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Summary

Most of the work from this laboratory has boeon - voted to
trying to understand why the avirulent mutant of S, tloxooeri
2a (24570), which is antigenically indentical to its virulent
parent (M-12-43) is nevertheless unable to penetrate (he intestinal
epithe ! tum. It was found that the strains were different in
several characteristices of the cell wall., First, the 24570 was
much more resistant to sodium Jauryl sulfate, an anionic detergent,
than the virvulent strain, M4243. Tt has also been shown that
the avirulent strain is four times as clectroncgative, but
this was dependent on the proescncee of caleium ions, Apparently
the electronegativity has made the avirulent strain resistant
to other agents such as EDTA and lisosyme.

Other studies have shown that the avirulent mutant is
deficient in the enzyme, glycerol kinase. This enzyme was shown
to be genetically linked to the expression of clectronegativity.
It was thought that in Shigella, a cell wall mutation may be
affecting the expression of glycerol kinase hence the relation
to eclectronegativity., This was piven more credence when it was
demonstrated that the uptake of Krebs cycle acids was severely
curtailed.

Finally, work was bLopun before the termination of the
contract to indicate that fluorescent probes may be uselul to
detect differences between virnlent and avirulent strains of
Shigella.




Backeround
a. Buasis - Genetice Studices of Virnlence of Shigellu

The classical method of studying bucterial virulence is to
compare the propertics of virulent and avirulent strains.  The
fact that two strains differ in virulence is casily establiched,
but discovery of the specific genetic marker involved is less
casily obtained. It is ncecessary to have some observable character
distinguishing the two strains in vitro and to be able to prove
that this is invarably associated with virulence (Burrows |, 1962).
Microbial genetics and studies of biochemical mechanisms, 1.e.,
studies of enzymes, metabolic character | ete., have indicated
many markers associated with virulence but few, if any, have
been shown to be virulence determinants. One must be constantly
aware that if virulence is due to many factors, an avirulent
strain may possess all but one of these fuctors (Smith, 1968).

The first method of distincuishing virulent from avirulent
strains was colonial variation (Cooper et al., 1957; Kerckes,
1962; Schneider and Formal, 1963). The spontancous mutation of .
the translucent colonial form of the virulent Sh. flexneri 2a
strain M-42-43 to its avirulent opaque form, strain 24-70,
occurs at a rate of 1 in 1071 cells (Falkow et al., 1963).
Opaque variant 24570 is avirulent in the guinea pig, does not
cause kKeratonconjunctivitis in the guinea pig eye, and is not
able to penetrate lelia cells.

Although various investigators have described colonial
variants of Shigella strains which are associated with a loss
of virulence for various animal hosts, Formal et al. (1265 a)
have shown that the disappearance of virulence may differ from ]
variant to variant. Using three spontancous avirulent mutants
of Sh. flexneri 5 strain M90 exhibiting the same change in
colonial morphology, only one could be restored to virulence
by mating with Fscherichia c¢oli. Hybrids with the colonial
morphology of MY0 were not virulent. Thus, in Sh. flexneri 6,
alterations in more than one gene can alter colonial morphology,
but only one of these is associated with virulence,

The genetic homology between E. coli K12 and Sh. flexneri is

about 85% (Falkow and Formal, 1969; Baron et al., 1968). Hybrids
ol oh. Tlcanvrtl Za conteiaing cogmonts of Fooenli ehromonimo

covering 50% of the genome revealed only one region located
between rhamnose and xylose genes essential for virulence in
this strain (Falkow et al., 1963). Subsequent investigations
show that the loss of virulence of some of these hybrids was
caused by an inability of the bacteria to multiply sufficicently
in epithelial cells after penetration (Formal, 1960a).
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It is also peusible to restore virulence to an avirulent streain,
When malt hybrids were selected in a cross between Bl ocoli W-1800
(Hfr C) malt and an avirulent mutant of Sh. flexneri 5 mal-,

most of these had regained virulence. o ) -

Krishnapillace and Baron (1964) were able to show in Salmonella
abony the existance of two genes associated with the loss of
virulence. One maps next to the str A marker and the other next
to met B.  From their evidence they proposed that cach determinunt
by itself would allow phenotypic expression of purtial avirulence,
but both are presumably necessary for the expression of complete
avirulence. These markers are generally compatible with the
Tocation of the avirulent determinant of E. coli as determined by
Falkow et al. (1963). .

Formal et al, (1971) have recently succeeded in identifying
a genetic locus on the Sh. flexneri chromosome which controls
epithelial cell penetration, the kep A locus. It is located
near the pur E locus. It would secem to be at a site quite 1
far away from the locus affected by the strain 24570 mutation. .
E. coli Ki2 hybridized with the kcp At allele does not cvoke
keratoconjunctivitis; therefore other Shigella genes must be
involved in host cell pencetration.

The streptomyein marker (str A) has also been associated
with virulence (Petrovskaya and Licheva (1970a, b). Strains of
shigellae and salmonellae resistant to streptomycin are often
avirulent (Falkow et al , 1963; Krishnapillae and Baron, 1964).

Biochemical Studics on Virulence of Shigella

Studies on the biochemical basis for virulence of Shigella
must take into account the scquence of biclogical cevents required:
a) penetration of the intestinal epithelial cells, b) centrance into
the lTamina propria, followed by a period of intensive bacterial
multiplication, ¢) destruction of the host cell (LaBreec et al.,
1964; Formal et al., 1965b, 1966). The study of penetration
has made use of an isogenic pair of Shigella flexneri 2a, a
virulent strain, M-42-43, and a spontancous avirulent mutant,
24570. The latter is one of several alterations in S8h. flexneri

rendering it unable to penetrate.  For cexample, one can alter
the 0 antigen makeup of Shigella by making hybrids with E. coli,
soicctlaag lor ihids nis oaocun. Whe adcorgpotecion of thie Loocoli

0-8 repeat unit from E. coli will prevent Shigella flenxeri from
penetrating (Gemski et al.), 71971). Another hybridization at

the kep A locus near pur E will also prevent penetration (Formal
et al.,] 1971). Nothing is known about the nature of kep A
miutation. It shall be bronght out in the following that the
24570 spontancous matation occurs at a site different from the
kep A locus and the his linked 0 antigen site,




b. vork by Investigator

Most of the ecarlicr work from this laboratory has been
devoted to trying Lo understand why the avirulent muatant
(214570) which is antigenically identical (LaBrec et al., 1961)
to its virulent parcent (M-42-33) is neverthele s unable Lo
penetrate the intestinal epithelium.  The research was desipgned
to test the hypothesis that the avirulent strain, 24570, does
not attarch to the host cell because of an incrcased clectronegative
charge. This is usually tested by measuring the rate of uptake
of the cationic dye methyliene blue, washing the bacteria free
of external methylene blue, and finally lysing of the bacteria
with sodium lauryl sulfuate (SLS) to release the methylene blue
for measurcement. It was found that the experiment could not
be done properly because of the inability to lyse the avirulent
strain with SLS (Corwin ¢t al., 1971). This was confirmed by
rate studies showing that the virulent M4243 is lysed four times
as rapidly as the avirulent 24570 (Corwin et al., 1973). The
conditions for lysis by SLS included growth of the strains in
Luria broth with 5mM Catt. The lysis was carried out in phosphate
buffer. If Tris butfer was used instead no lysis of cither strain
was observed by SILS. In the absence of Catt, both strains were
ly ed to a much greater extent, but the 24570 was sti1ll lysed
more slowly. It was also found that the 213570 wuas more resistant
to lysis by EDTA and lysosyme. Thus the mutation to avirulence
has resulted in a stabilization of the wall aganinst lysing agents.,

Returning to the hypothesis of electronegativity as an
explanation for non-attachment of the avirvulent mutant, charge
was now tested by microelectrophoresis. By this technique, it
was monstrated that in fact the 24570 was up to four times
more negative that the virulent M-4243 (Corwin and Talevi,

1972). However, such a difference could only be demonstrated

if the strains were grown in the prescnce of HmM Catt.  Thus

the increased negativity of 24570 is only scen when grown in

the presence of a cation. This anomaly could be explained by
eithoer of two hypotheses.  The first involves an alteration in
the conformational structure ot the cell wall by chelating cations,
for cxample by ions such as Catt which bring negatively charged
components to the surface. When the calcium ions are removed by
the electric field or hy FDTA, the negative chare-e rosaing, The
alternative is that <calcium ions loosen the bonds of some surface
structure, allowing the release of macromolecules into the
medium and uncovering a more negatively charged layer.




It was found that EDTA would incronse the charge of the D000 when
grown in Luria broth and Catt, but would not affcet the M50
charge under the sume conditions (Corwin and Talovi, 1002),
Thus, the relcase of lipopolysaccharide (LPS) and proteirn from
the two strains by EDTA was tested. In fact more protein and
LPS was releasced from the virulent strain than the avirnlent.
Thus the increased charge of the avirulent strain does not
appear to be explainable by the uncovering of a neguative layver
after release of macromolecules from the more superficial Tayers,
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Other studies have shown that the avirulent mutant is deficient
in the cnzyme glycerol kinase making it unable to ferment glycerol
(Kim and Corwin, 1973). This observation gave the first genetic
handle to study some of the relationships between the several
alterations in characteriistics of the avirulent mutant from
that of the virulent Shigella strain. It was discovered that
elcectrophoretic charge always increased upon the loss of glyccerol
kinase. The mutation rate to glycerol kinase negative strains
~as about 1 in 104, which is about the same rate as that of the
change in colonial morphology from translucent colonies Lo
the opaque avirulent colonies. Interestingly the ability to
penetrate was lost by only about half of the glycerol kinase .
negative strains indicating that more than one gene must be
involved.

There are two particular findings which have led to the
establishment of the fluoresecent technique used to distinguish
penetrating from non-penetrating mutants of Shigella. The
first is the interesting correlation made by Kcrekes (1973)
between acid agglutination of the bacteria and their virulence.
Saline suspensions of virulent 24 hr. cultures showed agglutination
in one or more tubes of a buffer solution in the range of pH
1.6-4.9, while the majority of avirulent S-form culture either
did not agglutinate at all or agglutinated in the narrow range

of pH from 1.0-1.4. The virulent S. flexneri cultures failed
to agglutinate after washing in cthanol or cetylpyridinum
chloride. Heating (1000) caused a loss of agglutinability

in most virulent strains, while some avirulent strains boecame
agglutinable after heat treatment. Nakamura (1967) has shown
that S. flexneri 1b virulent strains do not agglutinate and
Kerekes has explained this as being due to the inability to
maintain homogeneous colonial cultures in that strain.

e ouner [iading, by Kiwm and Corwin (1v/3), involved Lhe
oxidation and uptake of Krebs cycle acids such as succinate.
There is little difference in thece parametcors between the
virulent M-42-43 and avirulent 24570 strains of S. flexneri 2a,
if the cells are harvested from logarithmic growth phase and/or
if they are grown in static culture.




When cells are grown overnight with vipgorous shaking (he abhidity

of the avirulent 29570 strain to oxidize succinate as well as

to transport it is greatly curtaited.  Under these conditious

there is a resultant 3 to 4 fold difference betwoen the 24570
strains and the M-42-43, whose performance in these characteristics
is unaltered.

c. Current work

During the past year, the use of {luorcescent dyes to probe
the structure of the cell wall was begun with the hope of
uncovering differences between virulent and avirulent sirains.

The method involves the introduction of small molecules into

the membrane that have characterisite fluorcescent properties

in a given cnvivonment (Radda and Vanderkooi, 1972). Iluorescent
measurements can reflect the effect of 1ts microenvironment on

a particular probe. For example, l-anilinonaphthalene-8-sulfonate
(ANS) has been shown to be located at polar-non-polar interfaces
(i.e., lipid-protein, lipid-water or lipid-protein-water contacts),
while others, which have no polar groups, such as N-phenyl-
l1-naphthylamine (NPN) locate in hydrophobic interiors such as

the hydrocarbon regions of lipids (Waggoner and Stryer 13870).

Much of our time has been spent using NPN as the fluorcescent probe.
NPN, in a hydrophobic environment, exhibits an emission maximum
below 400 nm as compared to 460 mm in water, and has a much

higher quantum yiceld. Thus, for NPN, upon excitation at 340nm,
the maximum emission was at 466 nm when the solvent was saline,
A4G1nm for water, 420nm, for methanol and 393 for benzene, while
the emission peak hoights (in arvbitrary units) were, respectively,
7.4, 11.0, 247.5 and 720.0. When c¢qual concentrations of cells
were exposed to cqual amounts of NPN, the M-42-43 showed a much
more rapid binding, as indicating by the emission wave length
shift from 460 to 405 nm and by the increase in peak height,

than did the 24570. At any given concentration of NPN, the
gquantum yield upon binding to M-4243 is higher thuan that to 245670,
until saturation is reached. With a given concentration of NPN,
where the gquantum yield differed by a factor of two, we explored
the above differences as a function of growlh conditions, cation
concentrations, etc.

The greater and more rapidly achieved quantum yield for
M-4243 than for 24570 was ohserved when the hacteria were grown
to staliovnary phase in the absence of Ca''! with 0.2% glucose
in Luria broth. These probe results were correlated with the
spontaneous release of I.PS into the test fluid. In three
determinations the M4243 released 2.2 + 0.5% of its LIPS during
the course of the experiment whereas the avirulent 24570 strain
released 0.7 + 0.2%.

G-




It was considered possible thut the loss of LS permittod the
HPN to penetrate more easily into the Lvdrophobic intorior

of M-1243.  Strong doubt was cost oon this ioterpretation

vhen binding of NPN to rough nutants or both strains was tested.
These mutants were isoluated by growing the strains in the
presence of rabbit antisecrum to the steains, In these strains
the O-antigens are unable to bind to the LPS core regions.

It was found that NPN was bound wuch more readily to the roush
M mutant than the rough 0 mutant, results similar to that
Obscrved with the parent strains. Thus it would scem that the
O-antigen is not involved with the NPN-binding differences
ob=cerved with the two strains. Other observations also confirm
that, although NPN can bind to purified Shigella 1.PS and give
rise to an emission maximum at 404nm, the obscerved quantum
vield is far lcss than that of the whole bacteria carrying

an ecquivalent amount of LPS.

Studies were then carried out to determine the conditions
necessary to produce differences in NPN binding by the two
strains. The differences between the Shigella strains were
observed with stationary phase cells grown in Luria broth with .
0.2% glucose and no added Ca't. Cells harvested from logarithmic
phase do not show the difference. The avirulent ¢ells under
these conditions bind NPN as well as the M1243 which is relatively
unchanged by growth conditions. The prescnce of 5mM Catt decreases
the binding of NPN to M4243 so that little difference in NPN-binding
to the two strains occurs, Finally, when the cells are grown
in high glucose concentrations (2% vs. 0.2%) binding of NPN to
both increased to such an extent that no difference between
the strains is seen. It would scem therefore that internal
binding sites for NPN exist in both strazins, but that the
channels to these binding sites may vary in the two strains under
certain conditions. Treatment of the cells with FDTA or with
EGTA after growth in 0.2% glucose without added Catt was also
1 ed While the overall guantum yicld decreased for both
strains, the relative values, ie., the greater yeild for
M-4243 than for 24570, were maintained.

Fortunately our recent work included some important controls
which made much of the published information on NPN binding,
as well as our own earlier work, suspect. The first observation
came after the cells labeled with NPN were centrifuged and
. o v in fresh media. Some RO% of the flunresceonce was
lost. NPN exhibits an enormous increase in gquantwn yield when
entering a hydrophobic environment from an aqueous one.
Since this increase was largely lost by simple centrifugation of
the labelled cells, it was speculated that most of it was due
to NPN micelles loosely attached to the bacteria.




It scems unlikely, however, that a hydrophobice interaction

between NPN and the cells would be so casily brokoen.  Another
serious flaw in the NPN experimentation was our Tinding that

NPN binds ubiquitously to glass, to siliconized glass, and to
plastic (e.g., Teflon stirring bars, polypropylene or polycarbonute
tubes).  Furthewmore, prelabeled bacteria lose some of thelr

bound NPN when transferred to a new glass tube.  Both of these
observations arce manifestations of the great affinity of NPN

for surfaces, and could be verified by benzene extraction of the
bacteria as well as by benzene washing of tubes, flusks,

stirring bars after incubation of the bacteria. All in all
these properties of NPN made absolute quantitative interpretation
of binding studics very difficult indeced. It is not, however,

necessary to discard our results inasmuch as consistent diffcerences
between benzene extracts of virulent and avirulent cells were
obtained by identical treatment of the bacteria (Table 1).




The data in Table 1 indicate that EDTA trceatment of the bucteria
greatly increases the available NPN binding sites in the virulent
M-12-43 but insiginficantly alfccts the non-invasive 24570.
Thus, while no significant binding differences hetween the
strains exist at pH 7.0 without EDTA treatment, M-42-43
binds significantly more NPN than 24570 after such treatment.
Since NPN is a hydrophobic probe, it is to be expected that
either the hydrophobic regions are changed in this mutation or

: that these results are a reflection of the relative resistance

x of 24570 tc EDTA treatment. In any event, this protocol

serves to distinguish between the two strains.

; Table 1

NPN-binding to S. flexneri 2a Strainsl

Medium?2 Fluorescence3 + SEM
Strain catt + 0.1mM EDTA ~EDTA
24570 - 109 + 27 (4)4 71 +
24570 + 114 + 31 (5) 83 +
M-42-43 - 283 + 59 (5) 60 +
M-42-43 + 381 + 91 (5) 64 +

1. Harvested bacteria were resuspended in O.1lmM EDTA ph 7.0
for 15 minutes. They were recentrifuged ans washed once
in saline. They were then resuspended to a concentration
of 2 X 108 bacteria/ml and exposed to 0.5 ug NPN for 1 hr.

2. Growth medium was Luria broth + 5mM CaCl2 and included 0.2%
glucose.

3. The labelled cells were centrigued, washed, and the washed
pellet extracted with a quantity of benzene equivalent to the
initial volume of cell suspension. The fluorescence was
moasuyred at 395 mm after exitation at 340 mm.

4. Numbers in parentheses equal the number of samples.

26
44
18

32

“4)

(3)
(5)
(5)




Nevertheless we have since turned to ANS with which the
surface adsorption problems encountered with NPN do not exist.
ANS has a polar sulfonate group, allowing it to attach to

hydrophobic—-hydrophilic interfaces.  The initial findings,
reported luast year, were that ANS did not appear to bind to
the bacteria to any utilivable extent at pHd 7.0. This was

thought to be attributable to the negative charge of the bacteria
at neutral pH. This hypothesis, coupled with the acid agglutin-

ability studies of Kerckes (1973) outlined above led us to try
our binding studies with ANS at pH 3.3 in an 0.1 M glucince-HC1
buffer. The results are detailed in table 2. It should be
noted that, at present, the labelling detected at pH 7 with
ANS is so near the experimental error that we have pursued our
studics at pH 3.3 where the binding of ANS is much greater.

All values reported in table 2 for fluorescent intensity are at

a higher scale expansion, 9X greater than that in table 1;
this relfects 1) observation that the fluorescence of NPN in

non-polar solvents such as benucne is extremely high, 2) possible

differences in inherent quantum yield between ANS and NPN,

and perhaps 3) some absolute differences in NPN and ANS binding.

No effort has yet been made to sort out the contributions of
cach of these possibilities.

At pH 3.3, cells grown overnight in static culture labellced
intensely with ANS. There was, however, very little difference

between the virulent and avirulent strains. If the experiment

was carried out with bacteria obtained from cultures vigorously

aerated in Erlenmeyer flasks, the virulent strain loses about
two-thirds of its ability to bind ANS, whereas 24570 is

virtually unaffected. This is very different from our observations
on succinate oxidation in static vs. vigorously shaken cultures;

in these, 24570 lost oxidative ability whereas the M-4243
was unaffected. EDTA has a similar but less dramatic effect

on ANS binding: decreasing the ANS binding on 24570 cells at pH 3.3
to a much lesser extent than M-4243. The combination of pH 3.3,
EDTA, and vigorous shaking gave the most consistent and largest

difference between the strains, but it would secem that LDTA
may not be gbsolutely necessary in order to differentiate
between virulent and avirulent strains by this technique.

Using this particular fluorescent probe technique with ANS,
we huve lovked atl a varlety ol Shigella straius wilh the reoults

obtained in table 3. Most of the Sh. flexneri strains appear

to follow the pattern of the M-4243 to 24570 mutation. The X-16

is a hybrid between E. coli, WI1895 and the M-4243 which has

lost its ability to survive in the gut but has retained its

ability to penetrate intestinal epithelial cells. Like its
virulent parent, it binds ANS much less than the avirulent,

non-penetrating 24570.

-10-




The S. Johnson strain is o virulent rovertant of o strain 21570,
It binds ANS far less than 29070, thus resoabling the M-4213.
The 1 b strains scem to follow this pattern as well, except

for strain 228-10, which, although virulent, binds ANS very
poorly. However, Kerekes' comments about 1 b strains and
agglutinability may apply to ANS binding s well. Sh. flexneri
3 strains seem to have depressed binding characteristic ’
relative to Sh. flexneri 2a strains, but the avivulent strain
binds much more than the virulent strain which doesn't appear
to bind at all. The 6 serotype pairmsis also similar to 2a.

~11-




z K
Culture Condit tons poAD A 20510
. ) . g

pil EDTA shaking {luorescnce units / 10 ¢ellg

7.0 ~ - 30 o 0

7.0 = + 13 15

7.0 + - _ 44 17

7.0 F + 19 0

3.3 - - 602 547

3.3 ~ B 177 500

3.3 + - 268 ’ 429

3.3 + + 125 667

. . - . -’—+

1. Bacteria were grown ovarnight in Turia broth + 5nM Ca either

in test tubss about 3/4 full growing in static culture or in
the same media, vigorously shaking in Erlenmeyer flasks.

2. Fluorescence emission was measured at 470nm with excitation
at 360nm; possible experimental error of * 20.
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srrotvps
2a
2a
2a - X-16
2a
1b
1b
1b

1b |

6
6
S. dysenteriae
S. dysenterias
S. dysenterize

. Lt Lt
S. Jyoontirion

Table o

ANS-binding by Shigella Straing

Descrintion

24570

Hu243

E. coli hybrid
S. Johnson - revartant of 24570
1M25-8

2381 0 /124
M-52-994/8fF
238-10

3-50/15

J-17-B
M-16-84-0
MIGTX Formal O
1106 Swmith

CCtio-60

A-1-38T 18T invadgs,ioxin

725-78 invadeslno tox1n
A-1-38 18 0 no invasionltoxin

725-19 no Inwvasion, no toxin

-13-
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cnetration

-

+

2145,1£8,125
32

227

36,41
302,374
41,25
9,50,52

162,102

2

399,147,227
80
434,206,158
37

401,375
165,140
517,400

278,260




Studics of 8. dvsenierisge strains have just bepun and
prelivinary results ard piven.,  Apparently, the production of
toxin is awsociated with good ANS-binding which musks differonces
in the ability to penctrate host cells. When toxin is not
produced, the characteristic greater ANS binding of the avirulent
strain is observed, but in this one experiment, the diffoerence
is not as dramatic as in the S. flexneri 2a strains. Another
experiment was performed with similar relative differences,
but lower absolute overall binding by all strains.

These experiments appear to support the use of ANS as a
tool to distinguish invasive from non-invasive strains of
Shigella, but many more experiments remain to be done to cstablish
the limitations and extensions possible with this approach.
Perhaps, even more important is the underlying alteration
which links all these different Shigella strains. Not mentioned
before is the fact that avirulent, non-penetrating mutants can
be due to sceveral different alterations in the cell wall. We
have shown that the M4243 to 24570 mutation is associated with
a loss of glycerol kinase. The S. flexneri 6 strains are both
glp K pesitive and thus represents a diffcerent mutation.
Similarly the kep A mutation found by Formal et al (1971) also

affects the ability of S. flexneri 2a to invade intestinal cells.
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