scr.lbner !li. 

al., 1977). Uptake 'of calcium, which accumulates in hlgh 
f ' ,'" 

concentrations during sporulation in Bacillus, ..,;às r'e~i(;wG.d 

by Silver (1977). Manganese transport systems ln Baçl11y~ 

subtilis, Staphylococcus aureus, RhodQPseUQQffiOOrHJ 

capsula ta, and ~. ~ were reviewed by Silver (1978). 

Since then, Archibald and Duong (1984) showed the presence 

of a high affinity manganese transport ln L~çtQbacl11u5 
, 

plantaraum. Sodi Uffi, potass 1 um, chior ide, and arse na te 

transport were the subject of a recent revlew by Rosen 

Ion transport (zinc, cobalt, ammonium, nitrate, 

9, 
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/nl tr 1 te) 
1 

in other mlcrobial systems has been revlewed 

s 11 ve r (1975). 

III. sulphate Transport 

by 

Sulphate transport has been studied in a number of 

organlsrns ranging from higher plants to cyanobacteria. A 
~ 

brlef revlew of sulphate (and related sulphur compounds) 

transport in these systems follows. 

1. Higher Plants 

Sulphate uptake has been studied in intact plant!:? 

(Nlssen, 1973), plant parts (Higinbotham d il., 1967; 

Holmern li li., 1974; Shargool and Ngo, 19.75) and plant 

cells (Hart and Fl1ner, 1969; Smith, 1975; 1976). 

Smith (1975a; 1975bi 1976) has shown that sulphate 

transport in cul tured tobacco cells obeys Michaelis-Menten 

klnetics (KIl\ v~r~ed between 20 and 40 uM), has a sharp pH 

optimum (6.5 to 7.5), and 1.s regulated by the intracellular 

sulphate pool. Sulphate uptake ls strongly inhibi ted by 

sUlphur-contalning anions (sulphite, thiosulphi te, 

metabisulphite) and by structural analogues (selenate and 

chromate) . Se lenate f.1Xhibi ts competl ti ve inh 1 bi tion ( Ki = 

10 
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13 UM) whl1e 3ulphlde 13 a noncompetlt1ve 1nh1bltor. 

Sulpnate uptake 1s Inhlblted by respiratory poisons (cyanide 

and azide), uncoup~ers (CCCP and ONP) and the ATPase 

inhibl tor DCCO, indicating that energy 13 requ l red. 

Sulphydryl reagents Inhibit uptake by greater than 90~. 

Efflux of sul.;phur-containi:ng rnetflboli'tes from tobacco ceUs 
.. 

is linear in the presence of CCCP and the rate of efflux is 

de,pen'dent on the concentration of CCCP. 

-Vange et il. (1974) and Holme:lJ:'n!li. M. (1974) have 

demonstrated that the uptake of 5ulphate by barley roots 15 

multlphasic. Although phosphate 15 transported by a 

di fferent sys tem, the concentrat ion of phosphate as we Il as 

pH a~d sulphate concentration cause shifts in uptake phases. 

The group VI anions (sulphite, thlosu1phate, chromate, 

molybdate, selenate, and tungs ta te) are compet i t 1 ve 

inhibitors which aiso cause shifts in uptake phases. 

Calcium or other dlvalent cations are required for the 

normal functioning of the uptake site. 

i i. Algae 

Nearly two decades of study in the laboratory of Jerome 

Schiff have resulted ln the eluc1datlon of the metabol1c 

pathway of sulphate reductlon to cystelne formation in the 

11 
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pathway of sulphate reduction to cysteine formation in the 

green alga Chlorella (SchL;f, 1959; 1964; Hodson U· Ù. , 
"-, 

19 68a; 1968b; 1971; Hodson and Schlff, 1971a; 1971bi 

Levlnthal and Schlff, 1968; Abrams and Schiff, 1973). 

Two pathways for sulphate reduction exlst in Chlorella and 

appear to use adenoslne 5 1-phosphosulphate (APS) rather than 

adenos1n~-31-phosphate-51-phospho~ulphate (PAPS) as do other 

assimilatory sulphate reducers. In both pathways sulphate 

15 translocated acr05S the membrane and activated to form 

adenosine 5 1-phosphosulphate (APS); in one pathway, _t~e 

sulpho group is then transferred via APS sulphotransferase 

to a carrier. A ferrodoxin-dependent thiosulphonate 

reductase acts on the carrier'~u yield a bound thiol group 

whlch is transferred to o-acetyl-serine to form cysteine. 

The second pathway uses sulphlt~ reductase and free 
--

intermediates to transfer the sulpho group to' o-acet'yl-

serine. 

Vallee and Jeanjean (1968a; 1968b) turned their 

attention to the k1netics of su~phate transport in 

Chlorella. Uptake of sulphate ls an active process, with a 

Km ff 1.2 uM and ls enhanced by sulphur 
/ 

starvation. Group 

VI anions (selenate, chromate, tdngstate, and molybdate) 

lnhiblt sulphate uPtake;fi.~romate is a competitive inhlbitor 

wlth a Ki of 0.4 uM. Methionine and cysteine do not repress 

the uptake of sulphate unless thè cells are sulphur-starved'-, 

12 
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In contrast to tobacco cells (Smith, 1976), Intracellular 

sulphate does not exchan~ with sulphate ln the medium. 

The unicellular red alga, Porohrydium aerueineum, 

secretes a capsular polysaccharide rich in sulphate (Ramus 

and Groves, 1972; 1974; Ramus, 1974). This alga grows weIl 

on sulphate (Km for sulphate transport ls 2.5 yM) and 

thiosulphate but does no~ use organic sulphur compou~s. 

Molybdqte ion Is 1 a competitive Inhibitor and acts by 

inhibitlng the formation of adenoslne-5 1 -phosphosulphate 

( AP S ) , wh i chi n tu r n ca n n 0 t for m P AP S , the a ct i vat e d 

sulphate donor, resultlng ln an Inabl11ty to transfer 

sulphate to the polysaccharide. 

lil. Cyanobacteria 

Utkllen ~ àl. (1976) were the first to study sulphate 

transport in a cyanobacterium, Anacystls nidul~ns. This 

organism shows many of the same characteristics of sulphate 

uptake seen ln other systems. sul~hur starvatlon enhances 

uptake, Indicating derepression of a sulphate permease. The 

K~J for sulphate transport 15 0.75 uM, 
, 6 

pm~1/min/10 cells. Transport 15 

with a V of· 0.7 max 
temperature- and ", pH-

dependent and thiosulphate and sulphite are competitive 

inhibitors. Uptake of sulphate does not occur in the dark, 

even under starvation conditions, suggesting that uptake 15 

13 
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Jeanjean and Broda (1977) found that sulphate uptake in 

A. nldulans 15 sensItive to CCCP and DCCO as weIl as 

darkness. Osmotlc shock reduces sulphate uptake sU9gestlng 
" 

that a perlplasmic binding protein is involved ln transport. 

Chromate and seienate ions are inhibitory. In the presence 

of chloramphenlcol, sulphate Upt9ke by sulphur-starved celis 

15 greatIy reduced. However, the negative membrane potential 

Increases durlng sulphate starvatlon even ln, the presence of 
, 

chloramphenicol, indicating that starvation leads to an 

lncrease ln ATPase actlvity ln thls organlsm. 

i v. Fungl 

The sulphate transport systems of filamentous fungi have 

been well studled. eenlcillium and Aspergillus (Segel and 

Johnson, 1961; Yamamoto and Segel, 1966; Tweedie and Segel, 

1969) have a single sulphate transport system which 15 

temperature-, pH-, energy-, and concentration-dependent. 

Thlosulphate, molybdate, and selenate are transported by .. 
t~,l~ permease. The ml'ce lia possess dlst inct permeases for 

sulphlte and tetrathionate. Equimolar concentrations of L-

cystelne and L-cystln~, suppress sulphate uptake by 65 to 

60\. Although ~ulph~~e transport i3 energy-dependen t 1 

sulphate-blnd1ng to the myce11a 15 energy- and temperature-

lnsens! tl ve . 
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(1970) have shown that sulphate 

transport ln these same fungi ls unldlrectlonal, wlth no 
1 

exchange occurr ing between the i nt race llular and 

extrace'llular sulphate. L-meth 1 onine 15 a metabolic 

repressor of the sulphate permease, while intracellular 

sulphate and L-cystei1îe are feedback Inhibltors. 

ranges from 60 to 600 uM wi th a Vmax of 5 umol/g/mln. 

Sttidles wlth ATP sulphurylase-negative mutants of 

Penicillium notatÙm (Cuppolettl and Segel, 1975) have shawn 

that 

metal 

sulphate uptake is promoted by hydrogen and dlvalent' 

+ cations. Initial velocitY,studles show that H and 

ca 2+ add to the carr ier before the addi tion of sulphùte.· 

While ca 2+ and S04 2 - have a 1:1 stolchiometry, the amount,of 

calcium accumulated by the mycelia is only 23% of the 

sulphate accumulated. This indlcates that while calcium 

plays a role in the translocation of sulphate, It 13 not 
f<> 

used for internal charge~alance withln the cell. Most 0 f 
1 

the translocated calcium returns with the unloaded ca~rler 

to the external 5 ide 0 f the membrane. The authors have 

suggested that the carrier operates as an anion exchanger, 

with sulphate translocated inward ln exchange for OH or 

2-
HPO 4' • 

George Marzluf has contributed most of the present 

knowledge on sulphate transport and regulation ln N~yrQsPQ,a 

crassa. Two distinct sulphate permeases, coded for by 
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separate genetie loci, are present in~. crassa (Marzluf, 
/ 

1970a; 1970b). Permeasè l exhibits low affinity (Km ~ 0.2 

mM) and \ 'present only in the conid ia, while a high 

affin! ty 

mycelial 

forro, perroease II (Km = 8 UM), predomlnates ln the 

,stJ,ge. Both sy~tems are energy- and temperature-

dependent. 

Methionine exerts negative control on the sulphate 

transport systems by repressing a series of enzymes ln the 

sulphate pathway (aryl sulphatase, choline sulphatase, and 

chol1ne-O-sulphate permease) as weIl as the sulphate 

permease. Positive control oceurs via a product of the cys-

3 locus which 15 neces5ary to induce th15 same faml1y of 

enzymes (Metzenberg and Parson, 1966; Marzluf and 

Metzenberg, 1968). 

Roberts and Marzluf (1971) showed that chromate 15 a 

compet i t Ive inhlbitor of sulphate ' (K 1 = 30 uM) ind 15 

transported by the sulphate permea5es in N.. crassa. Other 
{5 

group VI anions (sulphite, thlosulphate, tungstate, and 

molybdate) are inhibitory ta the5e sys tems . Only permease 

II 15 repre5sed by sulphate. Bath permeases are regulated 

by feedback inhibition, probably by APS, PAPS, or 5ulphlte 

(McGuire"and Marzluf, 1974). 
1 

Unllke other fungl, efflux of sulphate from the 

intracellular pool doe5 occur and 15 through the 5ulphate 

permease in N.. crassa (Marzluf, 1974). Efflux occurs via an 
) 
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exchange reactlon requlrlng 
1 

selenate" or thlosulphate; 
1 

promote ~ effWi. The 

( 

ext~nal sulphate, chromate, 

methlonlne or cystelne do not 

sulphydryl Inhlbltor p-

chloromercurlbenzoate Inhlblts both influx and efflux, 

suggesting that an essential sulphydryl group ls part of the 

permease. 

Actl ve sulphate transport was first desc11bed ln 
~ 

the 

unicellular yeast Saccharomyces cereylslae by Mccready and 

Din (1974). Tney reported one system which 15 energy-, 

concentration-, and temperature-dependent and inhiblted by 

structural -analogues. In a more- detailed study, 0 two 

sulphate transport systems were identl f Led (Breton and 

Su~din-Kerjan, 1977). The high afflnlty permease has a Km of 

4 uM wlth a V of 7 nmol/min/mg dry welght while the K of max m 

the low affinity permease is 0.35 mM wlth a Vmax of 1.5 

nmol/min/mg dry weight. Synthesls of the permeases 19 

coordinated wlth synthesis of the four enzymes requlred for 

methionlne biosnythesls and 15 under the same genette 

regulation. 

v. Escherlchia!;..Qli-

The first reports of sulphur metabollsm in a 

heterotrophlc baeterium (~. ~) appeared ln the 1950'5 and 

were the supject of a review by Roberts !.i.t.. àl.. (1955). More 
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than 95% of the sulphur iri-~his organism is ~ound as either 

methionine or cyst(e)ine. The methionine exists only in 

proteins while the half of the cyst(e)lne ls in proteins and 

half is in the storage tripeptide glutathione. Optimal 

growth and cellular yields are seen with'sulphate, sulphite, 

sulphlde, L-cystlne, and lanthionine, while cysteine and 

glutathione are toxic. Sulphate uptake is inhibited by the 

same sulphur compounds which allow growth; however, L-

cystine transport ls not affected by any sulphur compound. 
, 

When cells pregrown on' sulphate are supplied with L-

cystelne, the Incorporation of radiolabelled sulphate ceases 

Immediately. During perlods of sulphur limitation, the 

cells use glutathione to supply sulphur for protein 

synthesis. In sulphur-limited cells which are supplied with 
~ 

(sulphate, growth - is Immediate and ra~id: _indicating that 

protein synthesls is not dependent on the glutathione pool. 

Ellis (1964) found that C-cysteine, the end product of 

the sulphate reductlon pathway, represses the synthesis of 

the enzymes necessary ta reduce sulphate to sulphide. 

However, the Immediate cessation of sulphate transport when 

L-cystelne ls added cannot De accounted for simply by 

repressive control, and led him to postulate that L-

eysteine may be a specifie allosterlc inhibltor of the 

sulphate transport system. 

Further study showed that the sulphate uptake system in 
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~. ~ 1s temperature-, pH-, concentratlon-, and energy

dependent and 1s inhibited by its structural analogue 

selenate !Sprlnger and Huber, 1972). 

In the late 1970'5, Schlff turned his attention from 

sulphate metabo1ism 
- 1 

in Chlorella to ~. WJ... Tsang and 

SGhlff (1976) showed that the pathway for sulphate reduction 

in , like that of ChlQre11a, involves bound 

intermediates. In E.. ~, the pathway begins with PAPS 
\, -
\ rather than APS. The sulpho group of PAPS ls transferred via 

PAPS sulphotransferase to th1oredoxin rather than ferrodoxln 

as in Chlozella (Schrnidtd 9.1.., 1974). Thlosulphonate 

reductase further reduces the sulpho group, resultLng Ln a 

transfer of the thiol group to O-acetyl serine to form 

cystelne. Further work with mutants lacklng thloredoxln 

activ1ty but able to grow with sulphate as a sole sulphllr 

source has shown that a glutaredoxln 15 present whlch actG 

an alternate co factor for PAPS reductase (Tsang and Schlff, 

1978; Tsang, 1981). 

Leive and Davis (1965a,b) descr1bed two cystine transport 

system 1 in E.. coll, one whlch cotransports cystine and 

diaminopimelic acid and another whlch 15 cystine-specific. 

Heppel and Berger (1972) showed that the common transport 

system 15 sensitive to osmotlc shock and has a Km of 0.3 uM 
"" 

for cyst{ne with a Ki of dlamlnopimel1c acid for cystIne of 

14 uM. The Km for the cy~tlne-speciflc transport system 15 
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0.02 uM and Is Inhlblted by selenocysteine. 

The klnetlcs of the transport of sulphate and i ts 

structural analogues, selenate and selenite have been 

studied (Lindbrow-Kull tl. al., 1985). E,. ~ has a sIngle 
• <-

transport system for the three anions whlch obeys Mlchaelis-

Menten klnetlcs. The specificlty and the affinity of the 

transporter are grea ter f or su 1 phate than for e i the r 

selenl um compound. AlI three are competitive inhibitor5 of 

one another. The kinetic parameters are as fol1oW5i the Km 

for sulphate i5 2.1 uM, for selenate 15 17.1 uM, and for 

selenite ls 102.0 uMe The V values are 0.99, 0.76, and max 

6.81 umol/min/g cells, respectlve1y. 

vi. Salmonell~ tYI;!himurium 

Uslng a series of mutants, Dreyfuss and Monty (1963) 

asslgned functlons to the genes of the cysteine 

blosynthetic pathway. The first steps in the pathway 

req\~ l re a su lpha te permease, two activating steps, and two' 
, 

reductions to reduce organlc su1phate to sulphide. CysA 

mutants show a 10ss of sulphate permease activlty. Mutants 

ln cysB lack reductases for PAPS and sulphi te. The other 

loci code for structural genes: cysC for APS k inasei cysD 
1 

for ATP sulphurylase; cysE for serine transacetylase; cysH 
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for PAPS reductase; and cysG, cys!, cysJ for sulphlte 

.reductase. 

Using sulphate tr~nsport'mutants, Ohta ~ àl. (1971) 
\ 

~ave determined that three complementation groups exist at 
, 

the cysA locus. Although' cysA mutants cannot transport 

sulphate, the cysA gene does not code for' the .binder. 

Mutants ln cysB have neither binding nor uptake activitles 

as weIl as lower levels of sulphlte red ucta se -activlty, 

Indicatlng a regulatory role for thls gene. 

Le inweber and Monty (1963) showed that thiosulpha'te Is 

reductl vely cleaved to yield sulphite and sulphide in [. 

t :il2b l qu,a;: l Ym· Sulphide 15 an obllgate 1 n ter me d 1 a te ln the 

assimilation of thiosulphate. This pathway i5 controlled by 

the cysB locus. The ?ystem is repressible by cystelne, 

while . sulphide ls a feedback inhibi tor. Once th~ 

thi~S~lPhate 10n>s degraded to sulphlte and sulphide, the 

pathway converges with that for assimilation of sulphate 

Into cystelne. 

Dreyfuss (1964) character i zed the sulp~ate- and 
" 

thiosulphate-transportlng systems in :i . typhlmurlum. As ln 

other systems, 5ulphate uptake 15 temperature- and energy-

dependent "'-and subject to represslon by growth on cystelne. 
, 

Mutations in t~e cysA gene render the cells unable to 

transport sulphate or thlosulphate, but growth octurs 

normally with sulphide, sulphite, or cystelne .. Mutants 
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blocked in the cysC and cysD genes accumulate sulphate but 

a~e unable to metabolize intracellular sulphate. Al though 

cystelne represses formation of the sulphate transport 

system, It does not inhlbit transp'ort. - Sulphite and 

thiosulphate are inhibitors of sulphate transport, sulphide 

15 not. The K of sulphate uptake, 15 36 uM with a V of 6 
m max " 

umol!min!g ,cell protein. While most other systems show 
o 

Il nea'r uptake of sulphate for several mi nutes, 

typhlmurium has an unusual HovershootH mechanism. sulphate 

uptake is linear for 1 min, followed by a rapid 1055 of 80% 

of the acc,l.lffiulated sulphate. This phenomenon is seen when 

the intracellulat sulphate concentration reaches 

r~( ~reYfUSS and Pardee, 19 6 6~. 

0.1 mM 

A periplasmic sulphate-binding proteln from [. 

typhlmurium was purifled and 

1967; pargee et il., "66). 

crystallized (Pardee, 1966; 
u 

The 32,000 molecular weight 

prote i n 15 
\~ 

a single ~olypeptide composed of the typical 
\ 

amine acids, but ls unusual in that it lacks sulphur-

\ 
cor~taining amino acids. About 10,000 copies are present per 

cell. Thiosulphate does not inhibi t sulphate binding but 

rather affects sulphate uptake. Sulphite, sulphide, group VI 

anions, and cy~teine repress both binding and transport 

activltles. 

Kredich (1971) showed that under conditions of sulphur 

s tarva t 10n, o-acetylser ine, a direct precursor of 
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eystelne, derepresses the sulphate permease, thereby acting 

as an internaI in~cer of the cystelne blosynthetlc enzymes. 

A pathway for cysteine biosynthesi.a in [. typh1rourlum has 

been proposed (Flgu're 2)." 

Cystelne 
,r1 

synthetase, a 

multifunctional prote1n eomplex 

tYDhimur i um (Kredich d 0 gl., 

309,000 molecular we 19ht 

bas been 1so1ated from s.. 
1977). This complex ls 

eornposed of one molecule of serine transaeetylase and two 

mplecules of O~acetylserine sulphydrylase. Concentrat ions 

of O-acetylserine ranging frOID 0.1 to 1 mM cause the complex 

to dlssoclate into Its components. 

Two systems for L-eystlne transport exist Ln fi. 

typhimurium (Baptist and Kredich, 1977). Most of the 

transport activlty is aceounted for by CTS-l, which has a Km 

of 2.0 uii and a Vrnax of 9.5 nmol/min/mg prote in. CTS-2 ha:] 

a rnuch greater affinity for L-cystine, with a K of 0.05 uM 
m 

and a Vmax of 0.22 nmol/min/mg protein. CTS-l 15 sh6ck

sensitive, Jindicating that a perlplasmie binding protein 

may be involved in L-cystine transport. Like other enzymes 

of the eysteine biosynthetlc pathway (Kredich, 1971), the 

expression ,of CTS-1 15 affected by the sulphur source used 

for growth. O-acetylserine and a gene product of the cysB 
" , , 

locus control CTS-1. These same factors regulate the 

cysteine biosynthet ie pathway, leading these authors to 

propose that both cysteine synthes is and CTS-l are 
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Figure 2. Assiml1atory reductlon of sulphate to form L-

cystelne in Salmonella typhimurium, 

L-cysteine as ,a feedba'ck Inhlbitor of 

showing 

ser ine 
, 

transacetlyase (taken from Kredich, 1971). 
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controlled by the same regulon. In contr'ast to th\. sulphate 

permease ln~. WJ... ~~lch transports sulphate, selenate, 

and selenite (Lindblow-Kull ~~ àl., 1985) the sulpha~e 

transport system ln a. typhimurium transports sulphate and 

selenate but not selenite (Brown and Shrift, 1980). Selenite 

uptake occurs in b?th wild-type cells repressed for sulphate 

transport, in mutants lacking a functional, 5ulphate 

permease, and in wild-type celis grown on cystine; selenate 

transport does not. Selenite uptake requires energy and 15 

sensitive to sulphydryl' reagents. Transport of this ion is 

biphas ic, wi th an ap'parent Km of 37.8 uM between 10 and 50 
" 

uM ( seleni te and an apparent Km of 2.87 mM at higher 

concentra~ions. The K~ and Vmax for sulphate uptake in this 

strain (K = 
m 

0.474 mM, v = 2.994 max umol/min/g) differ 

somewhat from those reported Ifor~. typhimurium by Dreyfu55 

(1964). In contrast to~. ~ (Lindblow-Kuil ~ àl., 
'\ 

1965), selenate 15 not a competItive Inhlbitor of sulphate 

in 5... tYl2himurium. 

, 
vii. Marine Bacterla 

The assimilatory sulphur me~abolism in two marine 
1 

bacterla was compared by Cuhel and coworkers (198lai 1981b). 

Sulphate transport 1s enhanced after a period of sulphur 

starvation ~seUdomonas halodurans (K~ = 214 uM, Vmax = 
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108 pmol/min/10 9 cells) ~nd Al terOIDQnas luteQ-v101aceQus î( K 
r' m 

= 186 UM, Vmax = 146 pmol/mln/10 9 
1 cells). Thio~ulphate 

{transport does occur in.f.. halodurans (Km = 14.7 uM, V = .', 
max 

30.5 pmol/min/10 9 ce1ls) but not in A. luteo-violaceous. 

Methionine, cystine, and glutathione are poor sulphur , 

sources for e,. halodurans but ar~ excellent for growth of A. 
"1 J 

luteo-violaceous. Transport of sulphate (and thiosulphate ln 

2.- halodurans) is inhibi ted by cyanlde, azide, DCCD, and 

CCC~. Uptake ,in both 1s olates 18 l 11'h i bi ted by t he gr oup VI 

oxyanions. In e.. ha1oduranEi, sulphate and thiosulphate are 

competitive inhibitors of each other. Unlike other systems 

(Roberts e..t. Ù., 1955; Dreyfuss, 1964), growth on or g an1?, 

5 u1phur sources stlmu1ated uptake ln E:.. ha lQdursaOs 1 .J 

eliminating cysteine as a feedback inhibitor of the pathway. 

Another low rnolecu1ar we ight compound must be 

for regulation as ce1ls' c:J.own on su1phate and 
\ 

responsible 

thiosu1phate 

show low initial transport rates. The authors h~ve 8uggested 

that APS -or PAPS plays this ro1e. With A. luteo-yl01aceQus, 

transport is non1 inear when ini tial rates are greater than 

growth demands for sulphur. The rapld inhibition of 

sulphate uptake in the presence of cyste1ne or glutathlone 

suggests that feedback inhibition by cysteine regulates 

sulphate transport. \ 

Further studies by Cuhel e..t. al. (+982a;1 1982b)' showed 

that virtually aIl su1phur metabolism. ln A. luteQ-ylolaceous 

'< ~ 
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and 1:.. ha lQdurans 18 d1rected to the production and 
1> 

utl11zatlon of protein precursors. Since sulphate 15 

essentlally the only sulphur source in marine 

environment, they have proposed that sulphate incorporation 

into protein be used as a measure of marine bacterial 

growth. 

vIi. other Heterotrophic Bacteria 

A few other baeteria have been the subject of, isolated 

reports of sulphur metabolism. A summary of these follows. 

studies by Sc ho ok and Berk (1978a; 1978b) have shown 

that PseudQmonas aerug1nosa 1s able to use a varlet y of 

inorganie sulphur sources for growth, inc1uding sulphate, 
1".) . 

sulphlte, sulp,hide, thiosulphate, metabisulphlte, 

tetrathlonate, and dithionite. Di th 1 onate, whi1e not toxie 

to the cells, 15 unab1e to support growth. Thlosulphate and 

, metablsu1phi te oxldases are present in both the soluble Jnd 

partlculate fract 1 ons. Rhodanese (thiosulphate sulphur 

transferase) ls constltutlvely present and ls found only in 

the soluble fraction. 

Reversible, pH driven 5ulphate transport occurs in 

membrane veslcles of Paracoccu~ denitrificans (Burne1I ~ 

~., 1975). Seienate decreases the rate of sulphate uptake 

as weIl as 1055 of su1phate. 
\ 
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gradients induce low levels of sulphate uptake wlth both 

inside-out and right-side-out vesicles. The authotn have 

postulated , th~t electroneutral symport of 2H+ and 2-
S04 ' 

dr i ven by pH, is the mechanism by whlch sulphate enters the 
<\ 

cel!. 

EnterQbacter aerogenes possesses a sulphatase, J 

a slngle 

protein of 40,700 molecular weight (Rammler !!.t. il., 1964; 

Fowler and Ra.mmler, 1964). In sulphate-limitlng media, the 

concentration of the sulphatase ls 600 to 700 times greater 

than is seen with sufficient sulphate. Thlosulphate, 

suIphlte, and cysteine aiso repress sulphatase formation, 

but growth on methionine and its analogues permlts Its 

synthesis. 

A br!ef note by De Issaly and stoppant (1963) on the 

sulphur metabollsm' in Pasteur~lla multoclda conciuded that 

sulphate 15 not used by this organism for amlno acid 

synthesis. Cells grown ln sulphide, thlosulphate, or 

sulphite incorporate the sulphur from these compounds into 

cysteine, cystathionine, homocystelne, glutathione, and 

related ami no acids; radiolabelled sulphate 15 not found ln 

any of the amino acids, but rather remalns as sulphate. 

A compar 1son of sulphate transport in E.. ru..1.. and 

Bac illus subt 1115 was made by Pasternak (1962). He found 

APS and PAPS present in both organisms. Sulphate uptake i5 

Inhibited by cystine in~. ~, whlle glutathione and 
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cys te Ine decrease sulpha te transpor t ln I3... subt 1115. 

This inhibition occurs because the enzyme catalyzing the 

synthesis of PAPS (APS kinase) is repressed by cystine in ~. 

~ and by cyst(e)ine and glutathione in a. subtilis. 

villare jo and Westley (1966) found that sulphate, 

thlosulphate, or ,cyst ine support growth of Bacl11us 

subtilis, while sulphide and cysteine are toxie. The 
1 .. , l 

optImum concentration of sulphur for growth 15 200 uH, wlth 

'1 
10 uM allowing growth wi th a greatly redueed yield. At 25 

uM, \SUIPhlde 15 far less toxie rnd 15 a better "sulphur 

~e than th i osulphat,e. Th ls may re f Lect a r,egulatory 

mechanlsm which favors the use of the most highly reduced 

sulphur source present. UnI i ke' E,. ~, a. subt i l 15 eonta Ins 

rhodanese whlch can reduce thlqsulphate to the oxidation 

level of sulphide and may account for differences ln thelr 

metabollsm of sulphate. 

Although the thlobacilli commonly use thiocyanate as a 

carbon and energy source (Happold ~ àl., 1954; Katayama and 

Kuraishl, 1978), thiocyanate util~zation in other bacteria 

ls rare. Sources of thiocyanate include the milk, saliva, 
• 

l' 
and urine of maITwals and decomposing plant tissue (woo~,/ 

1975). The heterotrophic bacteria which have been ShOW~ 

"' degrade thlocyanate 
"\ 

are solI isolates. Two pseudomonads 

whlch utilize thlocyanate have been reported "( Putillna, 

1961; Staf~ord and Callely, 1969). Betts ~ àl. (1979) have 
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isolated an Arthrobacter species which uses thlocyanate ,as 

sources of both ni trogen Jnd sulphur. Usually toxic at much 

lower levels, 0.1 M thiocyanate causes an Increase in lag 

time but has no effect on cell doubllng. These thlocyanate-

utllizing bacterla serve as reminders that an organlsm 

wh!ch Is weIl adapted to !ts environment has the best chance 

for s urv! val. 

) 
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IV. Meningococcal Disease 

1. The Bacterium 

Nelsserla meoingitidis ls a Gram-negative, nonmoti~e, 

nonflagellated diplococcus, 0.6 to l uM in diameter ( Reyn, 

1974) . The only natural host of the meningococcus is man, 

where lt Jo. resldes l~ the mucous membranes ( DeVoe, 1982) • 

" Nine serogro1ps have been identified (A, B, C, D, X, Y, Z, 

W135, and 29E) based 00 immunospecifity of capsular 

POlYSa~S (crav~n and Frasch, 1979; and Craven ~ àl., 

1979) . Further subdivision lnto serotypes is based on 

immunologically distinct outer membrane proteins 
."' 

and 

lipopolysaccharides (Frasch, 1979). The serogroup B, 

serotype 2 men!n90coccus has been responsible for most of 

the menl~gococcal dlsease outbreaka ln the past few yeats 

(DeVoe,1982). 

ii. Epidemiology and Immunity " 

The organism ls harbored asymptomatlcally by 5 to 35% of 

the healthy population (Griffiss 
1 

Artens te in, ~976), and 

while 100\ may be carriers durlng epidemic periods. In high 

density populations, such as military recruits, the carrlage 

rate may exceed 90% while the dlsease rate remains less than 
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,1% (Goldschnelder tl Ù., 1969a). The menlngococcus 15 

disseminated from the nasopharynx through the generation of 

aerosols (Artenste 1 n d a.l.., -1968) . 

Chtldren between the ages of 6 months and 2 years are 

most susceptible to men i ngococca l dlsease. The 

susceptibility increases during the flrst 6 months of life 

and correlates with the deerease ln passiv~ly aequlred 

immunoglobulins (Smith, 1954). Between 6 and 24 montha, 

serum bacterlcidal aetlvity 15 at Its lowest (Goldschnelder 

et -tl., - 1969), mak ing thls group high1y susceptIble to 

menlngocoecal infection. As serum baete'r 1 e Ida 1 act 1 vi ty 

increases over the age of 2 years, there 15 a progressive 

reductipn in the incid~nce of disease (Frasch, 1977). 
"---

VIi th in 7 to 10 days after eolonization of the 

oropharynx, antlbodles of the IgA, IgM, and IgG cldsses are 
>\ 'j 

el ie i ted by the hast (Gpldsehne ider d il., 1969b) . 

These antlbodies are formed as a result of e i ther 

oropharyngeal carriage or Infection (RelIer ~ a.l.., 1973), 

with natural immunity occurring as exposure and carrlage 

continue throughout life (DeVoe, 1982). 

i i i. The Dlsease 

.. 
When host defenee meehanisms are overcome, the 

meningococcus gains entry to the' systemic circulation, 
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ma~fe~tin9 itself in one~of several forma of the disease, 

l:
T e most common form 1s meningococcemia resulting when 

acter1a
J 

enter the blood stream after colonization of the 
• I~ 

oropharynx. Meningococc1 may_ then colonize organs, joints, 
/ ' c, 

1 and tissues during this phase of bacteremia, leading to 

chronlc meningococccemla (Herrick, 1919). In the acute 

phase, death has been known to occur withln hours of the 

onset of ~llnlcal symptoms. In some cases, the bacteremia 

develops lnto fulminant menlngococcemia or fulminant 

encephalitis, characterized by hemorrhagic skin lesions 

(Hill and Kinney, 1947), disseminated intravascular 

- coagulation (Minna Û d., 1974), circulatory failure and 

coma (May, 1960). 
,/,' ,.. 

Sulphonamides were the drug of choice for treatment of 

men ingococcal disease until sulphad laz i ne resistance 

appeared in the 1960'5 (Artenstein, 1975) • While 

erythromycin and chlorampherticol are usually effective, 

penicililn and rifampin are most widely recommended for 

treatment of meningococcal disease. In the absence of 

treatment, mortality rates may reach 96% while antibiotic 

therapy reduces mortality to 10 to 15\ (eDe, 1981). 

Iv. Virulence Factors 

In order for a 

: .... } 

l 
pathogen to invade, 
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multlply wlthln the host, 1t must first overcome the natural 

host defence mechan1sms (Smith, 1977). Factors con€rlbuting 
~ 

to virulence may be extracellular, such as toxins or 
~ ~ 

enzymes, or may bé surface compo~ents of the microbe, such 

as piIi, flmbrlae, capsules, or envelopes (Pelczar tl d.l.., 
r, 

1986). The meningococcus has evolved a comblnatlon of th~se 

'---
virulence factors, permitting it to continue to be a serious ~ 

human pathogen despite antlbiotlc therapy. " \ 

Colonizat1on of the mucosal surface 1s a prerequlslte ta 

infection. DeVoe and Gtlchrist (1975) found that ~. 

meningitidis isolated from the nasopharynx of carriers or 

from the cerebrospinal fluid of patients with acute disease 

were piliated while only a small percentage of laboratory 

strains exhibited pLli, indicating the importance of pili 

for in yi vo attachment (DeVoe and Gilchrist, 1974). 

stephens and McGee (1981) found greater amounts of surface 

polysaccharide in disease isolates than in nasopharyngeal 

s tra i ns \ of men i ngococc 1. '.l'he 1055 of polysacchar ide 

biosynthetic capability of mutants of group B men1ngococcus 

was directly correlated w1th a dramatic 1055 of virulence in 

mice (Masson d àl.., 1982). These studies demonstrate the 

importance of capsules in the produ~tion of meningococcal 

disease. 

K. menigitidis produces large numbers of cell wall blebs 

whlch release endotoxin to the surroundings during normal lu 
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Y1 tro growth, ( DeVoe 1973) . It is 
p 

establlshed that endotoxin plays a role in the pathogenesis 

of Gram-negatlve bacterial dlseases (Russell, 1976) . 
..J 

MenlngOCOC~ are ~hagOCytlzed, kl1led, degraded by human 

polymorphonuclear leukocytes, PMNs, (DeVoe ~ àl..., 1973) and 

egested from intact PMNs by a specifie exocytosis mechanism 

(DeVoe, 1976). Using a rabbit model, DeVoe and Gilka (1976) 

showed that small quantities of the leukocyte-egested 

material acted synergistically with endotoxin or endotoxin

d~sseminated(, contalning cell wall blebs, leading to 
1 

intravascular coagulation and hemorrhage. This pathology 1s 

the hallmark of fulminant meningococcal disease in man (Vik-

Mo ~ àl., 1978). 

Nutritlonal immunity, th.~ ability of a host to sequester 

vital nutrients from 
\ 

.:l parasite, i5 an important factor ln 
r 

preventing infection (Weinberg, 1978). Iron is essential for 

growth of most organisms and they have evolved varlous 
/"r-;<-c? 

mechanisms to acquire host iron (Neilands, 1980) . The 

meningococcus ls able to remove Iron from transferrin, a 

human serum glycoproteln which functlons to scavenge free 

Iron, maklng 1t ûnavailable to invading microbes (Archibald 

and DeVoe, 1978) . Under iron-limited conditions, tf.. 
JI 

meningitldis expresses a hlgh-affinlty mechanlsm for 

removing Iron from transferrin, a phenomenon not seen in the 

nonpathogenlc nelsserlae (Simonson ~ àl., 1982). 
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Brener ~ a...l.. (1981) found that menlngococc1 grown at low pH 

under iron-limitation, conditions charaeter1stic 'of an , 

inflammatory response, showed an 1,150-fold increase ln 

virulence for the mouse. The abl11ty of this pathogen to 

adapt. ta potentlally adverse enviranmental candi tians 

presented by the host and use these to its advantage 

eontributes to its frightenlng success. 

v. Sulphur Nutrition and Metabol1sm in the Neissetla 

Al though sulphur 1 s a ma j or nutr lent, a paucityof 
~f 

reports exists cancerning sulphur metaballsm in the 

ne i,sse r iae . Using a ehemic'ally defined medium, Catl1n 
, 

(1973) determined the nutritional profiles of 146 strains of 

ti. meningitidis, N. gonorrhoeae, and N. lact;amic~ as a bas13 

for differentiation and identification. The only' 

information relatlng to sulphur and nelsseriae from th1s 

study 15 the followlng: (lJ a Il gonococc 1 have an abso 1 ute 

requlrement for cystefne, (2) eyst(e)ine ls requlred by sorne 

meningoeocci; glutathione, ,but not methl on i ne, can 
", 

substltute for cyst(e)lne ln the medium, (3) sorne strain~ of 

t{.. laetamiea need cysteine to grow, sorne do not, and (4) 

sulphadiazine resistance ln gonoeoecl 15 related 0 a 

genetie defeet whieh renders the cells unable to syntheslze 

methionine. 
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Holbein (1981) found that the addition of normal human 

serum te a chemlcally deflned medium stimulates the growth 

of li. menlngl tidl§. He found that the major growth-limi ting 

component in human serum 1~ cysteine, and speculated that 

cy)stelne may be an important factor for growth dur ing the 

bacteremic phase which occurs 'in most forms of meningococcal 

infection. 

Although i ts function 1s not understood (Morse, 1979), 

Tauber and Russell (1962) have shown the presence of a 

cysteine oxidase in neisseriae which converts cysteine to 

cystine. Yu and DeVoe demonstrated that the L-cY5telne 

ox1dase in N. meningitidis is specifie for cysteine and that 

product of the reaction is cystine. The electrons from 

the cysteine are carried along the respira tory chain and 

reduce the major cytochromes. Usir.g inhi<ffitors of the 

electron transport chain, an alternative cysteine oxidase 

actlvi~y 15 observed which, unlike the major cystelne 

oxldase, i5 Insensitive to azide. If the flow of electrons 

from cysteine along the resp~ratory chain Is inhlbited, 

e lectrons are shunted to this alternat ive oxidase. These 

authors have speculated that the oX?idation of cysteine may 
~ 

be Involved ,In translocation across the membrane or may be a 

mechanism of translocating protons from the cytoplasm to the 

exterior of the cell, th~reby increaslng the proton motive 

force, and driving oxidative phosphorylation. 
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Le Faou has made the flrst major attempt to look at 
'-

sulphur metabo,~lsm in the nelsser iae. He found that the 

cysteine requirement of sorne strains of N. 9QnQtrboeae can 

be met by th\osulphate. Trrese stralns possess thlosulphate 

reductase, rhodanese, and tetrat~lonate and trlthlonate 
-\ 

reductase activitles (1981; 1983). Rhodanese (thiosulphate 

5ulphur transferase) 15 a multifunctional enzyme which 
~ 

exhibits th10sulphate reductase activity n (Westley, 1973). 

The presence of rhodanese and thlosulphate reductase 

expla1ns the abillty of these stralns to use thlosulphate as 

a sole sulphur source. Most fi. me n 1 n 9 i t i d l :il and 

nonpathogen1c neisseriae are able to use sulphate as a sole 

source of sulphuri those strains whlch cannot, Including aIl 

the gonococci, lack sulphlte reductase activity (1984). 

A recent report suggests that the lipopolysaccharide of, 

the gonococcus is altered when the cells are grown on an 

organlc thiosulphate, sulphocyste lne (E. P,. Norrod, K. A. 

" Hagstrom, and D. L. 5homsen, Abstr. Annu. Meet. Am. Soc. 

Mlcroblol.- 1987, 018, p. 75). 
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VI. Ratlooale for Thesls Work 

There is an increasing awar~ne5S that elucidating the 

mechanisms of bacterlal parasltism requires an understanding 

of the physiology of the parasite. An important facet of 
. 

this i5 determining how a parasite acquires vital nutrients 

from its hosto In the case of Iron, many such studies have 

been rewarded wlth the discovery that the struggle of the 

parasite to obtain h05t Iron and the ability of the host to 

sequester it 15 a crltical factor in the course of infection 

(Weinberg, 1978). The acquisition of the macronutrient 

sulphur has been studled in a number of eucaryotes and 

autotrophic bacteria, but little attention has been ~iven to 

sulphur metabolism in heterotrophic bacteria or pathogens. 

Although a variety of reports 5ugge5ts that iron 

availability plays a role ln gonococcal and rneningococcal , 
Infections (Payne and Finkelstein, 1975; Holbein et al., 

1979), little 15 known about sulphur acquisition or 

metabolism by the nelsseriae and its potential role in 

pathogenesis. Therefore, this study of sulphur metabolism 

ln Neisseria meningitidis was undertaken. 

\ . , 
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VII. tlanuscripts and Authorshlp 

Experimental results included in two publications are 

presented in this thesls. In the paper on thlosulphaate 

reductase in N,. meoingitiqis (OeVoe, Port, Holbein, and 

Ingram, 1982), ~he ooly experiments whlch are Included ln 
,/ 

this thesis are those which were done by me, unde r _ the . 
supervision of Dr. 1. W. OeVoe. The experlments descrlbed 

in the paper on sulphate acquisition by 't!,! meningitid15 

(Port, DeVoe, and Archibald, 1984) were done solely by me, 

primarily under the guidance Of)orr Fre~ Archibald. 

j 
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MATERIALS AND METHODS 

Organism 

The serogroup B Nelsserla menlngltldls SOle used 

throughout this work was obtained from the Nelsseira 

Reposltory, NAMRU, University of ealifornla, Berkeley. stock 

cul tures were maintained by lyophilizatlon. Work 1 ng 

cultures wer-e maintained on Mueller-Hinton (MH: Difco 

Laboratories, Detroit, MI) agar slants stored at -70°C. 
\ 

tt· 

meningitidls SD~C dissociates lnto rough and smooth colonial 

forms (DeVoe a~d( Gilchrlst, 1978). Only the smooEh colonial 

type was used in these studles. 

Media 

Unless otherwise, noted, the organism was grown ln 

modified Nelsseria defined medium, MNDM, (Archibald and 

DeVoe, 1978). The composition of thls medium 15 glven in 

Table 1. When used, the following compounds were added at a 

concentration of 1 mM (per m~le sulphur) ~less otherwise 

noted: Na 2so4, Na 2so3 , NaHS03 , Na 2s 20 3 , Na 2s 204, Na 2s20 6 , 
, 

NaseN, NaSH, L-cysteine, L-cystine, reduced glutathlone, 1 

oxldized glutathlone, L-methlonlne, mercaptosucclnate, 

lanthlonlne, taurine, or carrageenans. 
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Table 1. Composition of modified Nelsseria defined medium. a 

~omDonent , 

L-gluta,Jll'ic 
D-glucose 
Urac il 
L-argining 
Tr 15 base Jtr... 
NaCl ~H-

NaH 2PO 4' H20 

caC1
2 

.2H
2

0 

NH 4Cl 

.,.f MgC1 2 

KCl 
1 

acid 

L-alanine 
L-asparag ine 
L-aspartate 
L-glutamine 
glycine 
L-h i 5 t id i ne 
L-isoleucine 
L-leucine 
L-lys ine 
L-phenyla lan ine 
L-ser ine 
L-threonine 
L-tr yptophan 
L-tyrosine 
L-val ine 

) 
-FeC1 3 ·Na-citrate 

Sulphur 

Final Concentration (mM). 

(1:10) 

10 
10 

1. 
1 

40 
140 

1 

0.5 

10 

0.2' 

2 

0.19 
0.21 
0.17 
0.33 

-0.21 
0.09 
0.26 
0.40 
0.26 
0.19 
0.37 
0.34 
0.04 
0.23 
0.26 

0.05 ug Fe/mL 

as appropr iate 

a Original formulation in F.S. Archibald and LW. DeVoe, 
1978. Iron in Neisseria meningitidis: Minimum 
Requirements, Effects of Limitation, and Characteristics 
of Uptake. J. Bacteriol. 136:35-48. 

b TrIs hydroxyamlnomethane 

42 



-
Cell Growth "and Enumeration 

Working cultures were thawed and streaked onto Mueller

Hinton agar plates amd incubated for 14 to 16 h at 37°c ln 

Cells from these plates were washed in and 

resuspended ln HNDM plus sulphur source. Broth cultures 

were shaken at 200 rpm in 5\ CO 2 at 37°C. Viable and direct 

counts were determlned as previously described (DeVoe and 

Gilchr ist, 1973) • Growth was routinely followed 

turbidimetrically' at 600 nm using a Spectronic 20 (Bausch 

and Lomb, Rochester, NY) spectrophotometer. 

Transport Experiments (.' 

Unless otherwise noted, uptake studles employed ce!ls 

grown to late 16g phase in complete MNDM contalning 1 mM 

sulphur source. Cells were harvested by centrifuga~ion 

(Sorvall Model RC2-B,) at 40 C , 7,000 x 9 for 10 min and 

washed twice in MNDM minus sulphur. These ce1ls were 

resuspended to an OD 600 of 0.1 ln MNDM containlng 1 uM 

sulphur. Cultures were Incubated as before until they 

reached an OD600 of 0.15 to 0.18 (2 to 3 h). ~jese cells 

were cooled ° to 4 C, held on ice, and used within 1 h to 

as say uptake. 
\ '- ( 

Transport activity was usually assayed as fol1ows: 5 mL 
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of cell suspension was added to a 50 mL flask. Cultures 

were shaken at ~ rpm in a 37°C water bath shaker (New 
, 

Brunswick Scientlfic Co. , New Brunswick, NJ) for 5 min prior 

to addlng the approprlate radiolsotope (label) . Each 

radiolsotope (0.5 to 1 uCi per mL final concentration) was 

supplemented with tts unlabelled form to achieve the desi~ed 

final concentra t i on 

were used: 

(1 t 0 200 uM). 

35 S-L-cysteine, 

Three radioisotopes 
75 -" 

~nd Na 2 /Seo 4' One-

half te one mL samples were withdrawn at intervals from 30 s 
, . 

to 8 h and filtered through Amlcon VFM-3 filter cups (0.45 

um pore size). The filters were rinsed immediately with 3 

mL sulphur-free MNDM (23°C) and placed in scintillation 

vials. Five mL Formula 947 liquid scintillation cocktail 

(New England Nuclear, Boston, MA) was added to vials 

containing either sulphur compound and the 35s present 

quantitated uslng a Beckman 8000 liquid scinti.llation 

counter. The samples containln~ radiolabelled selenate were 

quantltated uslng a Beckman 8000 gamma radiation counter. 

Positive controls were dotie at the beglnnlng and end of each 

9 ,experlment to assure uniformity. 

In experlments where competitors or inhlbitors were 

used, the cells were allowe~ to take up the radioisotope for 

5 min, unless otherwlse noted, at which time the competitor 

or inhibitor was added. 

In experiments where metabolic poisons were used, aIl 
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were dlssolved in absolute ethanol except KCN and NaN
3

, 

which were prepared fresh and dissolved ln dlstilled water. 

An ethanol control was included in each exper iment. . The 

cell suspension was,shaken at 100 rpm in a 37 0 C water bath 

for 5 min prLor to addlng the metabollc poison. The ce 115 

'continued shakinq for 5 min at which time the radioisotope 

was added and uptake assayed. 

To examine the effect of temperature on sulphate uptake, 

the cells were allowed to equillbrate at the samp11ng 

temperature (21°C to..,. 45°C) for 10 min pr lor to the addi tlon 

of radioisotope. 

To look at pH effects on sulphate uptake, the sulphur-

starved cells were resuspended ln MNDM 1ess sulphur at 

varlous pH values from 6 to 8 .. After 10 min the ce1ls were 

used in the usua1 transport assay. 
" 

In the efflux experiments, cells were exposed ta either 

~OUM 35s04 -2 or 10uM 35s-L-cystelne for 5 min at whlch tlme 

unlabelled 10uM L-cysteine or ImM L-cysteine was add~d, .. 
respectively. Aliqtlots were removed at 5 min intervals to 

look for exchange of radioisotope. 

Toxiclty of Selenate, Molybdate, and Tungstate to ~serla 

meningltldls 

Mueller-Hlnton (MH) plates or MNDM plates were prepared 
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" 
from broths by adding 1. 5% agar. A suspension of N. 

menlngltldls was Incubated ln MH broth for 4 h and spread on 

th-e MH or MN DM agar plates with a sterlle swab. Three wells 

(O. 5 cm ln d lameter) were cut ln the agar of each pla te. 

Solutions of Na
2

Se0
4

, Na
2
Moo

4
, and Na

3
P[W

3
0 lO ]4 were each 

, 
prepared in 4 mM, 200 uM, and 40 uM concentrations. Each 

weIl was filled with 100 uL of the concentration of the ion 

to be' tested to 9 ive a final concentrati on of 1 mM, 50 uMI 

or 10 uM. 'Plates were Incubated for 18-24 h at 5% 

,< 

API-Zym® Analytical strips 

Sulphur -starved and sulphur -suffie i ent eells of ri. 
" 

meningitidis were prepared as describe'd previously. Cells 

were harvested by centrifugation (4°C) at 7000 x ,g for 10 

min and suspended to a de'nsi ty of 1.5 x 109 cells/mL. Four 

drops from aster i le Pasteur pipette· were added ,t,o each we Il 

of the API-zym® test str iP. (Analytab products, 
-' 

Plainview,NY,l .The lids were placed on the tray and trays 

were Incubated a t 37 0 C for 4 h. After incubation, one drop 

of Reagents A and B was added to each weIl. Colour was 

allowed 
i 

to develop for 5 min and the strlp was exposed to 

bright fluorescent 11ght for ~ min to facilitate negatlve 

reactlons to become colourless. Each weIl was then rated 
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visually for development of colour, with zero corresponding 

to a negative reaction and five indicating maximum colour 

development. An approximation of the amount of enzyme 
"1 

present in the inoculum was calculated based on the colour 

developed. 

Effect of 'Chloramphenicol Treatment on Sulphate Uptake 

Sulphur-sufficient cells of ~. menlngitldls were grown 

as usual on MNDM agar. The cells were harvested and washed 

ln sulphur-free MNDM broth and suspended to a denslty of 2 

to 
8 ~ 

4 x 10 cells/mL. The cel~s were di vided into three 

aliquots: Na 2S04 was added, to one aliquot to achieve a final 

desired concentration of 1 UMi the second aliquot received 

( 1 uM flnal concentration) plus 20 ug/mL· 
........ , 

chloramphen i col i the th ird----- a l:"tÇiùot rece i ved 1 mM Na 2 S0 4 

(final concentration) plus 20 ug/mL chloramphenlcol. 

Cultures were shaken at 200 rpm in 5% CO 2 at 37°C.' Cells 
, , 35 

were sampled at 1 and 2 h for abl1ity ta transport Na 2 S04' 

plated on MH agar, and incubated overnlght to check 

vl'ability. 

Distribution of 35s ln the Meningococcus 

To look at the distribution of sulphur in Nelsserla 
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menlnglt1dls, a variation of the method used by Cuhel et al. 

(1981) was us~d. cultur~ of sulphur-sufficlent 

menlngitidls were inoculated into MNDM broth containlng 

100 uM Na
2

35so 4 and incubated at 200 rpm in 5% CO 2 at 37°C 
~ 

for 4h. Aliquots were removed for processing at l, 2, 3, 

and 4h. At 4h, the ce Ils , viere harves ted, washed and 

resuspended in MNDM broth containing unlabelled 1 uM Na 2So 4 . 

Incubation was continued for 2h with aliquots removed for 

processlng at 1 and 2h. 

The samples were processed as follows to quantitate the 

form .of sulphur ln the ceUs at each time point. Duplica te 

1 mL a 11quots were centrifuged for" 2 min in a 

microcentrifuge at 12,000 x g. The supernatant fluid was 

discarded and the cells were suspended and washed in 0.05 M 

MOPS (morphollnepropanesulphonic acid, Sigma Chemical Co., 

st. Louis, MO) buffer, pH 7.5. The cell pellet was then 

resuspended ln 0.5 mL 0.05 M MOPS buffer, pH 7.5, and 0.1 mL 

1% SDS (sodium dodecyl sulphate) was added and the cells 

were vortexed briefly. Aft,el'i 15 min incubation at 23°C, 0.6 

mL 20\ TCA (trichloroacetic acid) was added to each 1.5 mL 

tube, the contents were mixed b~iefly, and incubated for 30 

min at 4 oC. The 5~mples were centr i fuged for 2 min (12,000 x 

g) and the supernatant fluid was removed and saved. The 

pellet was resuspended -ln 0.8 mL 10% TCA and centrifuged 

" again for 2 min. This supernatant fluid fraction was 
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combined with the previous one and saved. The suspended, 

pellet was counted to determine cell breakage. The combined 

supernatant fluid fractions were treated as follows~ 1.75 mL 

sample was. added to 50 uL 5 mM Na 2S0 4 and 250 uL lM BaCl
2

, 

pH 2 and incubated in a mlcrocen~rifuge tube for 2h at 4QC. 

The s~mples were centrifuged for 2 min and the supernatant 
t 

fluids removed with a Pasteur pipette and saved. The pellet 

was resuspended ln 1 M BaCl 2 , pH 2 and centrlfuged for 2 

min. The supernatant fluid was removed and added", Jo the 

first supernatant fluid fraction. This procedure was 

repeated a third tlme and aIl three supernatant fluid 

fractions were combinèd. The supernatant fluld fracttons 

constituted the low molecul~r weight organic sulphur in the 

cells. The pellet was suspended in water and representeq 

the organic sulphur fraction. Fractions were counted as 

described previously. 

Pr~paration of Cell Envelope and Cytoplasmic Fractions 

Cells were grown oh MH plates as described prevlously, 

removed with a sterile swab, and suspended in 10 mL broth 

(MH or MNDM plus sulphur source). This inoculum was added 

to 1.5 
o L of the suspens ion broth (prewarmed to 37 C) in a 

2.8 L Fernbach flask and incubated at 37°C, 5% CO 2 ' --shaken 

at 100 rpm until the cell density reached an 00600 between 
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1.0 and 1. 2. 
Ji 

' Cells were harvested by centrlf~gatlon at 

6000 x 9 for 10 min at 4oC. Cells from 9 L of broth were 

suspended ln 20 mL of 0.05 M MOPS buffer, pH 7.5 which 

contalned 1 mM MgCl 2 and 50 ug/mL DNase. Cells were 

hydraullcally broken uslng a French pressure cell (Amerlcan 

Instrument Co., MD) at 12,000-15,000 psi. Broken cells were 

centrifuged at 10,000 x 9 for 10 min at 4°C. The 

supernatant fluid fraction was removed and ultracentrifuged 
p 

(Beckman Model L8-70, Ti-65 rotor) ût 70,000 x 9 for 60 min 

at 4oC. The supernatant fluid fraction was removed, divided 

into 5- mL aliquots and stored at -70°C. The pellet was 

resuspended in 20 mL MOPS buffer and centrifuged at 70,000 x , 

9 for 60 min at 4oC. The supernatant fluid was removed and 

discarded. The pellet was resuspended in 5 mL MOPS buffer 

and stored at -70 oC. 

Electrophoresis 

Sodium dodecyl sulphate polyacrylamide gel 

electrophoresls (SOS-PAGE) of the envelope and cytoplasmic 

fractions was carrled out using a modification of the 

Laemml i (1970) procedure. The-,,-,fo1lowing stock solutions were 

prepared: 

1. Monomer solution- 58.4 9 acrylamide, 1.6 9 Bis, 

distill'ed water to 200 mL, stored in dark 
/ 
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a, Runninq qel bUffet- 1.5 H Tris, pH to 8.8 with Hel 

3. Stacking gel buffer- 0.5 M Tris, pH to 6.8 wlth Hel 

4. 10% SOS 

5. 10% 'ammonium persulphate 

6. Running gel over~ay- 0.375 M Tris pH 8.8, 0.1~ SDS 

7. 2X treatment buffer- 0.125 M Tris pH 6.8, 4% SDS, 20% 

glycerol, 10% 2-mercaptoethanol 
~~3 

8. Tank buffer- 0.25 M Tris pH 8.3, 0.192 M glycine, 

0.1% SOS 

, 
The separating gel was prepared by mixing 20 mL monomer 

solution, 15 mL running gel buffer, 0.6 mL 10% SOS, and 24.1 

mL H20. A vacuum was applied for 10 min to deaerate followed 

by 

gel 

the addition of 300 uL ammonium persulphate and 
) 

The solution was careful~y pipetted lnto the 

apparatus (Model 600 vertlc~l Slab Unit, BloRad 

20 uL 

TEMEO. slab 

Laboratories, Richmond,CA), layered with water and allowed 

ta polymerlze. 

The stacking gel was prepared by mlxlng 2.66 mL monomer 

solution, 5.0 mL stacking gel buffer, 0.2 mL SOS,and 12.2 mL 

H20. After deaerating, 100 uL ammonium persu1phate~ and 10 

uL TEMEO were added. The water was poured off the 

separating gel and stacking gel solution was added. A comb 

was inserted lnto the sandwich and the gel was allowed to 

harden. 
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Equal volumes of proteln (envelopes, eytoplasmlc 

fractions or standards) were eombined with 2X treatment 

buffer in a mieroeentrifuge tube and boiled for 90 s. A drop 

of 1% phenol red was added to each sample to serve as a 

tracker dYe. Samples were t 
iee (ImmedIate use) 'held on or 

ftozen at -70°C (future use). 
~-

Using a 50 uL syr Inge, samples were underlayered in each 

weIl. The upper and !ower buffer chambers were filled with 

tank buf fer. A current of 30 mA was applied and 

electrophoresis was continued until the traeker dye ffiigrated 

to the bottom of the gel. The gels were stained in a 

solution of 0.125% Coomassie blue R-250, 50% methanol, and 

( 10% acetic aci-d for 8 h on a shaker (M. Baines homemade 
) / 

(~device for staining gels). After destaining in a solution 

of 50% methanol, 10% acetic acid ~or 2 h, the gels were 

placed on Whatman #3 filter .paper and p1aced in a BioRad gel 

drYlng apparatus (BloRad Laboratories, Richmond, CA). 

Thlosulphate Reduetase AssaYc 

~. meningitidis was separated into soluble (cytoplasmic) 

and partlculate (envelope) fractions as described earller. 

These cel! fractions were assayed for reductase activity 

(37°C) in the 3 mL ehamber of a polarographic oxygen cel! 

(Rank Br,os., Boltisham, Cambridge, UK) fitted wlth gas 
\ 

_~"H~.r---:-:= 
t~.\ -
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ports. Ten uL of 0.1 sodium dithionite (reduclng agent) was 

added to 1. 9 mL 0 f the soluble ce 11 fract i on 1 min pr i or to 

the additioh of 10 uL 0.1 M thiosulphate (5 mM, final). 

Ni trogen gas (N 2 ) was passed over the react l on at a flow 
,-

rate of 200 mL/min to a 2 cm diameter sparger in 30 mL 0.1 

mM dithionitrobenz~ic acid (DTNB) in 0.15 M NaCl, ~ mM 

K2HPO 4' 6.8. " uni t of activlty defined pH One enzyme was as 

the generation of sufficlent H2S to produce an absorbance 

(412 nm) increase in DTNB of 0.001 O.D. unit/min under the 

conditions stated above. 
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RESULTS 

l . sul~hur and the Meningococcus 

Prior to the beginning of this stud~1 sulphur Autritlon 
, '" 

"-

in N.. meningitidis consisted of the knoWlè~e that while 

most strains 
, 
use sulphate 

cys t ( e ) i ne, and that thls 

glut~~ione (Catlin, 1973). 

for growth, 

requ lrement 

sôme requlre 
~ 

'--
'~ 

can be me t", by 

An initial survey was made to ascertain the possible 

sources of sulphur for the meningococcus. l ts ml n 1 ma 1 

sulphur requirements were determined, and the presence of a 

thiosulphate r~ductase was confirmed. 

1... 

i. Sulphur Sources 

A chemically defined medium, Nelsseria defined medium 
j,' 

(NOM) , was deve loped by Arch i bald and OeVoe ( 1978 ) ~~or 

their studies on Iron limi tation ln the meningococcua. A 

modification of this medium was made so that it contalned no 

sulphur .source which ~ could ,'support growth of li . 

menlnglt:idis. 

The resultlng medium, modifled Nelsserla defined ,'medium 
" 

(MNOMi Table 1) waS used in aIl of thls "work. The 

modifications include substituting chlorlde salta for 
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5ulphate salts, omitting L-cysteine, and adding a 

comblnation of amine acids. The substitution of sulphate 

salts wlth ehloride salts coupled with the omission of L

cysteine did not allow consistent, rep~oducible growth of 

the meningoeoccus even when a usable sulphur substrate was 

added. A combinat Ion of 15 amino acids was added to the 
~ 

acids are thos, found' in îcto-

Laboratorles), excluding L-methionine. 

med i um. These amino 

Casamino Ac Ids (0 ifco 

Bacto-casa~ino Aclds is a component of 
1 

Mueller-Hinton 

med i um, an exc~llent complex medium for the primary 

isolation and growth of meningococcl. The addition of these 

amino acids allowed excellent, reproduclble growth of the 

menlngpcoccus in MNDM. 

Studles were done to ascertaln whlch sulphur compounds 

could be used by the menlngoeoccus as its sole source of 

Ù sulphur (Table 2) . The chemical structures of the less 

commonly known sulphur compounds are shown ln Appendlx A. 

Although toxie to Bacll1us ~ubtilis (Villarejo and Westley, 

1966), i. ~ (Roberts ~ Ù., 1955), and to sorne ,strains 

of meningococci (Catlin, 1973), cysteine was essential for 

neisserlal growth ln the original NOM formulation. As the 

sole source of sulphur in MNDM, L-cystelne permitted 

excellent growth of ~. menlngitidls. 
r 

While not permlttlng 

the growth of cells pregrown on, 1 mM Na 2so4, sodium 

dithionate produced good growth of cells starved for sulphur 
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Table 2. Compounds tested as sole sulphur sources for 
for the growth of ~,menlngltldis. Each sulphur 
compound was added to MNDM at ~ mM. cel~s were 
shaken at 200 rpm, 5\ CO, 37 C and growth was 
measured spectrophotometrfcallY at 600 nm. 

compound 
\ 

Sulphate 

Sulphite 

(Na 2S04 ) 

(Na 2S03 ) 

Bisulphite (NaHS0 3 ) 

Thiosulphate (Na 2S203 ) 

Di th ioni te (Na 2S2 04 )' 

Thiocyanate (NaSCN) 

Hydrosulphide (NaSH) 

Reduced glutathione (GSH) 

L-cysteine 

r..-cystine 

L;-lanthionine 

r..-methionine 

Mercaptosucclnate 

Taur ine 

carrageenans(lota,kappa,lambda) 

Dithionate , (Na 2S20 6 ) 

GrQwtb 

Excellent 

" 
" 
" 
" 
" 

" 
" 

" 
" 

Good 

poor 
"-. 

~ 

None , 

" \", 
1 

None/Good 

a If previously starved for sulphur . 
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Table 2. compounds tested as sole sulphur sources ~or 

for the growth of li. meoingitld15. Each sulphur 
compound WdS added to MNDM at 1 mM. Celis were 
shaken at 200 rpm, 5% CO, 37°C and growth was 
measured spectrophotometrtcally at 600 nm. ~ 

~----------------------~----------------------------------------

ComQound 

Sulphate (Na 2S0 4 ) 

SuIphlte (Na 2S0 3 ) 

Blsulphl te (NaHS0 3 ) 

Thiosulphate (Na
2

S
2

0
3

) 

Dithionite (Na
2

S
2

0 4 ) 

Thiocyanate (NaSCN) 

Hydrosulphide (~aSH) 

Reduced glutathione (GSH) 

L-cysteine 

L-cystine 

L-lanthionlne 

L-methionlne 

Mercaptosuccinate 

Taur ine 

carrageenans ( iota, kappa, lambda) 

Growth 

Excellent' 

" 

" 

" 

" 

" 

" 

" 
" 

" 
Good 

Poor 

" 
None 

" 
a None/Good 

a If prevlously starved for sulphur. 

56 

Generation 
Time 

53 min 

55 min 

" 

53 min 

" 

" 
60 min 

53 min 

" 

56 min 

86 min 

111 min 

" 
1 • 



) 

for several hours prior to the addition of the dithionate. 

Taur ine and the carrageenans failed to--serve as sulphur 

sources even when the cells were starved for sulphur. 

Figure 3 shows the growth of~. meningitldis ln MN DM when 

supplemented with the sulphur compounds listed in Table 2. 

Minimal generation times for ~. menlngltldis ranged from 53 

to 60 min with ten of the compounds tested (curve A). 

Methionine, mercaptosuccinate, and lanthlonine showed 

significantly longer generation times (86 min for methionine 

and mercaptosuccinate, 111 min for lanthionine) as we~l as 
" 

reduced extents of growth. 

Sulphate, a likely in vivo sulphur source, and 
- , 

thiosulphate were chosen to determi ne the min i ma l sul phllr 

requ irements of N. mening i t id i s ( Figure \4). Concentra t Ions 

used ranged from 10 uM to 100 mM. Results for both 

compounds were nearly identical~ with maximal growth extent 

seen at sulphur levels greater than or equal to 500 uM. At 

concentrations less than 500 uM the growth rate remained 

maximal but exent of growth was redu~ed. At 100 uM sulphate 

or thiosulphate, the ceIIs dèpleted the sulphur after 5.5 to 

6 h growth, and at 10 uM ceIIs became sulphur-limJted ln 3 

to 4 h. CeI1s grown in sulphur-sufficlent MNDM contalned 

3.4 ug sulphur per mg celi protein while sulphur-limited 

celis contained 2.6 ug sulphur per mg protein. 
" / 
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Figure 3. Growth of K. roeningltidis at 37C ln MNDM 

supplemented with each of a variety of 

sulphur compounds at 1 mM per mole 

sulphur) as the sole source of sulphur. 

A = so·2- S04 
2- HS0 3 

1-
S204 

2-
S203 

2-
3 ' 

, , , , 

SèN1 - , SH1 - , GSH, L-cysteine, L-cystine . 
B = lanthlonine 

C = methionine, mercaptosuccinate 

" 
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Figure 4. Growth of sulphur-sufficient, washed cells 

of meningitidis at 31c in MNDM 

as the sole source of sulphur at the" 

followlng concentrations: 

A = 500 uM; l, 10, 50, and 100 mM 

B = 100 uM 

C = 10 uM 

D = no sulphur 

, \ 
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the human host whrch are aval1able to~. menlngitidis are 

listed in Table 3. The~e ls abundant sulphuI in any of the 

human body flulds f~om whlch the menlngococcus 15 usually 

lsolated in menl,ngococcal dlsease to support good g'~owth of 
'v-';'J 

the organism. G~owth of ~. meningitidls to maximal in vitro 

celi density (5 x 109 cells per mL) ~equlred 16 ug sulphur' 

per mL (0.5 mM su1phate'). Levels of aval1ab1e su1phur 

'l~eater than 0.5 mM sulphur are found ln the blood, 
{ l'il 

cerebrosplnal fluld, and saliva. Unllke lron availabl11ty, 

sulphur 11ml~atlon of the menlngococcus ls unlikely in the 

human host. 

3 

Based on the sulphur a~labl1ity Iesu1ts shown in Figs. 

and 4, thiocyanate ls/tne likely in ~ sulphur sou~ces 
in the o~opha~ynx. Sulphatê, L-cysteln~, and L-cystlne are 

potentla1 sou~ces of sulphur ln the b1ood, and su1phate and 
_ \, 

thlocyanate are the most l1kely sources in the cerebrosplnal 

Il. Thlosulphate Reductase-Actlvlty 

, ·0 

Whi1e extensive data have been accumulated on the 

Iltl11zatlon of Inorganlc sulphur compounds by the 

thiobacl11i (London and Rlttenberg, 1964; Lyric and Suzuki, 

1970; and T~'?vlnen II al,., 1976), I1ttle la known about the 
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Table 3. Levelsa of sulphur sources ln tht human host 
available to ~. menin~ftidis. 

Sulphur Source 

Total sulphur 

sulphate 
, 

Glutathione 

Thiocyanate 

Cystine, cysteine 

Mean Reported Concentration Site 
or Range 

38 mM Whole blood 

310-580 uM 
6 mM 

~ 

0.8-"3 mM 
0.41 6.6 mM 

5.2-50 uM 

13. 8 uM 
l' 

74 uM 

Serum 
Cerebrospi na l 

fluid 

Whole blood 

Saliva 

Cerebrospl.nal 
fluid 

Plasma 

Whole blood 

\ 

a From K. Diem and c.n 
Lentner (ed. ) . 19 '70. Scientific 

) 
tables. Clba.-Gelgy Ltd., Basel, swltzerland. 

! 
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mechani5m5 of 5ulphur metabolism in heterotrophs. Trudinger 

(1967) Isolated two heterotrophic soil bacter~a wh1ch 

oxidize thiosulphate to tetrathionate. Thlos~lphate oxidase 

ha5 a150 been reported in Alcaligene5 (Hall and Berk, 1968), 

and Schook·and Berk (1978) showed Pseudomonas aeruginosad to 
;; 

possess several oxidases 1ncluding th! osulpha te 1 

tetrathlonate, and metabi5ulphite as weIl as rhodanese. In 

the e~terobacter1a, a tetrathionate reductase has been found 

whlch yields thiosulphate as a ~ product (Pichinoty and 1 : 
~ ~ 1 

BIg1Iardl-Rouvler,,1963; oltmàÎm et al., 1975) W1thln the, ,'. ~ 
(f 

ne1sserIas, Le Faou (1981, 1983) has shown thiosulphate 

reductase, ':ç-hodanese, trithionate reductase . and 

tetrathionate reductase activities in Neis5eria gonorrhoeae 

and sulph 1 te reductase 1 n those ne 1S5er iae wh 1 ch use '" / 

sulphate (1984).~ 

Slnce thiosulphate was an excellent source of sulphur 

Q for tl.. menIngltldis, It was possIble that the organ1sm 
\. 

contalned a thlosulphate reductase. Earlier work in the 

laboratory of l.W. DeVoe (DeVoe ~ àl., 1982) Indlcated that 

the soluble~'cell fraction of ti,. 
'~' " 

sUlphur-reducing enzyme: When 

meningitidis contained a 

soluble -cell fractions 

subjected to polyacrylamide gel electrophoresis were placed 
l' 

in a solution contalning sodium dithionite (reducing agent), 

thiosulphate, and Feso4, black FeS deP95its appeared ~n 

three bands wlthln 30 min. These result5 indlcated that 

\... 
/' 

\ 
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thiosulphate was being reduced in the presence of sodium 

dithionite to yield H2S , which was in turn able to reduce 

FeS04 to FeS by three protein components of the soluble 

fraction. Gas-liquid ch.romotography had shown H
2

S to be the 

only detectable sUlphur-containlng gas in the gas phase 

after 15 min incubation of thiosulphate, dithlonlte, and the 

soluble cell fraction. 

My contribution to the publication on thlosulphate 

reductase was to ascertaln whether or not thlosulphate ~as 

the only substrate for the enzyme(s) and whether or pot the 

er(~yme(s) was labile unde'r normal denaturing conditions. 

'À number of sulphur compounds were tested for thelr 

" ability to serve as substrate in the reductase reaction 

ble 4). 

substrate 

1981) 

Among those f(sted, only thlosulphate served as 

for the enz!me~~seen ln the gonococcus (Le 

the soluble cell fr~lon contalned aIl the 

thiosulphate reductase activity. When the reactlon mixture 

was exposed to aIr, thiosulphate reductase actlvlt~ stopped. 
1 

Actlvity could not be recovered for the same extract when N2 

was once agaln used as the gas to carry the product from the 
1 

reaction cell to the DTNB cy;J.lnder, lild ica t 1 ng that the 
1 

1 

enzyme waS" polsoned by air only in t,41e presence of the 
1 'l 

1 
1 

121~C for substrate. Exposure of the extract to 5 min 

destroyed the activity, as did the presence of ethanol (50\ 

f Ina l) . Digestion 
lÀ" 

of the soluble cetJ~ fraction"" wlth 
'. , 

the 
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Table 4. Thlosulphate 
m!:ningitïdis 
compounds. 

reductase actlvlty ln H.. 
in the presence of various 

'~ 
sulphur 

• 

(' 

a Substrates Tr~a tme nt b. 

2-
Thlosulphate (S203 ) None 

Air 

M2 (after air) 

Ethanol (50%) 

12loC 

Pronase 
\, 

'I!o 2-Metablsulphlte (~205 ) AlI 
, 2-

Sulphlte (S03 ) AlI 
2-Tetrathionate (S406 ) AlI 

1- r Blsulphi te (HS0 3 ) AIl 

Sulphate (S04'2-) AlI 

c Actlvl ty 
Unlts/mg protein 

42 

3 

<1 

7 

<1 

10 

<1 

<1 

<1 

<1 

<1 

a AlI sulphur compounds were used as sodium salts at a 
fInal concentration of 5 mM sulphur. 

b • ,~thanol added wlth substrate; aeratlon of the cell-free 
extract alone in the absence of substrate had no adverse 
effects. Pronase data were normallzed~ from separate 
experiments based 0 \ of activity. 

, ~ 
c Reductase actlvi y was determined by addilng potential 

substrate and red c log agent to the. soluble' ce Il fract 1. on. 
N gas was pas ed over the reaction into a cylinder 
c60tainlng DTNB. One unit of enzyme activity was deflned 
as the generat on of sufficient H2S to produce an 
absorbance (412 nm) Increase i~ DTNB of 0.001 unit/min. 
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broad-spectrum streptomycete protease pranase (23 ~/mL; 4h) 
(\. 

resulted in ah 75% 1055 of activity when compared with 

controls. 

This work clearly demonstrated that the sulphur-reductng 

enzyme was indeed a thiosulphate reductasef was protein ln 

nature, and was inactivated by air only ln the presence of 
" 

Its substrate. 

Summary 
1\ ,,\ 

In order to c~lonlze the host and produce disease, the 

meningococcus must 'be able to -acqulre its vital nutrlents 

from the host. It has been demonstrated in this sectIon 

that Mo. menin9 it~ can readi ly use each of 13 

biologlcally relevant sulphur compounds as Its sole source 

of sulphur. Several of these compounds occur ln the human 

host at concentrations weIl above the minimum sulphur 

requirements of the meningococcus. Su1phur ls there fore 

unlikely to be a nutr~ent 1imitlng the growth of' N,. 

men i n9 1 t Id 1 s 1 n.r- ,t~e human hos t. Unllke the micronutrlent 

Iron, It would be impossible for the host to sequester 1 ts 

sulphur from the mic~ooiganlsm. 
\, ~ 

The presence of a thlosulphate reductase in the 

meningococcus was clearly demonstrated. 
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II. sulphate Transport ln N, meningitfdia 

The second phase of this work was a deta i led study of 

)the uptake of sulphate by t~ meningococcus. Sulphate is a 

l1kely su1phur source for N. menlngltldis ln the blood and 

cerebrospinal fluid of man (see Table 3). Meningococci are 

usua11y lsolated from these body fluids during the course of 

menlngococcal disease (DeVoe, 1982) and the levels of 

sulphate present in the blood and cerebrospinal fluid 
'fi 

(Table 3) exceed the levels required by R. menlngitidis for 

growth to maximal in vitro cell density. 

\, In order for iron uptake to be observed in 

menl'ogitidis the cells must first be depleted of iron by 

growing them under iron-limited conditions for several cell 

doublings (Archibald and OeVoe, 1978 )/. In reports 0 f 

'sulphate uptake in marine bacteria (Cuhel et al., 1981a), 

sulphate limitation pr~or to the addition of radiolabe~led 

sulphur was necessary to enhance uptake. sulphur-sufficient 

cells of~. meningitidis SOle grown with 1 mM sulphate as 

the . sole source of sulphur showed very low uptake 

ve10e 1 ties. A~,ter reaehing late log phase in l mM sulphate, 

the eells showe9 maximal sulphate uptake after depletion of 

Intraeellular 

Fontalnlng 

~epr i vatlon 

sulphur durlng a 2 ta 3 h incubation ln MNOM 

1 uM sulphate (Figure 5). Longer sulPhur~ 

1ed to 105s of cel1 viabi11ty. 
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/ 
~igure 5. 

/,\ 
\ 

Effect of sulphur starvation on the extent 

of sulphate u~take from 10 uM 

labelle~ sul~hate iri ~. meningltidis. 
-

Cells were grown to late log phase in MNDM, 

harvested, washed, and resuspended in MN DM 

contalning 1 ~M sulphate. The e f fect was 

followed fçr 4 h after removal of normal 

méd i um sulphur. 
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sulphate upt~ke was temperature- and pH-dependent 

(Figure 6), with maximal uptake at 37°C, pH 6.8. As 37 0 C 1s 

the optimal growth temperature for~. meolngltldi~ it ls 

not surprislng that sulphate uptake is maximal at th1s 

temperature. Maximum uptake was seen at pH 6.8, whlch 1s the 
\ 

pH of MNDM after the cells have grown to late log phase. At 

pH values slightly above and below th~ optimum ( 6.5 and 

7.3), sulphate uptake rates fell by nearly 50%. At pH 6 and 

-
pH 8, sulphate uptake was reduced by 79% and 76%, 

respectively. Figure 7 shows the uptake rate 

addition of various concentrations of sulphate to 
'\ ~ 

after 
~ 

sulphur-

starved cells. A double reciprocal plot of the uptake rate 

showed saturation kinetics with a maximal-uptake velocity 

of 1.4 nmol sulphur per 109 cells per min (lnset). However, 

at 30 s the value obtained for the ap~ar~nt Km was 2.6 uM, 

whl1e at 1 min a value of 1.4 uM was seen, 'suggestlng 

allosteric neg~~~e feedback ln the uptake of sulphate or 
l 

rapld saturation of binding sites followed by slower active 

transport. 

i. Su\phate Analogues 

\ 

Th~ group VI! anions are known to be analogues of 

sulphate in other biological systems. These lnclude 

s.e-lenate [se042-~ (Brown and Shrift,- 1980 and 1982), 
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Figure 6. Effects of pH and tempe~ature on velocity of 

10 uM sulphate uptake by ~. menlngltldls. 

(1 
1 

Sulphur-starved cells were resuspended in 

sulphur-free MNDM at various pH values 10 

min prior to assaying transport. 

Sulphur-starved meningococci were allowed to 

equl1ibrate at the sampling temperature for 

10 min prior to assaying transport. 
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~J9ur:e 7. Uptake of varlous concentrations of sulphate , 

by sUlphur-starved ti. m~D1D9ltldl~ cells. 
~ 

.. - Substrate, concentr:at ions addec3 are on the . \ 
0 r--.., 

J" rlght and the apparent saturation' klnetics 
~ 

of sulphate uptake are presented in -a doflble 
-.,.. .., ; 

reclprocal plot (lnset) . 
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molybdate 

2-
[CrO 4' ] 

[MOO .. ~-} (Tweedle and Se9al, 1970), chromate 

Hfarzluf, . 1970) .. a~d ,:~n9state, (W30 l0
2
-) (Vange et . . 

al., 1974 ~ . Selenate,' tun~gstate,,-'and molybdate were chose~ 

/' Wexamine the' ,effect .of analogues on the sulphate transport 
~ 

system in H. meningitldls. 

Initial 
CIo 

exper1ments'wl re done to'look at the 

toxle effects of these ions to H,. meningitldl~. 
j) , • 

d 

potent laI 

Reaul ts are 

shown ln' table 5. Both MNDM and Mueller-Hlnton agar plates 

were used in this experlment. Meningoceccal growth on MH 

agar plates 115 conslstentlY very good, and while gro,wth ln 

MNDH broth f:ould be excell!!nt, qui te of~en i t was less' than 

~optimal. Therefore MH agar plates were added to serve as a 

control as weIl as a comparisori. M~.ybdate l~n ha'd no 
<1 ~ ~ .... _, J 

inhi bi tory or enhancement effe{;t on N,. men'lng1 t Id 15 on 

either medium. Tungstate ioh ~aused concentration-dependent 

inhibition of ,growth on the MNDM plates, completely 

Inhrblt~ng cel.l 'growth at 4 mM ln an area 0 f 20.6 cm2. On 

MH aga;r: plates growth was inhib1ted' 'less at 

selenate Ion had no effect on celJ growth at 40 er 500 uM on 
, . 

e1ther medium, but was sl1ghtly Inhibi tory on both media at 

4 mM. 

Il. Cornpetitors and Inhlbitors of Sulpnate Transport 

As rnany sulphur compounds were shown to be usable by"R. 

71 

o 



c 

J ' 

Table 5. 

If 

JToxlcl~y of 'selenate, molybdate, and tungstate 
ions to~. meningitiOis. A lawp of meni~gococci 
was exposed to the varlous ions by cutti'ng wells 
(0~5 cm ln diameter) ln the agar to ~hich 100 uL 
of the ion solutions (as sodium salts) ~ere added. 
Plates were Incubated for 18-24 h at 37 C, 5% CO 2 . 

~- r-
". 

l..Q.n.a. 
Aqaz: Plate 

conc/tratlon l1ed1 um ' Jon Selenate Molybdate Tungstate 

MH 10 uM Oa 0 0 
·~NDM 0 - 0 2.94 

M~ 50 uM 0 0 0 
MNDM -0 0 6.9 

, 
MH 1 mM <> 4.0 ~ 3.6 
MNDM 7.8 20.6 

9 

a Area of complete Inhlblti"CÏn ln, cm2 • 
.. 

Values are the average"' of .two exper lments run ln 
duplicate . . 
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me 0 1 Dg 1 t 1 d 1 g as Its sole sulphur source It seemed llkely 

that these J ", compounds weJ:;:e taken up by a common porter an,d 

~hus would compete withftnd inhlbit the uptake of sulphate. 
-- t 

• "1 
Because they are similar in electronic configuration, the 

structural analogues of sulphate are often transported by 

su1phate permeases (Dreyfuss, 1964 ; 

. 1972; and Brown and Shrlft, 1980)._ 

In the following experiments, 

Springer and Huber, 
" 

sulphate uptake ~as 

allbwed to proceed normally for 1 min at 'which point the 

appropriate concentration Ot the alternate sulphur Baur ce or 

analogue was added. A second sample was withdrawn at 5 min 
v 

~ ,'~'and compared to the control to which no second· 5ulphur 

t'-Y' 
source or analogue was added. The results are shown in 

Table 6. Thiosulfate and L-cysteine had a dramatic effect on 
& 

sulphate uptake; at equlmolar concentration (10 uM) 

thlosulph'ate comp1e~ely abolished uptake while -L-cysteine 

reduced 
f 
analogue 

uptake by 95%. Selenate was the 

and was transported preferentially 

most effective , 
. 

over sulphate, 

an indication that the two Ions may be competing for the 

same site. Only thiocyanate and tellurlte had no effect even 

at 100 times the concentration of sulphate. 

The next~ experiments were deslgned to determine the 

energy requirements of sulphate uptake in ~. menl0g1tidls. 

Known metabolic poisons'and inhibitors were used to 

de'termine the energy requJrements of sulphate uptake ln K. 
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Table 6. Effects of potentlal competltors and Inhlbltors on 
the uptake of 10 uH su1phate by R. meningitidis. 
Cells weie allowed to transport sulphate for 5 min at 
whlch time the inhibitor was added. At 10, min' a 
second sample was wi thdrawn and assayed. 

Addition 

None 

Sulphate (S04 2-] (1 mM) 
(10 uH) 

L-cystelne (1 mH) 
(106- uM) 
(10 uH) 

2-Thiosulphate (5 2°3 ] (1 mM) 
(100 uH) 
(10 uH) 

2-Molybdate (H00 4 ) (1 mM) 
(100 uH) 
(50 UH) 
(10 uM) 

2-Selenate (5e0 4 ] 

(1 mM) 
(1.00 uH) 
(50 uH) 1 
(10 uH) ~ 

,(1 mM) 
(100 uH) 
(50 uM) 
(10 uH) 

Reduced glutathione (100 uM)' 
(10 uM) 

L-methlonine (1 mM) 
(100 uM) 
(10 UH) 

2-Dlthionate [~206 ) (100 uM)-
(10 uH) 

Thlocyanate [5CN1 -] (1 mM) 
-----.- ( 10 uM) 

Tellurite [Te03
2-] (1 mM) 

a Percent of Control - -

100 

5 
57 

5 
5 
8 

o 
o 
o 

10 
63 
84 
98 

2' 
52 
59 
98 

2 
2 

Il 
16 

19, 
88 

ao 
79 
81 

60· ~ / 
99 

100 
,..00 

100 
a ! 

Percent of maximal sulphate uptake veloci ty under sta/rved 
conditions. 100\' actual uptake = 1.84 nmbl ,,'S/mg 
protein. Values are~he- average of three experirnents run 
ln duplicate. 

i ' 
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menlngltld 15 ~ Results are shawn ln Table 7. Cyanlde and 

a~ide, whlch lnhiblt electron transport at the terminal 

oxldase level, had a dramatlc effect, reduclng sulphate . '- -,) 

uptake complete ly (100%) in the "case" of cyan \de and 97\ wi th . ~ 

azide. Usi~g a large n~mber- of cells ln thls samé assay, 

there was no detectible binding of su-lphate ta ti. 

menlngltldls, although fewer than 20 Ions per cell would 

~avè been detected (data not shawn). N Iger le in, a proton 

ionophore, which acts by exéhanging K+ ions for H+ 10ns,! 

thereby eliminating the 'pli gradlent without affecting the 

electrlcàl' component of the membrane (Pressman, 1969; Moore, 

1971), reduced sulphate up1::ake by 94% . 

Tetrachlorosalicylanillde (TeS) and cyan Ide -m-, 

chlorophenylhydrazone (CCCP) are proton lunophores, agents 

which are very spec if lc Iconductors 
~ 

of H+ 10ns . 
across 

biologlcal membranes, thereby ellmlnatlng the proton motive 

force (Henderson, 1971; .,Hinkle and )1ccarty; 1978). Both were 

extremely ef fect 1 ve ln reduc Ing sulphate uptake 1 n the 
'r 

meningococcus. N,N'-dicyclodlhexylcarbodlimlde (DCCD), which 

reacts covalently wl th the membrane-bound F 0 subunl t and 

inhibits the ATPase (~arold, 1972; Fl1lingame, 1980) reduced 

sulphate upta~e ln the meningococcus by greater than 90%. 

Valinomycin, a K+-specific uniporter whlch conducts K+ Ions 

across the membrane 1 neutrallzing the electroche~lcal 

component but leavlng the pH gradient intact (Pressman, 
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Effects of metabol1c -poisons 'on 10 uM su1phate 
bptake in~. me~ingitidis. Sulphur-~tarved ce11~ 

Table ~" , 

Q \ were exposed to each metabol1c poison for 5 min .. prior to assaylng up~ake.p 

J ç l 
Addition ~al concentrat~) 

None 

Ethanol 

KCN (1 mM) 
( 0.,5 mM) 
(0.2 mM) 

TCS
b 

(1 D (O.U H) 
( 0'.2 H) 

N'1ger lei (5 uM) 

Valinomycln (25 uH) 
(2.5 uH) 

" 

DCCDc (50 uH) 
(25 uH) . \ , 
( 10 uH }_.-i,':.~ 

( 2 
t ~ .. 

uM) "l', 
~ , 

" 

CCCpd ( 50 M) ',,' u , 
(25 uH) . /" 
(10 uH) 'K';-'{r 
( 2 uM) • \~l~~'~ 

'.J t~~ ... 
~, 1.1' , , , 

NaN 3 
( 5 mM) ~ , 

Q 

( 0 • 5 mM) \ 
/ 

'/ 
/ 

/ 

C 
~ 

/ 
/ 

" 
a Percent of 

conditions. 
Values 'are 

maximal uptak~ veloci ty under sulphur-starved 
100\ uptake'';' 1.51 nmol S per mg protein. < 

, the 1 average of three experiments run in 
. duplicate . 

~ Tetrachlorosal icylani 1 ide 
'd. N,N' -dlcyclodlhexylcarbodilmlde . 

Carbonyl cyanide-m-chlorophenylhydrazone 

.: ," 
','li '" , ,- lI! 
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1965; Harold, 1970) had no effect "on sulphate uptake. 

These resul,ts ind,lcate that sulphate uptake by li. 

meningitldis is energy-dependent -and suggest that the 

bransmembrane pH gradient rather than the transmembra~e 

voltage component of the proton motive force drives, or 15 

required, for sulphate transport. 

" ~ q .. Effect of ,Chloraqwhenlcol on Sulphate Transport ln-

tl.. me n i n 9 l t 1 d l ~ -f 

(1982) found that new ptotein synthesls . , ~lmonson II Ù' 
"" '\ 

.1s required for. the uptake of Iron from transfer~,ln by li. 

meningitidls SDIC. Cells treated with chloramphenlcol for ~ 
h prior to assaying uptake .were unable to acquire lron. An 

, . 
attempt was made to ascertain whether O~l> not new protein 

syn~hesis was necessary for sulphate transport ln thls 

microorganism. Table 8 compares the uptakè of sulphate by ti,. 

\ 
meningitidls in both sulphur-starved and sulphur-suffi~ient 

cells exposed to chloramphenicol. Uptake was assayed at 

both 1 and 2, h starvation as cell viability sharply 

decreased between 1 and 2 h. At 1 h the sulphate-starved , 

cells took up 70% of the 'maximal value which was seen at 2 h 

starvatlon. When tieated wlth 20 ug/mL chloramphenlcol for 

1 or;2 n the amount of sulphate transported lnto the 

meningococcl was greatly reduced (21% at 1 h, 72% at 2 hl; 
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Table 8. Effects of chloramphenlcol (CAM) treatmen~ on 10 
uM sulphate uptake by~. meningitidis. Sulphur
starved cells were exposed to CAM for 1 or 2 h 
durlng the sulphur depletion incubation; sulphur
sufflcient cells (1 -mM) were exposed to 2 ug/mL 
CAM for 1 and 2 h. . uptake was assayed as 
prêvlously descrlbed. 

Celi Treatment up~~~~h~i~a Vlabi 1 i tyb 

1 

1 

1 

1 

1 

1 

a 

uM Sulphate, lh 

uM Sulphate, 2h 

uM Sulphate + 20 ug/mL CAM, 1h 

uk sulphate + 20 ug/mL CAM, 2h 

mM Sulphate + 2 ug/mL CAM, lh' 

mM Sulphat~ + 2~9/mL C1\M, 2h 

~ercent of maximal sulphate 
conditions. Actual uptake at 
prote in. Values are the average 
duplicate. 

b +, no 105S of ceil viabllity 
1 25-30\ loss of celi viablilty 

,,~ 

70 + 

100 + 
a. 

49 1" 

28 

0 = 
0 = r 

uptake under ~tarved 
100% = 2.63 nmol S /mg 
of two experiments run in 

y =, greater than 50\ loss of cell vlabillty 

-./ 
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however, v~ability also decreased,"' wlth over 50\ 10S5 at 2.-

h. Tne cells which were sulphatà-sufficient and· exposed to 

only 2 ug/mL chloramphenicol showed no uptake of labelled 

sulpha te wh lch was expected. However, these ce Ils YShowed an 

even greater loss of viabllity than the sUlphate-starved, 

chloramphenlcol-treated Ind lcat Ing that ceUs 

transportlng su1phate un4er normal conditions 

susceptible' Vthe effects of. chl~:aml?henICOI 
sUIPhur-st~ed~- menlngococci whlch have an 

are more 

than are 

altered 

metabol ism. Whether or not new prote ln synthes ls ls 

requlred for sulphate ~ptake in the menlngococcus 15 unclear 

from these data as 1055 of vlabl11ty was an important factor 
, 

in the reduced sulphate uptake. Successfu1 results ln the 
oP 

experlments showing new proteln synthesis to be necessary 

for Iron uptake from trans'ferrin (Simonson e.t.,à.l., 196..2) may 

have been attalnable because 1ron 15 a mlcronutrlent rather 
j, ,,/", 

than a macr onutr i ent. It seems reasonable that sulphur 

deple,tio.n coupled wlth chloramphenlcol e,xposure i5 too mUch 

phY5101ogical stress for the menlngococcl, ~esultlng in the 

inconcluslve data obtalned. 

Summary 

.f Llke other systems, sulphat~ transport ln the 

meningococcus temperature- , conCentration- and 
'" 

was pH-, 

\ / 
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en~rgy-depe~dent~ Blndl-ng of sulphate was absent in cells 

exposed to azide or cyanide. Sulphür starvation greatly 
, 

enhanced uptake. ',Th, system was inhlbited by other sulphur 

s,ourees (except thloeyanate) and structural analogues 
) 

,~ • 
(except tellurlte) . \ 

-">\ 

T 

III. Cystelne and Selenate Transpprt ln ti. meningltldis 

1 •. Transport studles 
'1') 

1 

r 
) 

J,. <, 

Cyste lne and se lenate were chosen for further uptake 
, 

etudies' with the -menJngococcus." Cystelne was selected 'as it 
, 

" 

15 an excellent suiphur source, ls present in 'the .human 

host, and 15 an amlno acld. Selenate, a structural analogue" 

of sulphate, has been shown to employ, the same uptake system 

as sulphate ln Escherichia ~ (Springer and Huber, 1972; 

Llndblow-Kull ~ al., 1985h Salmonella typhimurium (Brown 

and Shrift, 1980), and Saccharomyces ~~rey1si.tt (McCready 

and 01n, 1974). 

A compar 150n of the transport of sulphate, L-cystei ne, 

and selenate ls shown ln Figure a. This 11n~ar pattern 15 

.. 

ln sharp contras t to that se en in~. typhlmur l um, where the, 't'. 

celis excrete 80% of the sulphate transported ln the first 

minute (Dreyfuss, 1964)" 
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SUIPhat~~ S-labealled L-cystelne, and 

75se-labe~d selenat~ labelled substrates 

by sulph~r-starved menlnq~coccl. 
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The uptake of sulphate and selenate (10 uH) ,by sulphur, 
starved cells Over 2 h was èompared. Results are shown ln 

\ 
Figure 9. The cells transportlng labelled sulphate became 

sulphur-llm1ted ,at 2 h as compared to 3 to 4 h.fo~ sulphur 

1 Im1 tat i on seen in Figure 4. However, this difference can 

be attr1buted to sulphur-starvatlon whlch was shown 'to 

~learly enhance uptake. 

ln physlcal, chemlcal, 

Because 1 t ls fi Imllar to eul phate ; 

and metabol1c proper t les, the ~ 

selenium of the selenate ion 1s probably lncorporated into 
'" .. 

malfunctlonlng protelns (Shrlft, 1973). This appeared to be 

true in the meningococcus. Selenate uptake occurred wlth no 

change ln cell number (data not shawn). The ceills 

Inability to metabollze selênate;successful~ was probably 

responslble for the sharp drop ln thé uptake rate aft~ 10 

min. Selenate uptake continued for 75 min, suggestlng ~hat 
1 t 16 be Ing transported Into the cell rathe-r than' act Ing as 

a surface-competitIve inhlbitor. 

T~ble . 9" sh.ows the e'f fects of pote nt la 1 Inh i b 1 tors and 

competitors on L-cystelne uptake ln ~. menlng1tidls: The 

only ___ compol.ihd ~hich had a slgniflcan~ effect on L-cystelne 

, transport was t reduced gluta th1one, at 100 times the 
î 

c'oncentratlon of L-cyste Ine. Equlmolar L-cystelne and L-

cystine caused appr.oximately a 50\ reduct10n of L-cystelne 

uptake, Ind1catlng that the oxidlzed dlmer L-cystlne may be 
-

transported via the sarne system as L-cyste1ne ln the 
'> 

t' 
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F19ure 9. Uptake of substrate by 
'-~ 

R. menlngltidls 

1 

incubated in 10 uM sulphate or selenate. 

Cells were grown on 1 mM,sulpha~e to late 

log phase, harvested, washed, and 

resuspended in sulphur-free medium for 2 h. 

These sulphur-starved cells were then 

inoculated into MNDM containing either 10 uM 

sülphate or selenate. 

Â = Sulphate 

• = Selenate 

r 
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~ab1e 9. Effects of potential inhibitors ~nd competitors on 
; 10 uM 35S-labelled L-cystelne uptake by ~. 
li meningitidis. After accumulating L-cysteine for 5 

min, the cells were e~posed to the inhibitor. 
After 5 min exposure, a second sample was 

.withdrawn and assayed. / 

Addition Cyste Ine in Cellsa 

None 100 

" L-cystelne ( l.0 uM) 55 

L-cyst ine (1 mM) 12 
(10 UH) 50 

Sulphate (1 mM) 1 100 

)Thlosulphate (1 mM) 100 
1 ,;, 

Molybdate (1 mM) \ 97 .. / 

Tungstate (1 mM)\ 95 
,9 

Selenate (1 mM) 100 

GSSGb (1 mM) 100 

GSHc (1 mM) 60 
(10 uM) 92 

L-methlonine (1 mM) 95 . 
~ 

Thiocyanate (1 mM) 100 

a Percent of maximal L-cystelne uptake velocity under 
starved conditions. 100\ actüal uptake = 2.34 nmol S /mg 
prote!n. Values are the average of two or more e~periments 
run ln dupllcate. 

~ Oxid!zed glutathione 
Reduced glutathlone 

i. 
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menlngococcus. Unllke sulphate transport, other In?rganlc 

sulphur sources, the sulphate analoquea and oxidized 
, 
glutathione had no ef.fect on L-cystelne uptake, even at 100" 

tlmes the concentra t 1 on.' 

The effect of metabolic poisons on L-cystelne uptake Is 

in seen 
f 

uptake 

Tabie 10. A substantial reduction of L-cyste ine 
t"'~ 

was observed wlth each type of poison, Indlcatlng 

that, like sulphate L-cyste ine transport 15 

energy-dependent. 

transport, 
\ 

Selenate uptake is inhlblted ln other bacterlal systems 

by sulphate, thlosulphate, molybdate, and tellurite ln [. 
r 

typhimurium (~rown and Shrift, 1980) and by sulphate in ~. 

~ '(Lindblow-Kull !li. il., 1985) . The e f fect of 

compe~itors and inhibitors on selenate transport 15 shown ln 

Table Il. r; SUlPh~d selen~te employa common uptake 
'~} 

system in~. meningitidiS, then slmilarlties should and do 

exist in the data of Tables 6 and 11. Equlmolar 

concentrations of selenate were much more effective at 

.' reducing sulphate uptake (Table 6) than vice versa (Table 

Il) indicating a preference for selenate over sulphate by ~. 

me ni Dg i t id i s . Thiosulphate and L-cyste ine 5 imilar ly 

abollshed uptake of both ions, while glutathlone had a 
, . 

significant effect on1y on selenate uptake. Thiocyanate, an 

excellent suLphur source for the meningococcus, dld no~ 

affect the transport of sulphate, L-~ysteine, or selenate. 
\ 

85 



'" Table 10. Effects of metabolic poisons on 10 uM L-cystelne 

Metabollc 

None 

- Ethanol 

uptake ln lL... menlngltid 15. The arnount of 
accumulated L-cysteine was assayed after 5 min ln 
~e cystelne-containlng medium, at whlch tlme the 
fnetabollc po ison was added. After 5 min e~posure 
to the poison, a second sample was wlthdrawn and 
assayed. 

'" 
Poison L~cyste lne Uptake (%)a 

100 

100 1\ 

NaN3 ( 5 mM) 8 ( 
~ 

DCCD
b 

(50 UM) 13 

TCS
c (1 uM) -, 13 

Nigerlcin (10 uM) 17, 
'>, 

'" 
cccpd (50 uM) 25 

a Percent of maximal L-cystelne uptake under starved 
conditions. 100% actual uptake = 2.24 nmol S/mg 
proteine Values are the averaage of two experlments run ~n 
duplicate. 

~ Dicyclodlhexylcarbodl1mide 
Tetrachlorosallcylanl11de_ 

d Carbdnyl cyanide-m-chlorophenylhyqrazone 
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Table 11. Effects of potentlal competitors and inhlbitors 
on 10 uM selenate uptake in ti,. meningitidls. 
Cells were allbwed to transport selenate for 5 
min at which time a sample was withdrawn and 
assayed, followed by addition of the Inhlbitory 
compound. After 5 min a second sample was 
wlthdrawn and assayed. 

Add 1 tion Selenate Uptake (%) al 

None 100 

Sulphate (1.mM) 38 
(100 uM) 76 
(la uM) .,. 100 

Th l-osulpha te (10 uM) 0 
~ . 

Reduced glutath 1 one (10\ uM) 0 

L-cysteine (10 uM) 

Thiocyanate (1 mM) 
(100 uM) 
(10 uM) 

L-methiônlne (1 mM) 
(100 uM) 
(10 uH) 

Molybdate (). mM) 
(100 uM) 
(10 uM) 

Tellur 1 te (1 mM) 

a 

(100 uM) 
(10 uM) 

Percent of maximal 
c~nditlons. 100% 
proteine Values 
experlments run in 

à 

97 
1'00 , 

100 

" 49 --
J, 

51 
52 ~ 

68 
-82 

100 

76 
93 
98 

selenate uptâke'undei sulphur-starved 
actual uptak·e =: 2.25 nmol Sel mg 

are the D average ~Of" ti\C) or more 
duplicate. 
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While, a separate uptake system for the thlocyanate ~on 
~ 1"\ '\-

has 
c 

not been reported ln mlcrobial systems, th~se dat~ _suggest , 

that It i5 a possibllity in ri. meningitidis. 

Azide (1 mM) and cyanlde (1 mM) completely blocked the 

uptake of selenate by the meningococcus, and, as seen with 

sulphate, there ~às no dectectable binding of selenate to 
t 

the ce 115 under' these cond 1 t ions (data not shown) . These 

data indlcate that a common transport system for these two 

ions exlsts in N. meningitidis SD1C. 
" 

The apparent saturation kinetics of L-cysteine uptake are 

shown in Figure 10. At both 30 sand 1 min, the apparent K Jm 

'for L-cysteine uplake in N:. meningitidis SD1C Is 2 uM. 
l' 

However 1 at 30 ~ the va lue obtained for the maximal uptake 

9 velocity was 0.53 nmol sulphur per 10 cells per min, while 

at 1 min the value was 1 nmol sulphur per 109 cells per min. 

Whl1e unusual, this same effect was seen in the transport of 

manganese in Bacillus subtllis (Fisher d 2.1.., 1973; 

Scr Ibner e..t.. Ù., 1975). These authors have proposed that a 

proteln regulator Interacts with the manganese trans porter, 
( --\ 

reducing uptake wl thout affecting efflux of the manganese 

Ion, resultlng ln an Increase in V wlthout an Increase ln max 

Figure 11 shows the apparent saturation klnetics of 

selenate. The maximal uptake velocity 15 1.25 nmol selenium 

per 109 cells per min. As observed with sulphate transport, 
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Figure 10. Douole reclproca,J.... plot of 
<l 

apparent 

saturation kinetics of L-cystelne uptake by 

K. menlngitidis . 
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the 1 apparent Km values dlffer. The 30 s Value for th~ . 
appare.nt Km -ls 5 uM while the 1 l'I'i't1l'-,value Is 2 uM. Thes,e 

'" 
data indicate competitive in~ibition, whlch results when the 

substrate binds ta its receptor on the membrane and effects 
1 

further substrate binding, resulting ln an Increase ln the 
, 

apparent K wi th no change in the V (Sege l, 19~~}.-m ~x 

Ta further examine the interactions of sulphate and --L-
, ~ 

cysteine intracellularly,. experiments were done ln whlch the 

ce Ils were exposed ta rad io,ls'otopes, fo110wed by add 1 t 10n of 

an unlabelled substrate ta see if 1055 of the ,isotope 

occurred. Results are shown in Tables 12 and 13. When 

unlabelled 1 mM L-cysteine was added to cella labelled winh 

10 uH L-cys te ine, the rad io isotope waa exchanged, resu! t Ing 
, 
ln a 5% reduction after 20 min. When equimolar unlabelled ~-. 

cysteine was added ta cells which were labelled with 35S _ 

sulphate, an 11% exchange was seen. Exch~nge of the 

intrace11ular su1phur compound required the presence of an 

extracellular substrate as no 1055 of label was observed 

\ simply by washing the cells in transport buffer (data not 

shawn) . 

iii. Kinetlcs of Inhibition 

Competitive inhibition of sulphate uptake by selenate . 
has been reported in 1[. ~ (Karbonowska c.t. Ù., 1977), 
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Table 12. Efflux o'f sulphatj,S" from R. meolngltldls, cella 

vere exposed to g-labelled sulphate for 5 min, 
at whlch tlme 10 uM L-cysteloe was added and 

Tlme 

0 

'" 
~) 5 

15 

25 

samples wlthdrawo for assay. 
~ 

(mln)a 

100 

97 

90 

89 

j __________________________________ ~'~J~,------------------------

f 
·8' After addlt~on of L-cystelne. 
b 100\ actual uptake = 1.89 omol S/mg protein., Values are 

the average 'of two experlments run ln duplicate. ~ 

Table 13. ,Efflux of, L-cyst~5ne' ,from H.~ menlngitldls. Celis 
vere exposed /to S-labelled L~cysteine for 5 min, 
at whlch' time 1mM unlabelled L-cyst~lne waSoadded 
and samples vi thdravn for assay. ~ 

, .> , 

(min)a Tirne 35s-1abelled L-Cystelne ln cells~ 

0 100 

5 97 

~.5 9L. . 
-.< 

20 9S 

~ After addl tion of unlabelled L-cystelne. , ( 
lQO\ actual uptake = 1.96 nrnol L~cystelne/mg 
Values are the average of two experlrnents 
dupllCate. 
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while mixed inhibition of sulphate by selenate has been 

reported i~ Salmonella typhimurlum (Brown and Shrlft, 1980). 

In 'l. ~, both se.lenate and seleni~e are competitive 

inhlbitôrs of sulphate (Llndblow-Kull Ù Ù., 1985). 

To determine the type of inhibition occurring wlth 

sulphate and selenate, uptake wa~ assayed at varylng 

~ubstrate concentrations as the concentration of inhibitor 

.. Il ' was aiso varled. The results are seen in Figure 12. As the 

concentration of sulphat.e was lncreased (A), the apparent Km 

increased ,while 
(" 

the V remained max the same. The sarne 

effect was seen using radlolabelled' sulphate as the 

substrate 

S~gesting 

and selenate ~he" Inhlbitor (B), stronqly 

that the two iOl)s are competing- for: uptake by a 

common system. These same data represented in a lxon plot 

(Figure 13) show the Ki values, 

inhibition of selenate; 19 uM for 

80 . 

, 

sulphate 

e inhibition of 

sulphate, ind.1catlng that selenate ion ls the preferred 

substrate for the- sulphate-selenate transpor~ system. 

In compar ing '~ulphate to L-cy'stelne, only radiolabelled 
) \, 

sul-phate was used as a substrate wl th unlabelled L(::~ste Ine 

a~ the Inhlbitor because 1 mM sulphat~ had no l>::bltory 

effect on L-cystelne uptake ln R. menlogltld15 SDle. The 

results are presented ln Figure 14. As the concentrat Ion of 

L-cy~teine was increased, the apparent Km remalned the sarne 

but the Vmax decreasecf, indlcating that t-cystelne 15 a noo-
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Figure 12. Klnetlcs of sulphate uptake 

uptak-e in H,. meningltldls. 

and selenate 

" , 

~'c_ 

" 

\ 
(A) Uptake of 7SSe"7selenate alone' and in the 

presence of varying concentratlon~ 

sUIPh~e. 

(B) Uptake of 35s-sulphate alone and ln 

of 

the-

presence of varylng concentrations of 

selenate. 
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Figure 13. 'Determination of the Ki of sulphate for 

75Se-labelled selenate uptake (A) and the 

• 1 

(0 

Ki of selenate for 35s-labelled sulphate 

uptake (B) by suiphur-starved cell~ of K. 

men{ngitidis. 

, Vinitial values'vere determlned on duplicate 

0.5 mL portions of cells 1 min ,~fter .the 

simultaneous addition of radlolabelled and 

unlabelled Ions to the assay mixture. 
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F19~Ie 14. Klnetlcs of L-cys~elne uptake ,by fi. 

menlngltldls. 

Uptake of 35s-sulphate alone and in the 

presence of varylng concentrations of 

L-cysteine. V = uM per mg protein per min. 
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competItIve Inhlbltor of sulphate ln the menlngococcus. A 

plxon plot of these data (F 19ure 15) shows the KI of L

cystelne inhibition of sulphate was 15 uM. 

\ 
Summary 

f') Selenate and L-cysteine were actively transported by the ,:; 

meningococcus. Like sulphate, binding of selenate to the 

cells was not detected ln the presence of metabolic poisons. 

Inhlbftion of selenate uptake with competing substrat_es and 

analogues was sI ml1ar ta that seen ln sulphate; L-cystelne 

transport '~ was unaffected by other inorganic sulphur 

substrates or analogues. The saturation kinetics of 

selenate uptake was like that of sulp~hate, showing a 

decrease in apparent K wi th no change in V between 30 s m max, 

and 1 minn
, suggestive of competitive inhibition. L-cysteine 

uptake exhlblted an unusual pattern, an Increase ln V 
max 

, 
wlthout an increase ln the apparent K , which has been noted m 

ln manganese trans port in a. subt il i s Loss of intrace llular 

sulpha te and L-cyste 1 ne to the medl um occurred in the 

presence of L-cyste Ine. Selenate and' sulphate were mutually 

competi ti ve jinhlbi tors and appeared to be transported by a 
;. 

common system. L-cys te Ine uptake appeared to occur by a 

separate system. 
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Figure 15. Determination of the Kl of L-cystelne for 

35s-1abelled sulphate uptake by sulphur- ' 

starved cells of ~ menlogltldis. Assay 

per formed ..as déscr 1 bed in legend of Figure 

13. 
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IV. Ef fects of sulpbur s\aryat Ion 00 N. ,men Ing 1 t Id 113 

Deprivatlon of a substrate 15 often oecessary to 

derepress the transport system for that substrate. This 

phenomenon 113 observed in.su1pha~e transport ln other 

orfanlsms l Includlng algae (Vallee and Jeanjean, 1968a, b), 

cyanobacter la (utk lIen U a.l.., 1976) , and ln the present 

study of the men1ngoeoceus. In~. ~ (Roberts Û Ù., 

1955) and ~.typhimurlum (Dreyfuss, 1964), growth on organle 

~vlphur sources represses sulphate uptake wh11e ln ~. 
~ 

halodurans (Cbhei ~ àl., 1981a) sulphate transport 113 

stimulated when the cells are pregrown on sulphur-contalnlng 

amino ac Ids. These characterlstics reflect the regulatory 

processes within the celi which assure a 'steady supply of 

nutrients. 

sinee sulphur starvation promoted maximal sulphate 

uptake in the meningococcus, a closer look at the 

effects of starvatlon was taken ln an effo~t to understaod 
"J 

the regulation of sulphur metabollsm. The flrst experlment 

set out to determine two things: (1) will cells grown on 

other sulphur so~rces take up labelled sulphate? and (2) 113 

. sulphur starvat'on necessary ln order for tnem to take up 

labelled sulphate? 

Meningococci were grown to late log phase on one of flve 

sulphur sources. 35 The cells were then elther exposed to, 5-

\ 

99 
'); 



-----~------ ----- - --

( 

c 

/ 

, 

labelled sulphate whlle 5ulphur-sufflclent, or starved for 2 

h to deplete Intracell~lar sulphur before exposure to the 

labelled sulphate. Results are shown in Table 14 and Figure 

16. As seen prevlously (Figure 5), sulphate starvation 
1 

enhances the amount of sulphate taken up by~. meoiogitidis 

by about 6-rold. Meningococci grown 00 other sulphur 

sources took up appreclable amounts of sulphate only when 

they were starved for sulphur. When ioorganlc sulphur 

sources were used for initial growth, the rate of sulphate 
-

transport by sulphur-starved cells was equal to that of 

sulphate-grown cells;· the extent of sulphate transport at 5 

min was equal to or slightly greater than the ext.ent seen 

wlth those grown ln and starved for sulphate. Wi~h organic 

3ulphur in the growth medium, sulphur-sufficient cells took 

up none of the labelled sulphate; however, when cells were 
,-,J . 

grown in L-cyste i ne or glutathione and sulphur-starved they 
'-

took up 32% and 52\ of the amount of labelled sulphate 

transported by the sulphate growo, s~lphate-starved cells, 

respect 1 ve 1y. This 15 analogous to the system in a. 
typhimurium in which growth on L-cystine represses sulphate 

and selenate transport (Brown and Shrift, 1980). 

A compar lson of sulphate and L-cysteine transport was 
1 

made, using each as the sole source of sulphur for, ~growth 
0 

\>Ii th the other as the 35-s-labelled form. Results are shown 

in Table 15. As seen in the prevl04~ experiment, sulphur-
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Table 14. 

" 

. , " 
Extent of 'uptake at 5 min of 10 uH sulphate by '. 
sUlphur-sufflcient and sUlphur-starved R. 
menlngltldls grown on a vat let y of sulphut 
sources. Henlngococcl were grown to late log 
phase ln 1 mM sulphur and harvested and washed. 
Cells WeI!! used immedlately to assay sulphate 
uptake or sta~ved for 2 h prior to assaying 
uptake. J 

S~lphate ln Cells I(\)a 
, 

• d Cell Growth Sulphur-sufflclent 
Cells 

sul'phur-starved 
Ce'lls Sul.phur Source 

Sulphate 
, 

16 c 100 
• Thloçyanate 8 >,100 

Thiosulpha te 8 >100 

Reduced glutathlone ()-.. 52 
" , 

L-cystelne 0 32 

" 

a The value obtalnéd for maxlmàl sulphate uptake . by __ 
o su1phate-starved cells was deflned as 100\' Actual 

sulphate uptake at '100\ = '1.91 nmol S/mg proteln. Values 
are the average of two' or more ,exper lme,nts run ln 
dupllcate. '. 
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Flqure 16. Rates and. extents of sUlphate uptake by' , 
1 

- . sul.phur;-~tarved and sUlphu'r-sufficient ce1ls u 

. 
of R. meningitidls. Cella were,qrown ln 
HNOM tD late 10q phase, harvested, washed, 

c 

and either reauspended in aUlphur-free 

medium for 2 h or used Immedlately ln the 

tracsport as·say. 

Â= sulphut-starved cells 
• .= sulphur sufficlent cella 

"i" 
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Table 15. Extent of uptake of 10 uH sulphate or L~èystelne 
by R. mèn{ngltidis pre-grown on and subsequently 
starved for either sulphate or L-cystelne. Cells 
were grown to late log phase, ha~vested, washed, 
~nd resuspended in sulphur-free medl~~ for 2 h. 
~he rates ~§ uptake' of either S-Iabelled 
sulphate or S-labelled L-cystelne were measured 
over 5 mIn. (, 

Cèll Growth 
Sulphur Source 

35~-labelled 
Sulphur Substrate 

nmol labelled S/mg 
Prote!n 

Sulphate 

L-cystelne 

sulphate 

L-cysteine 

Values are 
duplicate. 

/ 

Sulphate 

sulphate 

L-cystel'l1e 

L-cysteine :' , 

1.44 ~ 

0.64 

/ -.. --.2 ••• 8 

-l d) (X, 
," - '\ 

\ 
\ 

the average of two \or more ~xper imen; r~n 
,j 
:1 

\, l '.f 
~ 

, 

1 

- . 

1n 

, 



) 

t ~ 

starved cells grown on L-cysteine take up less than half as 

much labelled "sulphate as sulphur~5tarved cells grown on 

",sulpha·te. 

35s-1abelled 

H0'1ever , sulphur-starved cella exposed ta 

<l 
L-cystelne took up more label than did the 

cells exposed to la})e lled sulphate 1 regardless of sulphur 

source used for in it ia l growth. These data are consistent 

with previous data whlc~ showed L-cystelne to be transported 

at a faster rate than sulphate (Figure 8) by tSulphur-starved 

cells. These results suggest that sulphate starvatlon not 
-
only derepressed .the sulphate permease but was hlgh1y 

effective ln derepressing the L-cystelne transport system as 

weIl. 

Although sulphate and L-cysteine are transported at 

di fferent in 1 t la 1 ra tes and appear ta be transpor ted by 

different mechanisms in ~. me n i n91 t Id i5 SDle, elther 

compound was at::) exce lIent sole source 0 f su lphur and no 

difference was seen ln the rate or extent of growth (Figure 

3). These results were conflrmed when menlngococcl were 

- 35 35 ~ grown with either -S-labelled su1phate or S-labelled L-

cyste i ne as the so le source 0 f sul phur (F 1 gure 17). There 

was no lag phase as the cells were sulphur-starved at the 

time of inoculation and sulphur transport as weIl as growth / 

was maximal. Growth was exponentlal for over 4 h, follo,wed 
,~ , ~ 

by a typical stationary' phase wi th a maximum of 130 nmol 
, '';> 

9 sulphur per 10 ce Ils. 
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Figure 17. Uptake of 35s-1abelled sulphate and 35s_ 

labelled L-cysteine (500 uM) by l{. 

. meningltidls. 

Cells were pre-grown to late log phase in 

MNDM wlth either 1 mM sulphate or 1 mM L-
) 

cystelne, harvested, washed, and resuspended 

in MNDM contalnlng the radlo1abelled sulphur 

source. Growth was followed for 8 h . 

• = L-cysteine 

Â = Sulphate 
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The effects of sulphur starvation -on certa in enzyme 

levels in M,. menlngltldls SDle were determlned uslng API

ZYMR, a semi-quantitative mic:,romethod system deSi.gned~r the 

detection of enzyme actlvitles. Resul ts are shown in Table 

16. Of 19 enzymes assayed, 13 were not detectable in the 

meningococcus. SUlphur-starved cells had slightly reduced 

levels of cystine aminopeptidase and acid phosphatase. 

Alkallne phosphatase tlevels were halved while esterase (C4) 

and esterase-lipase (CS) were reduced four-fold in sulphur-

starved men i ngococc i . Of part icular lnteres~ w~s leuc ine 

aminopept idase which was increased two to three-fold in the 

sul~r-starved meningococci. The results of this simple 

assay show that dèprivation of a major nutrier'it had an 

effect on the level of aIl the enzymes detectable in this 

assay. 

To look at the fate of the sulphur atom Inside the 
./ 

menlngococcus, a variation of the method used by Cuhel ~ 

Ù., (19 81a) was useç . The distribution of low moJe~ular 
.... 

welght sulphur compounqs in the soluble pool was determined 

~u~ng n6rmal growfh. These same cells were then put' under 

sulphur-llmi ted cond i tï ons and changes in the 50) uble 

sulphur pooi were. monitored. Results are shown in Figure 

"18. ,The low mo'lecular we ight organic '5ulphur ~ ln M,. 

menlngltldls Increased in a linear fashion durlng the 4 h 

growth perlod, reaching a maximum of 38.1 nmol sulphur per 

, 
106 

- , 
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Table 16. Effects of sulphur starvatlon on certain enzyme 

leve ls in fi. m~ni ngitid Is ce Ils. SUlp.hur-
3ufficlent and sulphur-~~arved meningococcl were 
assayed using API-Zym àna1ytlca1 enzyme assay 
str i ps. 
! 

,EnzYme 

Alkaline phosphatase 

Esterase (C4) 

Esterase-lipase (CS) 

Leucine amlnopeptidase 

Cystine aminope~idase 

Acid phosphatase 
, 

Lipase (C14) 

Valine aminopeptidase 

Trypsin 

Chymotrypsin 

Phosphoamidase 

alpha-galactosidase 

beta-galactosldase 

beta-glucuronidase 

alpha-glucosidase 

Sulphur-sufficlent 
Cells 

10 

10 

15-20 

5 

5 

o 

o 
O' 

o 

o 

o 

o 

o 

o 

beta-glucosldase 

N-acetyl-b-glucosamlnldase 

o 
o 

alpha-manposidase o 

alpha-f~cosidase o 

Sulphur-starved 
Çells 

1 .. 2 

2-3 

2-3 

35-45 

2-.3 

2-3 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

a Approximatlon of nmoles of enzyme present per 5.5 x 106 

cells based on the visual ~eterminatlon of the amount of 
colour development. 

Values are the ave~age of two experlments. 
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Figure 18. Distribution of low molecular weight sulphur 

, , 

" 

/ 

compounds in soluble pools in fi· 

rneningitidis. 

Menlngococcl were grown in MNDM contalning 

35 100 uM S-sulphate for 4 h. Samples were 

removed each h and assayed to determine the 

levels of sulphur in the soluble pools under 

SUIPhur-~ufficient condltio~s. At 4 h, \he 

remalnlng' cells were harvested, washed, a~ 
resuspended in HNDM containing 1 uM 

unlabelled sulphate. Incubation was 

contlnued at 37°C and samples were removed 

and assayed at 1 and 2 h sulphur starvation. 

A = soluble low molecular weight, sulphur 

pool 

B = Inorganlc sulphate 

• 
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109 cells. The Inorganlc sulphate pool levelled off after 1 

h and- rema 1 ned fa i r ly constant at a leve l of 3.7 nmol per 

-10 9 celle. After 4 h incubation, the cells were rinsed free 

of sulphate-contalnlng medium and resuspended ln sulphur-

free MNDM. The Immediate 105s of radloactlvlty from the 

soluble sulphur pool ls similar ta what ls report2d for 

sulphur starvatio; ln ~. 
,1 

coli (Roberts ~ al., 1955). Half 
'l> ~-'b 

of the' soluble low molecular weight sulphur pool 

(predominantly glutathione) was depleted within the first 

hour, with llttle change seen in the inorganic sulphate 

pool. However, at 2 h the low moleccular welght pool had 

been reduced further accompanied by an increase in the 

sulphate pool. It was at thls point ln tlme (2 h) that 

maximal sulphate was observed in these cells. These data 

suggest that one or more organic sul~hur compounds represses 

the synthesls of the sulphate transport system. When the 

levels of thls compound(s) are suff~ciently depleted, the 

system ls derepressed and sulphate uptake proceeds. The 

Incr.eas~ ln the Intrace11ular sulphate pool between 1 and 2 :-; 
h may indicate that the conversion of organic sulphur ta 

sulphate Ion is necessary for the biosynthesis of the 

transpo~t syste~. 
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Summary 

Sulphur starvation is an important factor in prcparlng 

the men i ngococcus ta transport sUlphur-containlng 

substrates. Sulphate starvation enhanced the rate and 

extent of sulphate and L-cysteine uptake. Six enzymes which 

could be detected in the men i ngococcus were a f fected ,by 

sulphur 
b 

starvatlon. Analysis of the soluble sulphur pool 

showed that organic sulphur depletion accompanied by an 

increase ln sulphate is necessary for synthesis of the 

sulphate transport system. 

v. Nutrition and Membrane Composition in ~. meningitldis 

Changes in the composition of cell membranes in response 

to a changlng nutritlonal or physical envlronment 15 weIl 

documented in Gram-negative bacteria (Ellwood and Tempest, 

1972; Robinson and Tempest, 1973). When E.. lli.1 is l1mlted 

for glycerol, i t becomes highly virulent whereas sulphur 

limitation results in an avlrulent population (Ellwood, 

1974). The surface protein profiles on polyacrylamide gels 

of ~. ÇQli change in response to carbon and su\phur sou ~,tc\ 
temperature, and avallab!11ty of lron '(Lutgenb~g ill.., 

1976; Mclntosh and Earhart,' 1976). When 

aerogenes is limited for gluçose or sulphate, no dlfferehces 
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in' the outer membrane are observed when examlned in thln 

section using electron microscopy; however; sodium dod~cyl 

sulphat'e polyacrylamlde gel electrophoresis (SOS-PAG~) 

reveals major differences ln the o~ter mëmbrane proteins 

(Robins?n and Tempest, 1973). 

The chemlcal composition of the pathogenic neisseriae 

are aiso affected by environmental cond!tions (Norqvist et 
- ; 

al., 1978; Hoff and Grasch, 1979). It was therefore 11kely 

that growth of R. meningltldis on dlfferent single sulphur 
\ '" !/ 

sources would result ln dlfferences in cell wall composition 
, 

detectable by SOS-PAGE. These dlfferences would reflect 

protein induction or represslon, lending evldence to the 

idea of more than one transport system for sulphur in the 

meningococcus. 

Cells were grown on different single sulphur sources, 

separated lnto two fract ions, an envelope fraction 

containing both Inner and outer membranes, and a cytoplasmlc 

fract ion and subjected to SOS-PAGE. The resul ts' of the SOS-

PAGE are shown in Figures 19 and 20. Table 17 summarizes the 

changes seen ln protein composition as the sulphur sources 

varled. While several bands showed increases in the 

envelope fraction, the only dlfference ln the cytosol 

f:r:act Ion was a lack of 21-23 Kd protein in the sulphate-

grown ce Ils. This may reflect conditions during which a , 

sulphate-transporting proteln i5 derepressed in the presence 
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, Figure 19. SDS-PAGE of membrane "fractions of , : .. 
~ 

m~D1D9l:t1!;HfI grown ln a varlet y of sulphur 
. 

sources as follows: 

1 = °Molecular welght standard~ 
i_" 

2 = Sulphate-

3 = Sulphit7 
\' 

.. 
4 = Thlocyanate 

5 = Thiosulphate 

6 = Bisulphlte 
,~ 

7 = L-cystelne 

~ 
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Figure 20. SOS-PAGE 
f 

of cytosol fractions of R. 
meni-ngitid i s CJ!own in a variety of sulphur 

sources as follows: 
("'" 

1 = r .. -cyste i ne 
\ 

2 = Mue 11er -Hinton brot~h 

3 = Thi osulphate 

4 = Bisulphite , 

'- ~ 5 = Thiocyanate . , 
.. _----~-

6 = Sulphate ~ 
~ , 

" 

7 = Sulphl te 
""" . 

, 
8,= Molecular weight standards~ 
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Table 17. Chang.s ~n protein bands in SOS-PAGE of membrane 
and cytosol fractions of R. menin~itldi~ grown 
under sUlphur-sufficient conditions. 

') 

Cell Growt,h 
Sulphur SoUrce , 
""\ 
L-cysteine 

~ 

~ 
Thiocya.nate 

sulphate 

Sulpfri te 

Bisulphi te 

Thiosulphate 

Membrane 
,Protein Band 

60 Kd 
14 Kd 

60 Kd 
34 Kd 

34 Kd 
26 Kd 

34 Kd 
29 Kd 

34 Kd 
29 Kd 

34 Kd 
26 Kd 

Cytosol 
oteln Band 

21-23 Kd 

a Numbers are the approximate molecular 
estimated against protein standards. 
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DISCUSSION 

I. Introduction 

Despl te the fact that H.. roeningitidis i5 the 

etiologlcal agent of widespread eplde~ics of meningococcal 
/' 

disease (DeVoe, 1982), the'pathogenesis of this organism is 

still poorly understood. Elucldating the mechanisms of 

bacterial parasitism requires an understanding of the 

physiology of the parasite. An important facet of this ls 

determlning how the parasite acquires vital nutrients from 

the host, while the key to survival of the host is 

sequestering nutrients from the invading pathogen (Weinberg, 

1978) . 

In the case of Iron, . the host attempts to sequester 

thls mlcronutrient on~he serum glycoproteln transferr1n, 

reduclng the concentration of circulating free Iron to a 
" 

level which will not support growth of the menlngococcus. 

However, iron limitation by the host Induces the 

menlngococcus to synth'eslze a high-affinity system whlch 

speclflcally recogn!zes transferr!n and removes Iron from 
l 

It, thereby successfully overcoming this host defence 

mechanism (Archibald and DeVoe, 1979; 1980; Simonson et ài., 

1982). Since aval1ability qf iron plays a critical role in 
~ ~ 

the virulence of the meningococcus, an initial goal of this 
• 
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,work was to determine if the acquisition of sulphur 13 aIso, 

important in meningococcal disease. 

II. Su~phur Acquisition in the Menlngococcus 

), 

To look at the role of sulphur -avallabllity ln relatIon 

to meningococcal disease it was necessary to start at the 
1 

most bas i c leve l s Ince there was essen t ia lly noth 1 ng known 

about sulphur metabolism in the nelsser iae . 
/ 

A 11st! of 

potential sulphur sources was compiled. Sulphate and L-

cyst(e)ine are sulphur sources for the men 1 ngococcus 

(CatIin, 1973) and were obviously Included. However, there 

are other sulphur-containing compounds in the human host 

which, depending' on the metabolicc"capabllitles o"f the 

meningococcus, were potent~al sulphur sources (Diem and 
, 

Lentner, 1970) and were included. other compounds were 

~elected as they are interesting sulph~r sources for other 

bacteria. 

While the gonococcus has limlted sulphur metabollc 

capabllities, requi~ing L-cystelne (or thlosulphate ln sorne 

strains) for growth (Le Faou, 1984), the meningococcus was 

much more versa t i le. tf.. ~nlngltidls used a varlet y of 

organlc and Inürganlc sulphur compounds for growth. A~ 

10 uM sulphate or thiosulphate, meningococci grew to a 

concentrati on of 1ù9 ceIIs per mL ln 3 h whlle maxima 1 
r-

11? 

" 
1 
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growth was achie ed This particular 

stra ln 

wl th ~o uH sulphur. 

prod uces a fa ta l ln ectlon ln 50% of 1P1ce lnoculated 

w1 th as few as 4.6 x 0 3 cells , (Brener et al., 1981). In 

keepl~ with its status as a macronutrient, the sulphur 

requirement of~. menlngltidis was considerably hi~her than 

lts Iron requirement. Archibald and DeVoe (1978) found that 

this organism requires 50 mg per mL (0.9 uM) Iron for 

minimal doubling times in a defined medium. Wi th sul-phur, 

growth became limi ted when th~re was less than 2.1 ug 
, l 

, l 

sulphur per ng cell proteln. qrowth to maximal ln. vitro 

cell denslty (5 x 10 9 cells per kL) required 16 ug (0.5 mM 

sulph'ur) per mL. 

Schook and Berk (1978) found that eseudomonas aeruginosa 

pregrown ln 0.5\ sodium sulphate is able to use each 0t a 

varlet y of inorganic sulphur compounds as sole sulphur 

sources for growth, including sulphate, sulphite, 

dlthionite, and thiosulphate, but not dithionate. This sarne 

pattern was seen wl th the men ingococcus . Dit h i 0 na te d id 

support growth of H. mening1tidis after a period of sulphur 

starvation. Dithlonlte, ,whl~e an excellent sulphur source 

for the meningococcus, decomposes in aqueous solution to , 

b1sulphite and thiosu,lphate (Burlamacchi Û 9..1.., 1969). 

While the decomposltlon rate depends on temperature and pH, 

the half-life of dlthlonite under the conditions used ln 

these experlments is probably minutes. The two products of 
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dlthlonlte breakdown were shown to be good menln9~coccal 

sulphur sources and are Ilkely the specles present when 

dithionite 1s the added sulphur substrate. 

Ram'mler ~ Ù' (1964) found that, when Enterobacter 

aerogenes 'ls grown on methionine or ,1anthionine, longer 
(j 

generation times and les~xtent of growth 15 seen than when 

• qe1ls are grown on sulphate, sulphite, or thi~sulphate. 

This was true with [. meningltidi~ as weIl. However, 
< 

cystine-grown celis of~. a~rogenes also have dlmlnished 

growth rates, while cysteine-grown cells show maximal growth • 
o 

rates and extents. The meningococcus showed m8ximal growth 

on either L-cystine or L-cystelne. 

The compo~nds available ln the human host whlch support 

meningococcal growth are listed in Table 3. Thlocyanate, at 

the level it ls found in the plasma, supported the gr~th of 

the meningococcus to 9 x 10 8 cells per mL. The other 

sulphur sources which are present in man are available at 

concentrations weIl above that requlred for excellent, 
, 

unlimited growth of the rneningococcus. Taurine, although 

present in the plasma at a concentration of 136 uM (Diem and 
, 

Lentner, 1970), was not a 'sulphur source for ti. 

mening! tidi§. Carrageenans were tested to see. If the 

meningococcus 
/ ---. 

was ~apable of removlng the sulpho group at 

the celi surface without transporting the entire molecule. 

The structure of carrageenan ls simllar to that of the 
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sulphomucpolysaccharides, found ln hlgh concentrations in 

mucous secretions and cartilaginous tissues (Diem and 

Lentner, 1970), and the abllity to cleave extracellularly 

'the sulpho group from this molecule might provlde an 
. 

addltlonal mechanlsm for obtalnlng 5ulphur. However, no 

g~wth occurred wlth carFageenans. 

Th i ocyana te ut i 1 i za ;'i1?n 1 s of particular interes t not 

only becapse it 15 readlly aS5imilated by the meningococcus, 

but heretofore has been rarely reported as a substrate for 

heterotrophlc bacter la and then only, in 'organisms much 

dlfferent than the neisserlae, namely eseudomonas (Putilina, 

1961; Stafford and Callely, 1969) and Artbrobacter (Betts et 

ù., 1979) . The relatively high concentration of 

thiocyanate ln the saliva (0.41 to 6.6 mM), coupled wi th 

the absence of other known sulphur sources in this fluld, 

makes it the llkely sulphur compound for the establishment 

of the meningococcus in the throat. Once the infection 

progresses from the carrier state to a bacteremia or 

meningltls, other sulphur sources, sulpnate, glutathlone, 

and cyst(e)lne are present at sufflcient levels to ensure a 

constànt sulphur supply. Unllke Iron, the concentrations of 

sulphate and L-cysteine in host serum far exceed the 
""i' 

apparent Km values for transport of these compounds. 

Holbein (1981) demonstrated that the stimulation of 

( menlngococcal growth ln serum is due ta cysteine. Based on 
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these results, it 15 temptlng to postulate that thlocyanat~ 

may serve as a sulphur source for other microbes whlch 

colonize the oropharynx. 

The optimal and growth-llmltlng concentrations of 

sulphate for the meningococccus are close to those repotted 

in other bacteria. Like a. subtills (Sprlnger. and Huber, 

1972) and~. aeruginosa (Sohook and Berk, 1978), extent of 

growth ls severely limited at 10 uM sulphate. Growth ls 

optimal In~. a~~uglnQ5a at 100 uM sulphate while 200 uM ls 

best for n. §ybtilis. 

Although ~. gonQrrhoeae 15 said to have an absolute 

requirement for cyst(e)ine (CatIin, 1973), sorne stralns can 

use thlosulphate as an alternate sulphur sour~e due to the 

presence of a (Le Faou, 

Therefore, findlng this en meningltldis was 

unexpected ... ~ The role of thiosulpha e 

the nelsseriae is unknown. 

meningococcus could encounter a 

it would be wholly dependent upon thiosulphate sole 

source of sulphur. However, as mlcrocolonies of 

menlngococcl are often found in deep purpura, areas where 

oxyge~ 15 extremely llmited, the posslbillty exists that 

thlosulphate may act as a terminal resplratory acceptor for 

e1ectrons during anaeroblc growth (DeVoe ~ âl., 1982). 

Although dlss1milatory reductlon of inorganic 'sulphur 

121 



c 

. . 

... compounds is generally assumed to be carried out only by 

obligate~ anaerobes, thiosulphate 15 used as a terminal 

electron acceptor for grawth of a marine pseudomanad (Tuttle 
, ~ 

and Jannasch, 1973). Several members of the 
. 

~nterobaçteriacea~ contain tetrathi6nate reductase which 

allows them to use thls compound as a terminal électron 

acceptar, for anaerobic respiration during carbohydrate 

metabollsm (Oltmann Ü stl.., 1975; papavassiliou tl àl., 

1969; Le Minor and Pichinoty, 1963). The gonococcus grows . 
anaeroblca Ily using nitrate as an alternate electron 

acceptar (E. P. Norrod, Letter" ASM News 53: 465,1987). 

Adding strength to the proposaI that thiosulphate May serve 

as an alternate electron acceptor during growth in deep 

tissue, Clark d Ù. (1987) have recently reported in Y.1J!..Q. 

anaerobic growth of [ gonorrhoeae. Another possibility is 

that thiosulphate plays a role in,the cysteine biosynthetic 
1 

pathway in the meningococcus. In bspergillus nidulans 

thiosulphate 15 an intermeâiate in a pathway Involving 

cysteine-S-sulphonate as a direct precursor of cysteine 

(Nakamura and Sato, 1963). 

Ba5ed on the information presented, the meningocoécus 

appears to be versatile in its ability to acquire sulphur. 

It 15 unllkely that 5ulphur 15 a nutrient which can be ). 

limited ln the hosto On the other hand, the Inabillty of 

the gonococcus to use sulphur sources other than cysteine 
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J may explaln Its more I1mlted abl1~ty to cause dlssemlnated 

disease. 

III .. Transport Studies t 

i. Sulphate 

. 
As seen ln many other system~ Inclu~lng tobacco celle 

" 

(Smlth, 1975a, bi 1976), fllamentous fungl. (Segel and 

Johnson, 1961; Tweedle .and s~geli 1969), Anacystls (Utkl1en 

~"~., 1976), and~. ~ (Sprlnger and HubeI, 1972), 

su1phate transport ~n N,. meningltigis was dependent on 
" 

temperature, pH, concentration ~nd enèrgy. 

The narrow pH range Qbserved for sulphate transport may 

be a refleetlon of the general metabollsm of thls orgànlsm. 

At pH values below 6.6 or above 8.0, the rate of cell 

dIvision in 'this straln Is extremely slow (O. Brener, Ph.D. 

thesis, MeG111 University, Montreal, Ouebec, 1981). 

The apparent Km va1ues for sulphate jwere extremely close 

111 many 0"[ the systems studled, wl th Chlorella (Vallee and 

-!"eanjean, 19.68a), ,Porphyridlum (Ramus and Groves; 1972), 

Anacystis (Utkilen ~ sù.., 1976), Neurospora (Harzluf, 

1970a), ~. ~ (Spr Inger and Huber, 1972) 1 and the 

menlngocoeeus having values between 0.75 uH and 2.5 uH. The 
,', 
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lOO-f~ld greater apparent Km val ues Been in marine 
() fv -

bacterla (Cuhel ~ ~., 1981a) probably reflect the high and 

constant concentration of sulphate (25 mM) ln seawater. 

The energy-dependence of sulphate transport in ~. 

, ' 

meningltidis seemed to be a function of the transmembrane pH 

gradient rather than the transmembrane electrical component . • This finding agrees with the limlted information available 

on the mechanlsm of entry of sulpha~e into the 

earacoccus denltr 1 f ieans su~,phate transport is 

electroneutral symport wlth hydrogén 10ns, ~riven by the pH 

gradient (Burnell ~ âl., 1975). In Penlcill ium notatum, 
f 

, 
d~vaient cations and hydrogen i~ns are necesssary fo~ 

translocation of sulphate aeross the membrane (Cuppoletti 

and Se 9 ~ l , 19 7 5) • 
, 

The effect of -structural analogues and other su1phur 

substrates was slmllar to that rep~rted in other systems. 

Thlosulphate inhibition of su1phate transport occurs in a. 
, 

typhimurium as these compounds share the sulphate permease 

(Dreyfuss, 1964). A ,cqmmon transport system for sulphate 
, J 

and thiosulphat'e operates in e.. chrysogenum, although 

mutants lacking the sulphate ~rmease are able ta transport 

thiosulphate Qt 1-5% of the wlld-type (or revertant) rate, 

as weIl as sulphlte and tetrathlonate, indicating that a 

seco~d sulphur anion permease 15 present in these mutants 

(Tweedie, and 'Segel, 1970) • The e f feçt i véness of 
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thlosulphate ln abollS91ng sulphate uptake èft equlmolàr 

co-ncentrations ,ln the me11ngoCOccUs ma}' refiect a pl;'eference 
0' 

for the redùced '(OSUlPhrne) moiet}' relative 'to osulphate. 

r~èorporatlon of the sUlrh~ne molety of thlosulphate prlor 

to the sulphi te moitty 0 sulphate into amino actds.ls weIl 

documented (Preyfuss 
, 't ~ 

L-cyste Ine, a 

transport ln tl. 

1963; Hodson f:.tÙ.,"1968). 
'\ 

InhlbltoI of sulphate 

caused an efflux of s~lph~te 
, 

from cells preloaded wi~h radlo1abelle~ sulphate. This 18 
i 

.1 n -,. contrast to sulpha te e f fluX 1 n funga l sys tams or 1 n 6.. 

typh Imur 1 um. sulphate efflux ln Neurospora 15 medlated by , 
o 

external sUIQhate or J re lated lons but not· by cys te 1 ne 

(MarzIuf, 
( 

,1974), wheréas sulphate and cysteine transport in 
( 

Penicillium and Asperglllu5 13 unldlrectlonal (Bradfleld Û 

il., 1970). ~In s,. typhimur iUDî~ sulphate efflux ls regulated 

internaIly. When net uptake Increases the internaI sulphate 

t 
cnncéntratlon ta 100 uM, sulphate 15 rapldl~ excreted back 

lnto the medium. 
, 

Thlocyanate and tellurlte are of interest as they were 

the only compounds, which 
1 • 

had '",no, effect on sulphate 
, 

transport, even a~ l'a concentration of 1 mM. Although 

tellurite ls an effec:tlve Inhlbltor of sulphate uptake in S,.. 

,typhimurium (Brown and Shrift, 1980), thls ion 15 ' larqer 

than 5ulphate or sel,enate and 1 ts uptake may be restr lcted . ' 

by size. Slze sele1tiv:ty 15 a factor in the inhibition of 
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sulphate transport by group VI anions in marine bacterla; 

those closer ln slze t& sulphate are better inhibltors 

(Cuhe 1 II gl.., 19 S'l.a ) . As an excellent and biologically 

relevant source of sulphur for the meningococcus, the 

Inabl11ty of thlocyanate to affect sulphate uptake Indicates 

that 15 15 not taken up v1a the sulphate p~rmea5e. Based on 

the Impermeability of the membr~ne and the fluctuatlng 

envlronmental condi t 10ns exper lenced by bacter l,a, 
r-. 

?> 

(1978 ) feels that it is highly unlikely that any 

nutrient passively diffuses into the ceU .' It 

Sil ver, 

lonic~ 
15 ver~) 

11kely, therefore, that thiocyanate is transported by. a 

mechanlsm othet than the sulphate permease. 

11. Selenate 

Several studies suggest that microorganisms transport 

selenate and su1'i'hate by th.e same system (Tweed le and Sege l, 

1970; Shrift, 1973; Brown and Shrift, 1980; Lindblow-Kull ~ 

Ù., 1985). Th 1 s appears to be true in the men Ingococcus . 

Blndlng and transport of both ions were energy-dependent. 

The apparent Km values were s~ml1ar for both substrates and 

the same Increase ln apparent Km was seen when the values> 

were measured at 30 5 and 1 min, suggesting alloster lc 
J 

negative feedback Jn the uptake of substrate or rapid 

saturation of the binding sites followed by slower attive 
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transport for both substrates. As 5e~n ln ~. 

(Llndblow-Kull Û il, 1985), sulphate and selenate were 

mutually competitive inhlbitors. This is ln contrast to the 

mixed inhibition of sulphate by selenate seen in a. 
tyohimurium (Brown apd Shrift, 1980). While sulphate 15 the 

pref~Fred substrate ln &. ~ (Llndblow~Kull ~ al., 1985), 

~~lenate was the preferred ion for the sulphate transport 

system ln the" meningococcus.~ The preference of a hlgh-

affinity transport system for an ion whlch 15 toxie ta the 

cell has been reported for the manganese-cadmium transport 

systems in L,. I;>lantatum (Duong and Archibald, 1984) ar;td s.. 
aureus (Perry and Silver., 1982). Menlngococcal preference 

for selenate may be the mechanism used to acquire low levels 

of this compound for the synthesis of selenlum-dependent 

enzymes. Although none have been identifled in 

meningitidis, several selenium-contalnlng protelns exist as 

essential components in other bl010g1cal systems, Includlng 

the formate dehydrogenase of &. ~ and anaerobes, glycine 

reductase in clostridla, and glutathione peroxidase in 

mammals and birds (Stadtman, 1980). Selenocysteine i5 found 

at the active sites of bacterial selenlum-dependent enzymes 

(Cone ~ àl., 1976; Jones ~ ~., 1979), and the presence of 

selenocysteine lyase has been demonstrated ln a variety of 

bacteria (Chocat ~ âi., 1983). A preference for selenate 

by the sulphate transport s~stem would assure that the cell 
,..,/ 
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acquires the trace amounts of sele~lum it requires wlthout 

the need for a separate transport system for this ion. 

Since selenate occurs at very low concentrations in most 

envlronments (stadtman, ( 1974), 1 t 15 unllkely that 

competition wlth sulphate resulting in toxiclty would occur. 
~, 

111. L-Cystelne 

A strlking feature of L-cystelne transport ln the 

rneningococcus was th~ inability of other sulphur compounds 

to Inhlblt uptake. Cystine and reduced glutathione ~re the 

only effective inhibltors of L-cysteine transport. Uptake 

of 'L-cystelne displayed Michael is-Menten k inet ics and was 

energy-dependent, 'strongly suggestlng that a separate 

transport system for thi& amino acid exists ~ ln the 

rnenlngocoçcus. Specifie uptake systems for L-cystlne exlst 

ln s.. typhlrourlum (Kredlch and Baptlst, 1977) and E.. ~ 

(Leive and Davis, 1965a,bi Heppel and Berger, 1972). "L-

cystelne 15 ~ absolute r(jquirement for gonococc i and for . / 

s tra lns of men Ingococc 1 lack Ing sulph l te reduëease (Le Faou, 

1984) as we Il as an important su lphur source for the 

rneningococcus in the serum (Holbein, 1981). The results of 

thls study co~pled wi th this pertinent informati on strongly 

support the existence of a cysteine transport system in li. 

"" , menlngit ldis. 

\ 
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Efflux of L-cystelne from the menlngococcus may be 

partly responsible for the unusual kinetics displayed by 

th is organ~sm. The increase in Vmax wi th no change ln the 

apparent Km for L-cysteine transport between 30 sand 1 min 
t') 

may be due to a regulatory mechanism in which the regulatot 

interacts with the transporter to reduce uptake of L-

cysteine without affecting efflux. This mechanism has been 

proposed as the model to explain hls same kinetic pattern 
J 

3een in manganese transport ln B.. subtills (Fisher Ù a.l., ., 
1973; Scribner Ü Ù., 1975). 

IV. InternaI Sulphur Regulation 

Under conditions of sulphur limitation, changes occur ln 

the sulphur-containing molecules as stored sulphur 15 

released for use by the cell. How the se storage compounds 

are transformed yields information about the metabolic and 

regulatory mechanisms operating wlthln the cell. In most 

living cella, sulphur ls stored a~ glutathlone (L-glutamyl

L-cystelnyl-glyclne), reaching concentrations "of 10 mM 
PPr;! 

(Kosower, 1976) . This nonprotein tripeptide i3 the 'major 

component of the molecular welght thiol fractlon ln cells 

(Meister, 1975). 

In ~. œl..l., 

" 

l the -size of 
1 

the pool i.8 glutathlone 

regulated by the avallable amino acld pool (Apontoweil and 
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Berends, 1975), and speclfically by the level of cystelne ln 

the cells (Loewen, 1979). Î 

The effects of sulp~r sources used for growth and the 

response to sulphur limitation are manifested qulte 

dlfferently in a. typhlmurium and ~. In li. 

are typh Imur 1 um, bQth binding and 
" . 

transport 

repressed by growth on L-cystelne (Pardee ~ . , 1966) . 

The enzymes of the L-cystelne biosynthetlc patti ai in li. 

typhimurlum (except serine transacetylase) are repressed by 

sulphlde and cystelne a'ild derepressed by sulphur starvation 

(Kredlch, 1971). O-acetyl-L-serine, a direct precursor of L-

cysteine, exerts internaI control as it 15 also requiied for 

derepress i on. 

Growth on sUlphur-contaJ.ning amino acids has . the 
/> 

opposite effect ln ~. halodurans, resultlng in a stimulation 

of sulphate transport (Cuhel Û al., 1981a) . This 

represents a unique system ln that growth on endproducts of 

the blasynthetic pathway falls to exert a regulatory effect 
, " 

on sulphate transport. A regulator does exlst as starvation 

15 necessary ta stlmulate uptake lin sulphate

th 1 osulpha te-grown ce 115. Enhancemen(;~f transport 

coupled to a decrease ln t~~~lecular we l'ght pool 

and 

15 

in 

these cells, indlcatlng, that the regulator 15 a component of 

thls pool. These authors have postulated that either APS or 

PAPS r:gulates sulphate transport in~. halodutans. 
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Sulphur starvatlon was clear ly a prerequ 151 te 
.J 

to the 

transport of sulphate in the menlngococcus whether the celis 

were pregrown on organic or inorganlc sulphur sources. , 
, " 

Durlng the sulphur depletlon incubation pe~od approxlmately 

a doubling (1.6 to 2.1 doub1ings) of the. cell's occurred, a 
~-

far smal1er biomass increase than that required---to-~ induce 
~ 

maximal uptake of other ions. Approxlmately 12 doublings 

are necessary for maximal manganese depletion and qptake 

stimulation in Lactobacillus plantarum (Archibald and Duong, 

1984). meningitidis SDlC requires at least four 
r, 

doubllngs to achleve maximal Iron uptake (Archibald ~ il., 

1981). Thus it appears that there was relatively llttle r;, 
storage of non'-essential sulphur tn the' menlngococcus. 

A depletlon of the soluble lo~ molecular welght /(LMW)_ . 
sùlphur pool durlng the 2 h incubation ln the absence of 

, 

su1~~ur began as soon as the meningococci were tran5ferred 

to the sulphur-free medium (Figure 18). No change was seen 

- " ln the inorganic sulphate pool until 1 h, incubation, at 

which tlme a sharp rise betwee~ 1 and 2 h was notecl ln the 
l' 

amount. of inorganic sulphate. This 15 in contra5t what 15 

" seen in e,.ha10durans. In this bacterium, the (LMW) 'sulphur 

pool shows a steady decline whlle ~e 5ulphat~ pool 

remains constant (Cuhe1!li. a..l., 
~ 

19 81a) . In t. i 

~the 

radl01abelled LMW 5u1phur pool, whlch is 95\ glutathlone, 

beglns ta disappear as soon as the celis are transferred to 
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a sulp~ur7aeficient medium, wi th a concomi tant increase ln 

radiolabelled cellular protein (Roberts ~ ài., 1955). The 

• size of the meningococcal LMW sUlphur pool 15 in close 
1 

agreement with that of Roberts ~~. (1955). The 

glutathione pool comprises 25% of the cellular sulRhur ln ~. 

~ and was 28% of the total.sulphur ln N. menl~glt~dIS. l 

believe that the menlngococcal LMW sulphur pools regulate 

sulphate transport in the ~ollowlng manner. The LMW 

sulphur pool' (glutathione ind ami no acids) is used 

Immed iately for protein synthesls and these components of 

the pool supply the cel}-~s sulphur needs durlng the flrst 

hour of inc4batlon. At this point, the level of a 
'1 

regulatory component in the pool 15 decreased ta a 

concentration where the cell 15 or soon will be limite~ for 

sulphur. Ta survive, the cell must syntheslze mare sulphur-

contalnlng~amino aclds. In E. ~ (Roberts U al..,' 1955), 

glutathlone 15 depleted from the LMW sulphur pool prlor to 

methionlne. The slow growth rate and lower 
,\ 
yleld of 

of meningococci seen with methi~ne as the sole source 

sulphur relative ta cysteine or glutathione indicates that 

. conversion of methlonlne to cystelne 15 unfavourable . 

Therefore, Intracellular cysteine and glutathione are more 
" 

l1kely synthesized from sulphate. To accompllsh thls the 

meningococcus must oxidize components o~ the LMW sulphur 
- 'v -<) 

po 0,1 te form,' sulphate, , explaining ~ncrease 
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Inorqanle sulphate pool seen between 1 and 2 h. Th 1s 15 

weIl coordinated wlth the time noted for the maximal , 
./ 

• express ion of sulphate transport in tf.. meningitidls, 

suggesting that the depletion of the LMW sulphur pool, the 

i ncrease in the i norgan ie s ulpha te poo l, or both are 

regulators of derepression of the sulphate permease in the 

me ni ngococcus . 

L-cystelne or glutathione are llkely candidates as the 

internaI regulator for derepresslon and synthesls of the 

" sulphate permease. Pregrowth on these compounds repressed 
, 

sulphate transport ln the meningocoeeùs and subsequent 
j 

~~, starvation resul~ed in only ~light enhancement of sulphate \ 

transport. This leads me to believe that the inorganic 

5ulphate pool does play a regulatory raIe ln sulphate 

permease synthesis. It ls reasonable ta assume that the 

inorganic sulphate pool is negliglble or absent in cells 
"-

\ 
growing on amine aclds or glutathlone. When the cells are 

subjected to &dlphur limitatlon~~_are able to use the LMW 

sulphur pool. As the pool ls depleted, they have no 

readily avallable Inorganie sulphate pool from which ta 

synthesize new amine aclds. This inorganic pool presumably 

can be Created from the remaining LMW sulphur pool. The 

partial stimulation of sulphate transport seen when-

~eningococci are pregrown on and subsequently starved for 

organic eompounds may refleet this lag Ir the synthesls ,of 

! 
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the inorganic sulphatè pool. 

L-cysteine was a potent inhlbitor of sulphate 

ln ri. meningltidis. Growth of i. ~ on L-cyst(e)ine 

represses synthesis of PAPS (Pasternak, 1962), but control 

by repression alone cannot expIain the Immediate cessation 

of radlolabelled sulphate incorporated into protein (Roberts 

d1ll., 1955). It ls more plausible that L-cyst(e)lne ls 
:..1;' 

acting as an allosterlc Inhibltor of the sulphate transport 

mechanlsm ln E.. ~ (Ellis, 1964) • Based on the data 

presented, l belleve that L-cysteine acts in this same 

manner as ah allosterlc Inhlbltor of sulphate transport ln 

the menlngococcus. 

There 15 sorne evldence to support the proposaI of a 

thlrd transport system in the meningococcus by which 

thiocyanate enters the cell' This compound is an excellent 

sulphur source for the meningococcus and appears to be the 

prlmary sulphur source for establishment of this organism in 

the oropharynx. High concentratIons of thiocyanate had no 

effect on the transport of either sulphate or L-cysteine. 

And accordlng to the current theories on bacter ial 

transport, it is unllkely that it 15 passiveIy acquired by 

the cell, leading me to propose' that it has its own 

as ye~ undefined, tiansport mechanism . 

) 
/ 
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V. Nutrition and cell Wall Com~osltion 

There are over 15 antigenlcally distinct serotypes of 

group B meningococcus (Frasch, 1979) which display distinct 

outer membrane protein profiles on SOS polyacrylamide gels. 

Frasch Ü gl. (1976) haye demonstrated that the prote!n and 

Iipopolysaccharide of the meningococcal outer membrane 

varies with cultural conditions. A drop 
" , 

in the p~{ of 
1 

the 

growth medium causes a reduced amount of the major 41,000-

dalton protein with an increase in the 26,000-dalton proteln 

in type 2 strain M986. 

The pH of growth and iron availability affect outer 

membrane profiles of the gonococcus (Magnusson ~ al., 

1979a,b) and the meningococcus (Brener Ù Ù., ' 1981; 

S i mo ns 0 n !!i il. , 19 8 1 ) . N. menlngitidis SDle grown under 

iron-limited conditions at low pH expresses a 69,OOO-dalton 
~<' 

protein thought to be the transferrin receptor (Simonson ~ 

Ù. , 1982) . A reduction in the dissolved oxygen 

concentration in gonoco~cal cultures results lq a decreas~ , 

in a series of outer membrane proteins (Leith and MOrse, 

1980; Clark ~ al., 1987). 

Like other ne 155er lae, ri· meningitidis showed 

differences in cel! wall composition when grown on different 

nonllmiting sulphur sources. The absence of proteln~ the 

21,000-23,000 dalton range ln the cyto501 fractlon/ of 
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sulphate-grown cells may reflect the repre5s1on of the 
~ 

sulphate permease or some'component of it. However, there 

are bands seen in this region for other inorganic sulphur 
, 

sources whlch are l~kely transported by the sulphate 

permease. Growth on L-cysteine resulted in expression of 

different proteins than did growth on inorganic sulphur, 

although protein differences were noted even between 

compounds which are chemically quite similar. 

Figure 21 is a proposed model for the mechanism of 

sulphur acquisition in the meningococcus. Sulphate and 

selenate share a transport system while thiocyanate and L-, 

cysteine each have' a separate transport mechanism. A 

transmembrane pH gradient is necessary for the uptake of 

sulphate and L-cysteine. L-cysteine is an allosteric 

~hibi tor of the sulphate/selenate transporter. One or rfiore 

components of the soluble sulphate pool regulate sulphate 

and L-cysteine transport. Growth of the meningococcus on 

different sulphur sources results in changes in envelope and 

cytosol protein profiles. These proteins may be components 

of the sulphur transport mechanism. 

VI. Closing statement 

, ';t'his dissertation has 1>resented 'the first 

comprehensive study of sulphur acquisition in 
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Figure 2l.'Model of sulphur transport and ~egulatlon-

ln R. menlngltidls. Three transport systems, 
, .-

are postulated:, sulphate/selenate, ~-

cystelne, 

sulphat~ 

tr
envelope 

\ . 
proteins . 

and thiocyanate. Growth on 

results ln expression of a 34 

proteln and absence of 21-23 

in the cytoplasm: 

Kd 

Kd 

L-
. ~ 

cysteine results ln expression of 93 Kd, 6D 

Kd, and 14 Kd envelope, proteins,. while 

thiocyanate-grown cells express a 60 Kd 

prote'in. Transport ls energy-dependent, 

reqUlring the transmembtane pH gradlent~ A, 

low molecular weight sulphur pool regulates 

uptake of sulphur-contalnlng compounds and 

was shown to exert Its effects on s~lphate 

and L-cysteine transport. L-cysteln~ 

, , 
appears to be an aliosteric lnhlbltor of 

the sUIPha'te. tr~n.p~stem. 
," 

137 

A 

. " 
, . 



" 

c 

Thlboyanate 

60 Kd proteln 

, 60.14 Kef J)rot aina 
L-cYltelne 

Sel8nate 

.. ' 

Il' 

1 
a 

\ 
\ . LMW Sulphur pool 

1 /" 

~-~r""'1~ / 21-23 Kd prote ln '" .' --4-';---\--1-'+ 34 K d prot eln 

, . , 

~\ 

" 

1 

.. 

e 
( , 

, , 



o 
l 

1 

, ti.. menlngltldls. It 1; also the ,flrst detal1ed study of 
1 

sulphur rnetaboll~m ~n a serlous human pathogen. As 15 the 
, 

nature of explora tory wor~, new arèas of meningococcal 

metabollsm have been' opened and requlré further study. Much 

more needs to be done to unravel the cornplexitles' 

. surrounè:Ùng menlngococcal sulphur metabolism. 

the menlngococcu5 grows on' thlocyanate, 

For example, 

a unique but 

~'"'" 

readily available ~ource of 5ulphur in the oropharynx of the 

hosto Wh eth e r 0 r no t th 1 5 1 sas 1 9 nif 1 ca n t fa c t 0 r 1 n 

colonizatlon of t~e throat by the meningococcus or other 

parasites needs to be examined further. The pr~sence of a 

thiosulphate reductase in~. menlngitldls and the recent 

report of the in. ~ anaerobic growth of the gonococcus "15 

quite exciting. Whether or not the . . men l ngococcus uses 

inorganic sulphur compounds as tetminal electron acceptoIs 

when growing under anaerobic conditions during fulminant 

menlngococcemia would shed sorne light on the complex 

pathology of this disease. li· meD1Dgltlg1~ uses a common 

transport system for sU,lphate and s~ lenate, as do many other 
\ 

biologlcal systems. The documentation of -, se~enium-

dependent enzymes in baqterla 13 just beginnlng. It would 
l ' 

be Interestlng to know ~hether the meningococsus actually 

transports selenate fo~ synthesis of these enzymes or If 
~,I 1 \ 

Y this common transporter iis an artlfact which exlsts due to 

th, physlcal and chemlcJl slmilarlty of the two ions. The 
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change se'en ln cell wall protEi'lns when the rneningococcus i5 

grown on different sulphur sources needs to be addressed as 

mod i fica t Ions in surface proteins contrlbute to the 

virulence p.roperties 01:, the gonococcu5 anq the 
'v ~ 

. meningococcus. As we11, an understanding of .the regulation 

of the internaI suIphur pools wouId add to the knowledge Df 

the physiology of thls parasite. 
1 

An understanding of the 

physiology of 

understand ing 

,ri pathogenesls of 

any organi5rn i5 a prerequisite 

the host-parasite relationship 
.... / 

" 

l ' disease.,! } , 
'" 

\ 
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