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SUMMARY

The carotenoid-glycoprotein isolated from the membranes of Sarcina
flava by using synthetic detergents was not resolved into subfractions. It was
resistant to extremes of heat and pH value. The peptide moiety carried little
net charge and the carotenoid was not easily released.

INTRODUCTION

All of the carotenoid in Sarcinaflava is localized in the membranes (Strang, 1968).
Two general methods are available for membrane solubilization: the use of synthetic
detergents (Salton & Netschey, 1965; Salton, 1967a, b) and prolonged ultrasonic
treatment (Salton, 19674). The use of synthetic detergents has been studied and non-
ionic detergents found to be the most effective. Most carotenoproteins studied have
been of invertebrate origin (Fox, 1955; Cheesman, 1958; Cheesman, Lee & Zagalsky,
1967). The link between carotenoid and protein, in these instances, is easily broken
and a total recovery of carotenoid made. Since the carotenoid-glycoprotein from
the membranes of S. flava is associated with carbohydrate and protein (Thirkell,
Hunter, Crawford & Fracassini, 1969), the carotenoid may be glycosidically bound to
carbohydrate. Such a situation exists in Mycobacterium phlei (Hertzberg & Jensen,
1967). The present work was undertaken to study some of the properties, particularly
the nature of the bonding of carotenoid, of a detergent-solubilized membrane fraction
from S. flava.

METHODS

Growth and harvesting of bacteria, preparation and solubilization of the membrane:
Sarcinaflava (nctc 7503) membranes were prepared as previously reported (Thirkell
et al. 1969). Solubilization was achieved by repeated extractions with either 1 % (v/v)
Lubrol L (I.C.I. Ltd.) or Crillet 1 (Croda Ltd.), both non-ionic polyoxyethylene
derivatives. The solubilized material was exhaustively dialysed against tap water and
then distilled water, and the carotenoid-glycoprotein purified by repeated ammonium
sulphate precipitation.

Attempted resolution of Crillet 1 solubilized carotenoid-glycoprotein. Three techniques
were used: (a) Electrophoresis in free buffer film. Separation was attempted on a ver-
tical flow machine with buffers of different ionic strengths and with pH values ranging
from 39 to 8-6. The material was exhaustively dialysed against the buffers for at least
48 hr before being pumped into the machine; (b) Sephadex gel filtration. Concen-
trated material was applied to columns (26 x 1-5cm.) of Sephadex G-100 and of
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G-200 and the columns were developed with 0-i% (w/v) NaCl. Fractions were
collected on a Central Ignition fraction collector; (c) ultracentrifugation. The sedi-
mentation patterns of the material in distilled water were studied on the ultracentri-
fuge for up to 2 hr after it had reached top speed (59,780 rev./min.).

Examination of Lubrol L solubilized carotenoid-glycoprotein, (a) Effect of heat and
pH value on the absorption spectrum. The absorption spectrum was determined over
a range of temperatures (15 to i00°) and pH values (4-0, 7-0, i0-0); (b) effect of heat
on optical rotation. Optical rotation was studied over a temperature range of 18 to
78°; (c) amino acid analysis. A sample was freeze-dried for 36 hr and hydrolysed
in a sealed tube with 6n-HC1at 120° for 24 hr. The hydrolysate was made acid free
and applied to a Technicon automatic amino acid analyser; (d) attempts to release
free carotenoid. (1) Partition with an equal volume of ether, (2) dilution with an equal
volume of acetone and ether extracted (Cheesman, 1958), (3) made 4 »m with respect
to urea, stirred (12 hr) and ether extracted, (4) made 4 » with respect to urea and 1 %
(v/v) with respect to thioglycollic acid, stirred (12 hr) and ether extracted, (5) carot-
enoid-glycoprotein titrated with either o-in-HCI or o-ra-NaOH to give samples at pH
4-3, 53> 7'0, 8-9, 11-8 and ether extracted, (6) boiled for 15 min. and ether extracted,
(7) material saponified with 10 % (w/v) methanolic KOH up to 7 days and ether
extracted, (s) digestion with papain. The solution was made o-i m with respect to
phosphate buffer (pH 7-6), 5mm with respect to EDTA (chelation of metal ions),
1-0 mm with respect to cysteine (enzyme -SH groups maintained in the reduced form)
and 1% (w/v) with respect to papain. Digestion was at 40° in the dark in an atmos-
phere of nitrogen. Two recharges of EDTA + cysteine + papain were made at 5 hr
intervals and the digestion then left overnight. The digest was extracted with ether
until the ether phase was colourless. The total etherial extract was dried over anhydrous
sodium sulphate, taken to dryness at 250 and tested for the presence of carotenoid
(spectrum), carbohydrate (Whistler & Wolfrom, 1962) and peptide (amino acid
analysis).

RESULTS

Resolution. With electrophoresis in free buffer film, no resolution was achieved in
any system. The carotenoid-glycoprotein did not appear to be charged at any pH
value. No resolution was achieved with Sephadex and on the ultracentrifuge a single
symmetrical peak was seen after 1 hr. These results suggest that a single molecular
species had been solubilized.

Table 1 Carotenoid-glycoprotein of Sarcinaflava membrane:
relative concentrations of amino acids present

Amino acid (%)* Amino acid (%)
Alanine 966 Lysine trace
Aspartic acid 8-73 Ornithine trace
Glutamic acid 7-98 Phenylalanine 6-73
Glycine 9-78 Serine 10-35
Histidine 5.30 Threonine 6-04
Isoleucine 8*19 Tyrosine 4-00
Leucine 14-20 Valine 9-04

* Amino acid analysis could not be calculated on a dry weight basis since only drying in a vacuum
oven at 85° for 4 days will remove all the water associated with the detergent (checked by infrared
spectroscopy). Such treatment partially degrades the samples.



Carotenoid-glycoprotein of Sarcina membrane 291

Spectra. The Aval were 226, 276, 282, 297, 416, 444 and 474 m/r. The peaks in the
visible region are similar to those given by the free pigments of Sarcinaflava in organic
solvents (Thirkell, Strang & Chapman, 1967). This suggests that any binding of
carotenoid to other molecules does not alter the main chromophore (unlike the
situation with carotenoproteins of invertebrates). The peaks at 276 and 282 m/t are
due to detergent and aromatic amino acids and that at 226 m// to peptide bonding.
No change in Ama. or peak heights was detected over the range of temperature or
pH value studied, and prolonged boiling did not cause precipitation (mutual stabili-
zation of components, Cheesman et al. 1967).

Optical rotation. No change was detected suggesting that no alteration in the
secondary or tertiary structure of the peptide had occurred.

Amino acid composition. The results are shown in Table 1

Attempted release of free carotenoid. The findings are summarized in Table 2
When the effects of urea or urea + thioglycollic acid were examined on the ultra-
centrifuge, equilibrium patterns were produced. Thus, no conclusions could be drawn
as to whether a split into smaller subunits had occurred.

Table 2. Carotenoid-glycoprotein of Sarcinaflava membrane:
attempts to releasefree carotenoidfrom the complex

Method Result Comment
No release Association through a definite type of bonding rather than a
loose non-specific association.
2 No release Carotenoid bound in a manner different to that found in inverte-

brate carotenoproteins which are split by this method, after
which 100% of the carotenoid is extractable into ether (Cheesman
et al. 1967). The effect of acetone is to denature the protein/pep-
tide and thus the integrity of the tertiary structure of this is not
necessary for the bond.

3 No release Hydrogen bonding not involved.

4 No release Hydrogen bonding not involved; split of any S-S bridges in the
protein/peptide moiety does not aid pigment release.

5 No release Electrostatic binding not involved.

6 No release (i) Hydrogen bonding or n-n electron interactions not involved

since the thermal energy supplied should be in excess of that
required to break such bonds, (ii) No precipitation occurred
which suggests that the components of the complex mutually
stabilize each other.

Some carotenoid Sug(r:]ests that the type of bond ruptured is very weakly alkali
released after 6 days, labile.

Pigment release A substantial amount of pigment was released into the ether
phase; analytical tests showed that it was not free carotenoid but
that it was still associated with carbohydrate, a short peptide and
detergent. The effect of papain was that it decreased the peptide
to a length which made some of the material preferentially ether-
soluble rather than water-soluble.

DISCUSSION

The solubilized membrane fraction of Sarcinaflava appears to be a single molecular
species. The amino acid analysis revealed little or no basic amino acids and a very high
ammonia peak suggests that most, if not all, of the dicarboxylic amino acids may be
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in the amide form. This would explain why no charge was noticeable during electro-
phoresis in free buffer film, why the authors could not obtain any reasonable titration
curve for the material and why it did not migrate from the origin on disc-gel electro-
phoresis. The fraction is extremely stable to extremes of temperature (up to ioo°) and
pH value (pH 4 to 10). Release of free carotenoid is difficult to achieve indicating that
the bonding is covalent (glycosidic ?). Papain digestion produced smaller units which
became ether-soluble, but further degration of these subunits would be required to
identify the molecules involved in the links between the components of the complex.
The carotenoid-glycoprotein studied was rich in detergent. To what extent the presence
of detergent influenced these results cannot be determined since it is impossible to
remove all traces of the detergent from the material.

We thank I.C.1. Ltd. and Croda Ltd. for gifts of detergent samples. D. T. is grateful
to the Science Research Council for financial support and M. 1. S. H. is in receipt of a
Science Research Council grant.
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SUMMARY

The polar carotenoid fraction from Sarcinaflava does not not appear to
be a free carotenoid, but a carotenoid associated with glucose and a peptide.
The glucose seems to be glycosidically bound to the carotenoid through its
reducing group. Presumably the peptide is linked to the glucose through either
the primary or one of the secondary hydroxyl groups on the carbohydrate
molecule. A model of the in vivo state of the carotenoid complex in the
bacterial membrane has been proposed.

INTRODUCTION

Thirkell, Strang & Chapman (1967) examined the carotenoids which could be
isolated from Sarcinaflava; two of these were shown to be C®compounds. However,
a polar fraction (designated fraction 4) was purified and little positive information
was obtained about its constitution. As some of the carotenoids in the membranes
of this bacterium are associated with carbohydrate and peptide (Thirkell, Hunter,
Crawford & Fracassini, 1969), the present work was undertaken in an attempt to
reveal the nature of this polar material.

METHODS

Organism. Approximately 3 kg. of deep frozen Sarcina flava (nctc, 7503) were
obtained from Imperial College, London. The organisms had been grown at 370in
nutrient broth (Oxoid Ltd.) with 1% (w/v) glucose added.

Chemicals. All solvents used were Analar grade and were dried and redistilled
before use.

Isolation of the polar carotenoidfraction. This was done by the method previously
reported (Thirkell et al. 1967).

Resolution of the polar carotenoidfraction. The total fraction was resolved into four
subfractions by thin-layer chromatography on 0-5 mm. layers of silica gel G (Merck)
with chloroform + methanol (90 + 10, v/v) as solvent. The subfractions were again
chromatographed to establish their purity and labelled 1to 4 in order of decreasing
polarity. Since subfractions 1and 3 were in approximately equal concentration and
constituted about 80 % of the total fraction 4, all subsequent investigations were
done only with these two subfractions.

Tests usedfor the characterization of the subfractions

Acetylation. (Kuhn & Sorensen, 1938; Jensen, 1962). A sample of chromatographi-
cally pure material was taken to dryness on a rotary evaporator and then freeze-dried
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for 24 hr. The fraction was dissolved in 1 ml. pyridine, o-i to 0-2 ml. acetic anhydride
added and the reaction allowed to proceed at room temperature in the dark under an
atmosphere of nitrogen. Samples were withdrawn every 30 min. for the first 5hr. and
then at regular intervals up to 36 hr, by which time the reaction was complete. Each
sample was examined by thin-layer chromatography with 20 % (v/v) acetone in light
petroleum (b.p. 60 to 80°) as solvent. The intermediates were identified visually and
after spraying with a saturated solution of antimony trichloride in chloroform
(Morton, 1942). Thus the initial compound, the formation of intermediates and the
formation of the final ester could be monitored. Spectroscopic examination was used
before and after the reaction to test that no degradation had occurred.

Testfor tertiary hydroxyl groups after acetylation. (S. L. Jensen, private communi-
cation). The esters from above were dried and dissolved in 0-5ml. dry pyridine,
0-2 ml. hexamethyldisilane and o-i ml. trimethylchlorosilane were added and the
reaction allowed to proceed at room temperature in the dark and under an atmosphere
of nitrogen. After 1hr, carbon tetrachloride was added and the solutions taken to
dryness. The products in methanol were examined by thin-layer chromatography as
before.

Methylation of carboxyl group. (Metcalfe & Schmitz, 1961). A sample of the sub-
fractions was dried as for acetylation and dissolved in dry methanol, 0-5 ml. methanolic
boron trifluoride added and the mixtures refluxed for 3min. The products were
removed into ether and examined chromatographically.

Partition ratio. (Petracek & Zechmeister, 1956). 95 % (v/v) methanol in water and
hexane were equilibrated with each other and the samples dissolved in a small volume
of equilibrated methanol. An equal volume of equilibrated hexane was added, and
after shaking the two layers were collected. The concentration of pigment in each
layer was determined spectrophotometrically.

Spectroscopy. The absorption spectra of the subfractions and their acetates in
methanol were determined with a Unicam SP 800 spectrophotometer.

Infra-red spectroscopy. This was done with a Unicam SP 200 G instrument with
liquid cells containing solutions in carbon tetrachloride and in carbon disulphide
(spectro-quality reagents).

Carbohydrate estimation. The sensitive but general phenol —sulphuric acid method
of Whistler & Wolfrom (1962) was used with solutions of glucose (25 to ioo/z.g./ml.)
as standard.

Identification of carbohydrate. Salton & Freer (1965) reported that the carbohy-
drates present in the membranes of the related micro-organisms Sarcina lutea and
Micrococcus lysodeikticus were glucose, galactose, mannose and ribose. These sugars
were used as standards throughout this part of the work. The subfractions were
hydrolysed with n-HCI in a sealed tube for 18 hr at 120° after which the hydrolysates
were made acid-free in the normal way. Chromatography was done in a single dimen-
sion on Whatman No. 1 chromatography papers with the following descending
solvents: (i) «-butanol + pyridine + water (6 + 4 + 3; by vol); (ii) «-butanol +
acetic acid + water (6 + 1+ 2; by vol.); (iii) «-butanol + acetone + water (4 + 5
+ 1; by vol.) The standard carbohydrates were run alone and as a mixture, and the
hydrolysates were run alone and co-chromatographed with each standard. Since
carotenoid in the membranes of Sarcinaflava had been shown in some cases to be
associated with both carbohydrate and peptide (Thirkell et al. 1969), in all instances,
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duplicate chromatograms were developed, one of which was stained with o-i m-
anisidine phthalate in ethanol (Pridham, 1956) and the other with 2 % (w/v) ninhydrin
in acetone. The former chromatograms were viewed in daylight and under ultraviolet
illumination.

Separation of the carbohydrate andpeptide by two-dimensionalpaper chromatography.
An attempt was made to separate any free sugar from peptides (or glycopeptides) in
the n-HC1hydrolysates on Whatman No 1chromatography papers with «-butanol +
acetic acid + water (6 + 1+ 2; by vol.) as first solvent and phenol (400 g. phenol/
100 ml. water) + water as the second. In each instance, duplicate chromatograms
were developed, after removal of the phenol with ether, one was stained with ninhydrin
and the other with the anisidine phthalate reagent.

Peptide resolution. Since ninhydrin-positive spots were detected on the above
chromatograms and since hydrolysis with n-HCI would be more likely to produce
small peptides rather than free amino acids, the hydrolysates were resolved by two-
dimensional thin-layer chromatography on 0-25 mm. layers of silica gel G (Merck)
with «-butanol + acetic acid + water (6 + 2 + 2: by vol.) as first solvent and «-
propanol + water (64 + 36, v/v) as second solvent (Randerath, 1964). The plates
were stained with ninhydrin.

Amino acid analysis. A sample of each subfraction was taken to dryness and freeze-
dried for 24 hr in a weighed vessel. The weights were determined and the fractions
hydrolysed with 6n-HC1in a sealed tube for 18 hr at 120°. The hydrolysates were
made acid-free, and then in distilled water they were applied to a Technicon auto-
analyser, with norleucine as internal standard.

Estimation of carotenoid. This was estimated spectrophotometrically using a
theoretical extinction coefficient of 3000 based on the similarity of the chromophore
to that of neurosporene or e-carotene. Such an estimation assumes that the absorption
characteristics of the free and bound carotenoid are similar.

RESULTS

The results for part of the chemical analysis of the subfractions are shown in Table
1 For the tests shown in the table, the results from the two subfractions were identical.

Chromatography

Identification of carbohydrate. The n-HCI hydrolysates were resolved into four
spots which stained with anisidine phthalate reagent. That with the highest RF
value co-chromatographed with glucose, the others did not co-chromatograph with
any standard used. However, duplicate chromatograms stained with ninhydrin
showed eight spots, four of which had the same RFvalues as the carbohydrate spots
when the chromatograms were run in a single dimension.

Separation of carbohydrate from peptide (glycopeptide). Two-dimensional paper
chromatography showed that the carbohydrate spot which co-chromatographed with
glucose was a free sugar. The other spots which stained with anisidine phthalate
were associated with peptide. Ninhydrin-staining material was also detected which
did not appear to be associated with sugar.

Resolution of peptides. Two-dimensional thin-layer chromatography showed that
the peptides present in the two hydrolysates were not identical. Calculation of RF
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values showed that most, if not all, of the spots were peptides rather than free amino

acids.

Link of carotenoid to glucose. The anisidine phthalate reagent stains with redu-
cing groups only, and the subfractions before hydrolysis did not take up the stain.

Table 1 Sarcinaflava. Some analytical results obtainedfrom the
pigment subfractions 4 (i) and 4 (H)

Test Result
Acetylation Positive

Tertiary hydroxyl Negative

group

Méthylation of  Positive

carboxyl group

Partition ratio 100% in methanol

Spectra max.” 415437 467
m/t with original and
final acetate

Infrared No cis peak
spectroscopy

Comment

At least 6 hydroxyl groups (primary or secondary) were
acetylated. After acetylation, both subfractions were
still polar, suggesting the presence of polar groups
other than hydroxyl in the subfractions

M_éa[hylation of carboxyl groups on dicarboxylic amino
acids

Very polar compound

Chromophore not unduly altered from that shown by
free pigments (Thirkell et al. 1967). Association of other
molecules with carotenoid does not involve any electro-
static linkages with the electron-dense double bonds of
the central conjugated chain.

Carotenoid in all-trans form. The infrared spectrum
showed many peaks and proved almost impossible to
interpret. This finding might be explained by the
presence of carotenoid, carbohydrate and amino acids
in the subfractions

Table 2. Sarcinaflava. Relative amino acid composition of pigment
subfractions 4 (i) and 4 (H) expressed in/im

Amino acid

Aspartic acid
Threonine
Serine
Glutamic acid
Glycine
Alanine
Valine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Ornithine
Lysine
Histidine

Fraction 4 (i) Fraction 4 (iii)
13 20
1-2 12
3-0 3-0
32 5-0
61 7-1
21 3-0
PO 20
08 1-8
1-0 21
08 1-0
08 1-1
1-4 2-8
PO 20
0-9 -1

Since the hydrolysates in each case did stain, and since the presence of glycopeptides
was demonstrated in them, we suggest that the carotenoid is linked glycosidically
to the reducing group of glucose. One would expect such a linkage to be split on

hydrolysis as reported.
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Amino acid analysis

The amino acid composition of the two subfractions is shown in Table 2 where the
relative amounts of each amino acid are expressed in jiu.

Constitution of the subfractions by chemical analysis. The relative percentages of
carotenoid, glucose and amino acids found were:

Carotenoid Glucose Amino acid

Fraction4 (i) 42 23 24
Fraction 4 (iii) 40 24* 27

* This value was checked by using the anthrone method (Scott & Melvin, 1953).

DISCUSSION

Both subfractions examined contain carotenoid, glucose and amino acids. The
carotenoid is presumed to be the CDdihydroxy compound (the most polar free caro-
tenoid) isolated by Thirkell et al. (1967) which has become bound to form an integral
part of the membrane structure where all of the carotenoid is localized in Sarcinaflava
(Strang, 1968). The carotenoid seems to be bound to glucose through a glycosidic
linkage involving the reducing group of the hexose. The amino acids (peptides)
associated with the subfractions must be linked to the hexose in some way involving
at least one of the remaining primary or secondary hydroxyl groups of the glucose. If

Protein layer

a |l Lipid layer

V

11 Protein layer
Fig. 1

one considers how this type of complex could be incorporated into the bacterial mem-
brane, let us represent the dihydroxy carotenoid as: 0----------- O, where 0 = hydro-
philic hydroxyls and----------- = hydrophobic central carbon chain. This could fit into
the lipid layer of a bimolecular leaflet membrane model as shown in Fig. 1 Formation
(b) can be excluded since it would require the central double bond to be cis and it is
known to be trans. Thus, formation (a) is more likely and the dotted lines would
represent the type of material of which these subfractions are constituted. The length
of the carotenoid molecule is of the right order to straddle the lipid layer in this way.
Figure 2 would represent a more detailed explanation of Fig. 1

If the results presented here are considered in relation to the model, the following
observations can be made. (1) The hydroxyl groups acetylated are probably unsub-
stituted primary or secondary hydroxyls on the glucose molecules. Thus, according to
the model, six hydroxyl groups should be available for acetylation and this was
demonstrated; (2) the results from amino acid analysis show an amino acid content
which in relation to glucose suggests very few amino acid residues attached to each
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glucose molecule. However, during the isolation and purification of these fractions,
saponification was used. In the study of glycoprotein structures, /~-elimination is
frequently used to verify the existence of O-glycosyl linkages with serine or threonine
(Neuberger, Gottschalk & Marshall, 1966). Although stronger alkali is used for
A-elimination, the conditions used in saponification could well result in the complete
loss of amino acids (peptides) from certain glucose molecules if this type of linkage
was present. The amino acids with the exception of ornithine (some or all of which
may be derived from arginine during saponification) are present in a definite molar
ratio, suggestive of a repeating unit of peptide in the protein layer of the membrane.
The component amino acids are the same 14 as those found in carotenoid-glyco-
protein isolated by using synthetic detergents (Thirkell & Hunter, 1969). Their relative
concentrations differ, suggesting that the lengths of the peptides are not the same. One
would expect a longer peptide to be more soluble in an aqueous detergent solvent than
in the system used in this work.

Protein layer

X Lipid layer
N

‘\./

t

t

I

3 ¢ S 1

———p————————— (-~

o
©
as

(a, b, ¢ or d linked to amino acid).

Protein layer

Phospholipid

Fig. 2. Proposed model to show incorporation of carotenoid in sarcina flava membrane.

If there is a repeating unit in the protein layer of the membrane, and if the distance
between the carotenoid molecules is less than the length of this repeating unit, then
the latter must be fragmented during the isolation of the subfractions. This would
release glycocarotenoid to which only part of the unit is bound. Thus, only when a
mixture of these fragments is studied should a repeating unit be apparent and be
shown by a definite molar ratio of the amino acids present. Such a situation is reported
in this work.

We thank Dr A. Serafini-Fracassini for assistance with the amino acid analyses,
D. T. is grateful to the Science Research Council for financial support and M. I. S. H.
is in receipt of a Science Research Council grant.
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SUMMARY

Carbenicillin, a 9-alpha carboxybenzyl penicillin, is bactericidal only for
Escherichia coli strains which are resistant to less than 125 /tg./ml. of ampi-
cillin. All E. coli and Salmonella typhimurium strains in which penicillinase is
a surface enzyme are resistant to carbenicillin. E. coli and S. typhimurium
strains in which production of beta-lactamase is episomally mediated are
resistant to both ampicillin and carbenicillin. A non-hydrolyzable penicillin
(methicillin or dicloxacillin) does not allow carbenicillin to exert its anti-
bacterial effect against resistant strains of E. coli, Pseudomonas, Klebsiella
or I_Er]'lcie_robacter. Carbenicillin shows no synergy with penicillinase-resistant
penicillins.

INTRODUCTION

Carbenicillin is an alpha carboxybenzyl penicillin synthetised from the 6-amino-
penicillanic acid nucleus. It differs from ampicillin in that a carboxyl group is
substituted for an amino group at the alpha position. The drug is hydrolyzed by /?-lacta-
mases to produce alpha carboxybenzyl penicilloic acid. Since its introduction for the
treatment of Pseudomonas and Proteus infections (Brumfitt, Percival & Leigh, 1967),
strains of ampicillin-resistant Escherichia coli which are also sensitive to this drag
have been reported (Acred et al. 1967, Bodey & Terrell, 1968). Previous work from
this laboratory on the location of /-lactamases in E. coli (Neu, 1968) suggested that
carbenicillin sensitivity was related to the low level of penicillinase production of
certain E. coli strains.

In the present investigation we have studied carbenicillin resistance in Escherichia
coli and Salmonella typhimurium and related it to ampicillin resistance and surface
location of penicillinase, whether that enzyme is episomally mediated or not.

Synergism between combinations of penicillins has been reported for ampicillin
and penicillinase resistant penicillins such as methicillin and cloxacillin (Sutherland &
Batchelor, 1964). We have therefore sought synergism between carbenicillin and the
[5-lactamase-insensitive penicillins in a variety of Gram-negative rods.

MATERIALS AND METHODS

Materials. Carbenicillin was obtained from Beecham Inc. Dicloxacillin and methi-
cillin were obtained from Bristol Laboratories.

Organisms. Escherichia coli, Pseudomonas, Proteus, Klebsiella and Enterobacter
strains were obtained from the diagnostic laboratories of the Presbyterian Hospital.
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Salmonellae were a generous gift of Dr Winter of the Beth Israel Salmonella Centre.
E. coliisolates had been selected on the basis of resistance to 10fig. ampicillin discs.

Tube dilution sensitivity tests. A dilution, containing io4 organisms, of an overnight
trypticase soy broth (BBL) culture of the test organisms was added to tubes containing
dilutions of carbenicillin or ampicillin (final vol. ro ml.) and incubated at 370for 18 hr.
and then observed for growth. Bactericidal levels were obtained by plating clear tubes.

Broth dilution testsfor synergy. A checkerboard arrangement of test tubes was used
to test the effect of pair antibiotics. Tubes were arranged in five rows of 12 tubes each.
Each row contained the same concentration of penicillinase inhibitor (methicillin or
dicloxacillin; 0, 100, 500, icoo or 2000 /;g./ml.) and successive tubes in an alternate
row contained carbenicillin 0, 2, 4, 8, 16, 32, 64, 125, 250, 500, 1000 and 2000 /;g./ml.
Antibiotics were prepared fresh for each test; inoculation and incubation were as
above. The first clear tube was taken as the minimum inhibitory concentration (MIC)
for that organism; clear tubes were plated to obtain the bactericidal level.

Carbenicillin assay. A 12 x 12 in. glass plate was poured with 450 ml. of trypticase
soy agar (BBL) seeded with 5ml. of an overnight culture of the Elsworth pseudomonas
strain. Wells of 6 mm. were punched in the agar, and 0-06 ml. of the test solution placed
in the wells. The plate was incubated at 350 for 18 hr. Concentration of carbenicillin
was determined using 5, 10, 20 and 40 //g. carbenicillin standards and measuring
diameters in mm. of the zone of growth inhibition.

Procedure for osmotic shock. Stationary-phase organisms were harvested at 16 hr
after a 1% inoculation into Penassay broth (Difco) and washed twice at 210 with
0-03 M-NaCl + 0-0i M Tris-HCI (pH 7-3). They were suspended in 0-5 M-sucrose +
MTris-HCI (pH 7.5) at 210 at iol0cells/ml. EDTA was added to 1mM and mixed
by shaking for 5 min. The organisms were removed by centrifugation at 0°, and resus-
pended in cold distilled water with mixing for 5 min. The organisms were removed by
centrifugation and the supernatant fluid assayed for /~-lactamase activity.

Bacterial extracts were prepared with a Branson Sonifer Model 75 using 2 min.
sonic disintegration at 0° in 15 sec. bursts. R-factors were detected by the method of
Watanabe (1964). Penicillinase activity was determined using a modification of
Novick’s (1962) iodometric assay with benzylpenicillin G as substrate.

RESULTS

Fourteen strains of Escherichia coli in which the /~-lactamase was released by
osmotic shock, and was thus a surface enzyme (Neu & Chou, 1967), were all resistant
to carbenicillin. Of 21 strains of E. coli in which the penicillinase was not released by
osmotic shock 20 or 95% were sensitive to 25/¢g./ml. or less of carbenicillin.

Escherichia coli strains which were sensitive to carbenicillin (Table 1) were resistant
to less than 125/:g./ml. of ampicillin.

Table 2 is a comparison of the carbenicillin and ampicillin sensitivity of some
Escherichia coli and Salmonella typhimurium strains in which the /Mactamase is either
a surface or internally located enzyme. There do not appear to be significant differences
in MIC levels of carbenicillin and ampicillin for either high level or low level peni-
cillinase-producing strains. Strains of either organism in which the penicillinase is
surface located showed high level resistance. When the penicillinase was an internal
enzyme resistance did not exceed 250 /¢g./ml.
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None of 15 Escherichia coli and 15 Salmonella typhimurium strains in which produc-
tion of the /(-lactamase is episomally mediated were sensitive to either ampicillin or
carbenicillin. Several strains of E. coli has surface penicillinases but transfer of resis-
tance to another strain was not possible.

Table 1 Sensitivity of ampicillin resistant Escherichia coli to carbenicillin

Ampicillin Carbenicillin resistance
resistance i —

fig/ml. No. tested No. sensitive*
10-50 18 16
50-250 21 19
>250 14 0

Sensitive
(%)
90

90
0

* Sensitive to 25 /ig./ml. or less of carbenicillin.

Table 2. Comparison of carbenicillin-ampicillin sensitivity and location of penicillinase

Escherich_ia coli
strain

DB 131
DB 130
B
DB 100
DB 112
fw/r 126
DB 103
Salmonella typhimurium

bh 19
BH16

A 100

Penicillinase Ampicillin
location /ig./ml.
Surface >4000
Internal 3-2
Internal 64
Internal 250
Internal 8
Surface >2000
Surface >2000
Surface > 8000
Internal 16
Surface 4000

Carbenicillin
/ig./ml.

>4000
32
6-4

100

4
>2000
>2000

>8000
32
4000

Table 3. Correlation ofgrowth rates oftwo strains of Escherichia coli with the destruction

of carbenicillin*

E. coli DB131 E. coli DB307
(Surface penicillinase) (Internal penicillinase)
ime od. Carbenicillain ~ o.d. Carbenicillin
[hr) % left % left
0 0-025 100 0-025 too
i 0-130 75 0-085 85
2 0-408 33 0-200 60
3 0-748 5 0-451 50
4 1-020 0 0-785 6

* Overnight cultures were inoculated to i04 cells/ml. After 1 hr at 350 on a rotary shaker, 100 fig.
per ml. carbenicillin was added. Growth was followed by turbidimetric change at 600 mju,. Carbenicillin
was assayed (see ‘Methods’) on aliquots removed at noted times, db 131 was resistant to 2000 fig. car-
benicillin/ml. and DB307 was resistant to 125 /;g carbenicillin/ml.

Variation in the size of the Escherichia coli inoculum from i03to io7organisms/ml.
in the carbenicillin tube dilution did not lower the level of resistance of the high level
resistant strains. Strains of E. coli resistant to less than 30 /ig./ml. rarely showed an
effect of inoculum size. Strains such as dbio8, in which the level of resistance was
63/ig./ml. at an inoculum of io3organisms, rose to 200/tg/ml. with an inoculum of io7
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organisms. Highly resistant strains of E. coli. or Salmonella typhimurium in which the
penicillinase was surface located probably destroyed the carbenicillin so rapidly that
the effect of inoculum size was not seen. Table 3illustrates that the rapid growth rate of
high level carbenicillin-resistant, surface penicillinase strains in the presence of car-
benicillin, in contrast to these strains with lower resistance and an internal enzyme, is
related to destruction of carbenicillin.

Table 4. Testfor synergy of carbenicillin and methicillin
Carbenicillin + Methicillin

MIC with: Carbenicillin Methicillin (feg./ml)
Strain (/*g./ml.) (*g./ml.) r
Pseudomonas a. 2 250 1000 4 + 1000
Escherichia coli 132 6 500 2 + 500
E. coli 18 4 500 05 + 500
Enterobacter 10 64 1000 4 + 500
Klebsiella 273 250 1000 32 + 1000
Klebsiella 272 125 500 32 + 10
E. coli 131 4000 >4000 00  +  >4000
S. typhimurium a ioo 1000 2000 1000 + 1000
Pseudomonas a. 101 8000 16000 4000 + 8000
Proteus m. 4000 >4000 4000 + 4000

Since carbenicillin is hydrolyzed by /s-lactamases of most Enterobacteriaceae we
attempted to lower the level of resistance of various organisms by performing the tube
dilution in the presence of a penicillinase-resistant penicillin such as methicillin. Using
a checkerboard method of broth dilution it is possible to determine whether combina-
tions of antibiotics are synergistic, antagonistic or additive in effect. Using either
methicillin or dicloxacillin, only 1strain of 32 tested showed synergy. Eleven Pseudo-
monas aeruginosa, 8 Escherichia coli, 4 Enterobacter, 7 Klebsiella and 2 Proteus were
tested. Table 4 demonstrates that only klebsiella 272 showed true synergy. In the few
cases where the MIC of carbenicillin was lowered the MIC of methicillin in the com-
bination was equal to the MIC of methicillin alone. Fifty per cent of these strains
showed a synergistic effect of ampicillin and methicillin.

DISCUSSION

Carbenicillin, which is hydrolyzed by //-lactamases of both Gram-positive and
Gram-negative bacteria, had been thought to be active against some ampicillin-
resistant Escherichia coli. These investigations show that E. coli which possess surface
penicillinases are resistant to carbenicillin. Not all of these strains with surface peni-
cillinases could transfer resistance to ampicillin and carbenicillin to another strain of
E. coli. In all of these episome strains the penicillinase was a surface enzyme. Carbeni-
cillin is effective only against ampicillin-resistant E. coli in which resistance is at a low
level.

It is not readily apparent why carbenicillin shows less synergist action than ampi-
cillin when used with penicillinase-resistant penicillins such as methicillin. It is possible
that the entry into the cell of carbenicillin is more rapid or that its affinity for />
lactamases is greater than that of ampicillin. There is no practical value to combina-
tions of carbenicillin with other penicillins since concentrations from 3000 to 20,000
/¢g./ml. can be obtained in urine (Neu & Swarz, 1969).
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Although carbenicillin is unlike ampicillin in that it is active against pseudomonas
strains, its activity against members of the Enterobacteriaceae is similar to ampicillin,
particularly in regard to ~-lactamase producing strains.
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SUMMARY

Cell walls were prepared mechanically from both hyphae and conidia of
Penicillium chrysogenum. The major carbohydrate components of cell wall
hydrolysates were glucose, galactose and glucosamine, with lesser amounts of
mannose and rhamnose. The conidia were richer in galactose and the hyphae
contained more glucosamine. The distribution of the monomers in acid-
soluble and alkali-soluble fractions was different in the two kinds of cell wall;
conidial walls contained higher concentrations and a greater variety of
amino acids than hyphal walls.

INTRODUCTION

In contrast to the intensive investigations of the polymers constituting the cell walls
of bacteria, the study of the structural macromolecules of the cell walls of filamentous
fungi has been very limited. Many of these studies, dating from the last century, were
restricted to histological observations (van Wisselingh, 1898; Melzer, 1924). More
recent reports have been concerned with direct chemical analyses. In most cases
(Hamilton & Knight, 1962; Crook & Johnston, 1962; Manocha & Colvin, 1967,
Applegarth, 1967), however, analyses have been restricted to only the hyphal stage in
the developmental cycle, although the acetyl content of hyphal and spore walls of
Asperigillus phoenicis has been compared (Bloomfield & Alexander, 1967).

Penicillium chrysogenum, a filamentous fungus, possesses at least two morphologi-
cally distinct stages representing a seemingly primitive morphogenetic system. The
conidia are oblate spheroids, green in colour, and possessing rigid cell walls, whereas
the hyphae which develop from them are filamentous, flexible and white. These
morphological differences suggest differences in chemistry. Mahadevan & Tatum
(1965) have detected a number of quantitative differences in the cell walls of a variety
of mutants of Neurospora crassa. They concluded that the morphology is a direct
consequence of the cell wall composition and that changes from wild-type growth to
other forms may be caused by alterations in the relative concentrations of the struc-
tural polymers of the cell wall. It seems reasonable to expect that functionally com-
parable structures which differ morphologically at different stages in the life cycle ofan
organism would also differ chemically. Because of the paucity of comparative data and
to uncover basic molecular changes in the conversion of conidium to hyphal cell,
studies were undertaken to determine whether the cell walls of the two stages are, in
fact, biochemically distinct.

* Present address: Department of Biochemistry, University of Kentucky School of Medicine,
Lexington, Kentucky, U.S.A.
20-2
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METHODS

Organism and growth conditions. Penicillium chrysogenum, strain nrri19s1-825, Was
maintained on Sabouraud glucose (SG) slopes: 4% glucose, 1% ‘neopeptone’, i-8%
agar. After sporulation, the cultures were refrigerated.

Roux culture bottles containing SG agar were inoculated with conidia from sporu-
lated slopes and incubated at ambient temperature (about 25°) until sporulation
occurred, which was usually 4 days. Sterile water was added, and the conidia removed
by scraping the surface with a sterile aluminium spatula. The conidial suspension was
filtered through sterile Pyrex glass wool so that the spore harvest would be free from
mycelial fragments, as verified by microscopic examination. After at least five cycles
of washing and centrifugation, the conidia were suspended and maintained in cold
M/15 potassium phosphate buffer (pH 7-4).

Hyphae were grown by inoculating a spore suspension into 6 1 of SG broth in a
Microferm Laboratory Fermentor (New Brunswick Scientific Co., Inc., New Bruns-
wick, New Jersey, U.S.A.). Incubation continued for 48 hr at ambient temperature
under constant aeration and agitation. The hyphae were collected on filter paper and
washed four times with cold distilled water.

Preparation of spore walls. Washed spores (10 g. wet weight) were suspended in
10 ml. cold phosphate buffer (pH 7-4) to which 50 g. of glass beads (0-5 mm. diameter)
were added. Spores were disrupted in a Bronwill Mechanical Cell Homogenizer
maintained at 50. When disruption was essentially complete (as determined by the
release of protein into the supernatant fluid and verified microscopically), homo-
genization was discontinued. The mixture was centrifuged at 500 g to separate the
spore walls from the glass beads. The crude wall fraction was collected by centrifuga-
tion at 4000 g. The pellet was suspended in 100 volumes of distilled water and agitated
on a wrist action shaker overnight at 4°. The suspension was centrifuged and washed
successively with distilled water and phosphate buffer (pH 7-4) until no extinction was
detectable in the supernatant at 260 m/u and 280 mii, indicating the absence of cyto-
plasmic contaminants. After collection, the pellet was extracted for 1 hr in each of
the following solvents: 95% (v/v) ethanol in water at 50, three times with boiling
ethanol + ether (1+3, v/v), and finally boiling ether. After extraction the walls were
lyophilized.

Preparation of hyphal walls. Hyphae were disrupted in a Sorvall Omnimixer (Ivan
Sorvall, Inc., Norwalk, Connecticut, U.S.A.) with glass beads. Purification procedures
were the same as described for the preparation of spore walls.

Isolation of carbohydrates. The procedure described by Mahadevan & Tatum (1965)
was adopted: 49 mg. samples of wall material were treated with 2N-NaOH for 16 hr
at room temperature, centrifuged, and the supernatant liquid treated with 2 vol. 95%
(v/v) ethanol in water. The resulting precipitate was suspended in water, dialysed
against water, and lyophilized; this fraction was designated F 1 The residue remaining
after the treatment with NaOH was resuspended in N-sulphuric acid, incubated at 900
for 16 hr and centrifuged. The pellet was washed and the washings were added to
the supernatant fluid. The supernatant fluid was adjusted to pH 7with Ba(OH)2 and the
resulting precipitate was removed by centrifugation and discarded; the material in the
supernatant fluid was designated F 2. The residue remaining from the sulphuric acid
treatment was resuspended in 2N-NaOH for 30 min. at room temperature and
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centrifuged and 2 vol. ethanol added to the supernatant liquid. The precipitate was
centrifuged down, suspended in water, dialysed against water, and lyophilized; this
fraction was designated F3. The residue from the second NaOH treatment was suspended
in water, dialysed, lyophilized, and designated F4. Before electrophoresis, the fractions
were hydrolysed according to the procedure of Mahadevan & Tatum (1965).

Extraction of amino acids. Samples (50 mg.) of either conidial or hyphal walls were
heated in 6n-FIC1in evacuated tubes at 105° for 18 hr. The hydrolysates were filtered
through “Millipore’ filters. The filtrates were taken to dryness by heating in vacuo
in a hot water bath. Each hydrolysate was dissolved in 1 ml. 10% (v/v) isopropanol in
water and stored at 0°.

Separation of components. Separation of amino acids was accomplished by electro-
phoresis with the high voltage electrophorator, Model D (Gilson Medical Electronics,
Middletown, Wisconsin, U.S.A.). Hydrolysate samples or standards were applied at
5 cm. intervals parallel to the short side along an origin line drawn 127 cm. from the
end of a 46-4 x 57-2 cm. sheet of Whatman 3 MM chromatography paper. The paper
was then sprayed with a mixture of formic acid+ acetic acid+water (6+ 24+170
by vol.) at pH 2 until wet and transferred to the electrophoresis tank with the origin
line proximal to the anode. The samples were run in the same buffer at 30 V/cm.,
current 80 to 85 mA, for 90 min. at 10 to 120. After electrophoresis, the paper was
dried at 90° for 20 min. Neutral sugars were run in a boric acid buffer adjusted with
NaOH to pH 9-4 at 240 V/cm., current 4 to 5 mA, for 150 min. at 10 to 150 After
removal from the electrophoresis chamber, the paper was dried as described above.
Because of trailing, the resolution obtained with amino sugars upon direct electro-
phoresis was insufficient for identification or quantitation, so the samples were oxidized
with ninhydrin before electrophoresis; this converted any hexosamines present to their
corresponding pentoses (Stoffyn & Jeanloz, 1954). The oxidized samples were run as
described for neutral sugars.

Amino acids were made visible by dipping the electrophoretograms in 1-5% nin-
hydrin in 95% (v/v) ethanol in water, drying at room temperature and counter-
staining with a cupric nitrate solution (Mabry & Todd, 1963). Sugars were made
visible with the diphenylamine-p-anisidine reagent (Mabry, Gryboski & Karam,
1965)-

In)situations where components could not be separated by electrophoresis, the
electrophoretograms were cut into strips parallel to the direction of migration. The
strips were sewn on to Whatman No. 1 paper and chromatographed in the second
dimension with 2-butanone +propionic acid+ water (75+ 25+ 30, by vol.). By this
procedure, amino acids which had similar electrophoretic mobilities were separated
and amino acids whose mobility properties left them within the glucosamine streak
were resolved.

Identification and estimation of components. The amino acids and sugars were
identified by three properties: (1) electrophoretic mobility compared with standard
samples run simultaneously; (2) characteristic tints after colour development; (3)
rates of colour development. Electrophoretic mobility values were also compared with
published values (Mabry & Todd, 1963; Himes & Metcalfe, 1959).

Quantitative estimates were made by cutting the developed sheets into strips 3-2 cm.
wide and scanning them in a Model RB Analytrol densitometer-integrator (Spinco
Division, Beckman Instruments, Inc., Palo Alto, California, U.S.A.). For the amino
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acids, 500 m/t interference filters were used, and for the sugars, 450 mg. interference
filters. Proportionality between integration units and concentration was obtained in
the range 0 to 400 gg. for the sugars and 0 to 100fig. for the amino acids.

Nitrogen analysis. Nitrogen was determined as ammonia by the Kjeldahl-Nessler
method described by Wilson & Knight (1952).

RESULTS

The distribution of monosaccharides in hydrolysates of the series of extracts from
conidial and hyphal cell walls is shown in Table 1 The first alkali-soluble fraction
(F 1) of conidial walls contained glucose, galactose and mannose. Hydrolysis of hyphal
F 1also gave glucose and galactose, but no mannose. Quantitatively, the two fractions
differed markedly in the relative amounts of glucose and galactose. The glucose :
galactose ratio of conidial F 1 was 0-32, whereas in hyphal F 1, the ratio was 7-5. The
total weight of the two fractions were similar, conidial F 1being slightly greater.

Table 1 Distribution of monosaccharides in thefractions obtained by sequential
extraction of conidial and hyphal walls of Pénicillium chrysogenum

Fi £ 2 £ 3 Fa Total Mole Fi £ 2 3 Fa Total Mole Mole*

(mg mg. wall) ratio (mg mg. wall) ratio ratio

Glucose 612 5-92 ]43) - ]023 15-31 ]2'%' 6-33 — 33-88 12-77

. 88 e BT o T e %
M annose 2'5 0-33 - — 2@ I-00 - — — 2-6 1-00 1‘0
Rhamnose - a3l — — (e} 0-13 - €3] - - [€.<:] 0-37 0-5
Glucosamine — 4(8 — 7.35 11-43 4 49 . 939 — 857 17'% 685 44
Residue 605 @ . oL - . 62 200 _ _
Total sa12 11D ]4'3) 83 B0 — 27-55 KeYo) 123 4@ 84-55 —

“bataorHamiton & Knignt, 1982

Both F 1 fractions were non-dialysable and could be precipitated from NaOH with
ethanol or ammonium sulphate. However, the conidial F 1 was dark green, which
was not the case with hyphal F i. Despite the intense colour, no extinction bands were
detectable in a scan of the material in the visible spectrum. The extinction curve
obtained was suggestive of light scattering of sufficient intensity to mask any specific
absorption bands. On standing at room temperature for extended periods of time, the
colour passed through a dull brown colour to a mustard yellow. This colour change
was accelerated by reducing agents, e.g. sodium dithionite, and reversed by hydrogen
peroxide. The hyphal Fi, in contrast, did not exhibit these oxidation-reduction
characteristics. The nature and function of the green pigment is unknown.

The F 2 fractions of conidial and hyphal walls contained all five detectable mono-
saccharides. However, they differed quantitatively, each monosaccharide being present
in higher concentration in the hyphal walls. Consequently, hyphal F 2 constituted a
significantly greater fraction (30%) than conidial F 2 (11%).

The two fractions F 3and F 4 appeared to be the only homopolymeric fractions. On
hydrolysis, F 3 gave only glucose, and F 4 only glucosamine. There were about the
same amounts of glucosamine in the F 4 fractions of either wall. The conidial F 3
contained twice as much glucose as in hyphal F 3.

Comparison of the total amounts of each monosaccharide indicates that only
galactose and glucosamine differed markedly in the two kinds of wall. The galactose
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content of the conidial walls was 2-7 times that found in the hyphal walls. The hyphal
walls, on the other hand, were richer in glucosamine, containing i-6 times that found in
conidial walls. Glucose was present at slightly greater concentration in the hyphal
walls. Although the rhamnose content of hyphal walls was greater than in conidial
walls, the concentrations in both kinds of wall was sufficiently low so that rhamnose
may be described as a minor component.

Other differences in the composition of the cell walls became apparent from the
distribution of the monosaccharides in the several fractions. All of the mannose of
hyphal walls was in the F 2 fraction, whereas virtually all appeared in fraction F 1 of
conidial walls. Although glucose was found in fractions F 1, F 2 and F 3 of both types
of walls, it was concentrated in F 3 in conidial walls, whereas it was present in largest
amounts in F1and F2 of hyphal walls. Essentially all of the galactose of conidial
walls was recovered in F 1, but in hyphal walls it was found in F 1and in F 2, with 70%
of the total galactose in F 2. Glucosamine was found at about the same concentration
in F4 of both hyphal and conidial walls. However, hyphal F 2 contained significantly
more glucosamine than did conidial F 2,

Included in Table 1are mole ratios for monosaccharide components of Penicillium
chrysogenum hyphal walls reported by Hamilton & Knight (1962). The present results
appear to be in good agreement with those data for galactose, mannose and rhamnose,
but are high with respect to glucose and glucosamine. In the paper by Hamilton &
Knight (1962), xylose was reported as a component of the hyphal walls; this pentose
has also been reported as a trace component in P. digitatum and P. italicum (Grisaro,
Sharon, & Barkai-Golan, 1968). Although the presence of xylose had been expected,
we found no xylose in the hydrolysates of any fraction. Neither Crook & Johnston
(1962) nor Applegarth (1967) detected xylose in hydrolysates of the closely related
P. notatum. Since the organism used in the present work is the strain Hamilton &
Knight (1962) used, it seems likely that the absence of xylose had resulted from
differences in growth conditions.

Table 2. Amino acid components ofconidial and hyphal walls o fPenicillium chrysogenum

Conidial walls Hyphal walls
e X
Amino acid (mg./ico mg. wall)  Mole ratio ((mg./ioo mg. wall)  Mole ratio
Aspartic acid 3-92 1-73 o6i 3-40
Glutamic acid 278 I'o 0%29 1-46
Threonine 0%25 0*12 — —
Leucine 0-83 0-38 0%22 1-17
Isoleucine 0-83 0-38 0%20 113
Valine 1%22 o6l 0*20 1-27
Serine 0-67 0-38 0%13 0%92
Alanine iGl 1*00 0*12 100
Glycine 1-47 115 — —
Arginine 1-88 0-64 — —
Lysine 1-58 0-64 — —n
Total 16 — 177 —

The amino acid composition of the two types of wall differed not only in total
amount and relative proportions, but qualitatively as well (Table 2). No tyrosine,
phenylalanine, tryptophan, cysteine, methionine or histidine was detected in the
conidial or hyphal walls. Furthermore, hyphal walls did not contain any glycine,
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threonine, lysine or arginine, all of which were found in conidial walls. The absence of
these amino acids raised the question of their possible destruction during hydrolysis.
There have been reports of the degradation of aromatic and sulphur-bearing amino
acids during acid hydrolysis in the presence of carbohydrate (Lugg, 1933, 1938).
However, all of these absent amino acids have been recovered in acid hydrolysates
of Pénicillium notation hyphal walls, with the exception of methionine (Crook &
Johnston, 1962) and tryptophan (Applegarth, 1967). Since the carbohydrate content of
P. notatum does not differ significantly from P. chrysogenum, and the conditions of
hydrolysis in those studies were essentially the same as used here, it appears unlikely
that the amino acids absent from the hydrolysates, with the possible exception of
methionine and tryptophan, were initially present in either complex. With respect to
the four amino acids found in conidial wall hydrolysates (arginine, lysine, threonine,
glycine) but not found in hyphal wall hydrolysates, there is little doubt that they were
not part of the hyphal wall complex. Had they been present initially in the hyphal
walls, one would expect that their destruction would have occurred during hydrolysis
of both conidial and hyphal walls, since both kinds of walls contain approximately the
same amount of carbohydrate and were hydrolysed under identical conditions.

The amino acid data for hyphal walls are not in agreement with the values reported
for hyphal walls of Pénicillium notatum by Applegarth (1967) who found threonine,
glycine, arginine and lysine as components of hyphal wall hydrolysates, the latter
two as major constituents (all absent from hyphal walls in P. chrysogenum).

Quantitatively, the most significant difference appears in the total amino acid
content of the two types of wall of Pénicillium chrysogenum. Conidial walls appeared to
contain 10 times as much amino acid as hyphal walls. The value of 1-77% for total
amino acid is in good agreement with the figure of 2% suggested by Hamilton &
Knight (1962) for hyphal walls of the same organism.

Table 3. Recovery of nitrogen in hydrolysate components and in Kjeldahl digests of
conidial and hyphal walls of Pénicillium chrysogenum

Calculated from components Sf\)?/re wall hal well
(fg. N'mg. wall)  Og.”N/mg. wall)
Amino Acid N 24-60 1-97
Glucosamine N 899 1411
Total N 3359 1608
Found in Kjeldahl digests of walls 3657 1700
Calculated/found x 100 91-8% 6%

When the total contributions of each of the nitrogen-containing components are
summed, excellent agreement is obtained with the direct nitrogen analysis of walls
(Table 3), 92% of conidial wall nitrogen and 95% of hyphal wall nitrogen can be
accounted for as glucosamine and amino acids; the data support the validity of the
quantitative method used, and the high recovery of nitrogen supports the contention
that certain amino acids were not present in the cell walls.
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DISCUSSION

The significance of any analyses of fungal cell walls, particularly in regard to amino
acid composition, depends upon the purity of the preparation. The ‘cleanliness’ of
wall preparations has been judged by a variety of criteria. Crook & Johnston (1962)
considered the isolation of the walls to be complete when all materials which stained
intensely with methylene blue had been removed, or, as in the cases of Sporobolomyces
roseus and Pénicillium notatum, when cytoplasmic particles could not be detected by
examination with the electron microscope. Applegarth (1967) washed the disrupted
hyphae of P. notatum several times, but still detected some protein contamination of
the preparation by electron microscopy. He then treated the material with 0-i%
trypsin for 24 hr, after which electron microscopic examination showed a ‘good’ wall
preparation. Mahadevan & Tatum (1965) washed the disrupted hyphae of Neurospora
crassa with water and increasing concentrations of ethanol and determined the
cleanliness of the material by microscopic examination. In the present work, the cell
walls were judged pure when ultraviolet absorbing material was no longer released
during the series of washings described. None of these criteria, however, is wholly
reliable forjudging the purity of walls, since adsorbed materials would not be detected.
Even ifit could be demonstrated unequivocally that the wall preparations were uncon-
taminated by cytoplasmic material, the preparations might differ from the native
complexes. In preparations treated with lytic enzymes after disruption but before
hydrolysis, it is difficult to determine whether the enzyme treatment is removing con-
taminating substances or removing material native to the complex as well or ifthe enzyme
has become adsorbed. An indication that the walls used in the present work were not
contaminated by cytoplasmic material is that the preparations lacked several amino
acids normally found in proteins. The absence of these amino acids also argues for the
absence of cytoplasmic membranes if the assumption is made that fungal membranes
are similar to bacterial membranes, which contain all the known amino acids (Weibull
& Bergstrom, 1958; Brown, 1961; Yudkin, 1966). The alternative assumption, that
fungal membranes are radically different from bacterial membranes and do not
contain certain amino acids allows for the possibility of membrane contamination.
This appears to be unlikely, since the data would require not only that hyphal mem-
brane be different from conidial membrane, containing even fewer amino acids, but in
addition, the amino acids present in the two types of membrane would have to be
present in different proportions.

Some insight into the nature of the polymers is provided by the data. In both types
of wall, the F 3 fraction is probably a glucan. A similar fraction has been isolated from
hyphal walls of Neurospora crassawhich was susceptible to the /?-1,3-glucanase complex
derived from Streptomyces 03 (Mahadevan & Tatum, 1965). The finding of only
glucosamine in the F 4 fractions suggests a chitinous material, as was reported for
the F 4 fraction of N. crassa. Such components have also been reported for other fungi
(Applegarth, 1967; Chattaway, Holmes & Barlow, 1968; Grisaro et al. 1968). The
kinds of polymers in our F 1and F 2 fractions are considerably in doubt, since these
fractions are so complex. No information is available whether these multicomponent
fractions represent sets of homopolymers or heteropolymers. Possibly, there might be
micelles of one polymer embedded within a matrix of another polymer. Some of the
polymers of Pénicillium chrysogenum hyphal wall have been degraded enzymically
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(Horikoshi, Koffler & Garner, 1961; Troy & Koffler, 1966), but enzymic digestion of
conidial wall fractions has not been attempted. Intact conidia, however, have been treated
inthis laboratory with avariety of enzymes in an attemptto produce conidial protoplasts,
but unsuccessfully. The intact conidiawere resistant to the action of ‘Pronase ’ chitinase,
keratinase and the complex of enzymes derived from snail digestive juice. That conidia
are refractory to snail enzyme has been corroborated by C. C. Remsen (personal
communication). Hyphal walls of Aspergillus phoenicis are extensively digested by a
mixture of purified chitinase and B-I, 3-glucanase, but the conidia of this organism are
resistant to these enzymes, although they contain both glucose and N-acetylhexosamine
in their walls (Bloomfield & Alexander, 1967).

The data in Table 1 suggest the possibility of a lamellar arrangement of wall poly-
mers. Most of the glucose in the conidial walls was released by the second NaOH
treatment, rather than the first, and thus required the acid extraction between the
NaOH treatments in order to be solubilized. It seems likely, therefore, that the F3
fraction, in which most of the glucose is located, is covered by a base-resistant material
which prevents F 3 from being solubilized simultaneously with Fi. Similar arguments
could be advanced for the fact that glucosamine appears in both F 2 and F 4, rather
than F 2 only. Preliminary examination of thin sections of conidia by electron micro-
scopy appear to substantiate the presence of a lamellar array. The inability to convert
conidia to protoplasts, therefore, may have resulted from the absence of one or more
of the enzymes necessary for the sequential hydrolysis of the several major structural
polymers of the cell wall.

The differences in distribution and concentration of the sugars and amino acids
clearly indicates that conidial and hyphal walls are biochemically distinct.
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SUMMARY

Proflavine in the post-aerosolization plating medium lowered by over
80% the number of viable Escherichia coli b/r organisms recovered from
aerosols of 55% relative humidity (RH) and above, but had no effect on the
recovery of viable E. coli WP2Sorganisms. Oxygen enhanced the lethal action
of semi-dehydration on E. coli strain o/r, held at 50% RH and below, but had
less effect on the survival of E. coli WP2S In addition, E. coli b/r organisms
displayed an increased rate of respiration, and discharged 260 mp absorbing
material, when held at intermediate values of RH. These phenomena were
not observed with E. coli WP2Sorganisms. Thus E. coli b/r Seems to possess an
energy consuming mechanism by which it is able to survive semi-dehydration
above 55% RH by a discharge of damaged cell components. This mechanism
is very slowly destroyed when the organisms are semi-dehydrated in nitrogen
but, below 50% RH, it is rapidly inactivated by oxygen. It is suggested that the
mechanism is a membrane-bound system, possibly involving the cytochrome
chain.

INTRODUCTION

When bacteria are held in an aerosolized state for prolonged periods, the rate at
which they lose viability depends on the quantity of water vapour and oxygen present
in their gaseous environment and on the environmental temperature. Much of the
relevant work done between 1920 and 1953 has been summarized by Wells (1955)
and by Webb (1965). From these investigations it was concluded that one of the main
factors which determines the rate of loss of viability is the partial pressure of water
vapour. Between 10 and 40° the partial vapour pressure and temperature, usually
expressed as a relative humidity (RH), controls the rate at which organisms die,
rather than the absolute water content of the air (Wells, 1955), apparently because the
RH determines the quantity of water bound to macromolecules within the cell (Webb,
1960). Most investigators have found organisms held at 250and at relative humidities
above 75% to be stable. In contrast, however, Cox (1967, 1968) found that Escherichia
coli died rapidly when held in an atmosphere of nitrogen at relative humidities
between 85 and 75%.

Oxygen appears to enhance the rate at which organisms die only when they are held
at RH values below 40% (Webb, 1965, 1967; Hess, 1965), suggesting that the presence
of water prevents the oxidation of cell constituents. The mechanism by which they
are killed at relative humidities between 80 and 40%, therefore, appears to differ from
that responsible for their death at 40% RH and below. Results are described here
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which indicate that the respiratory mechanisms of bacteria are damaged by oxygen
when they are held below 40% RH but that, at higher RH values, death appears to
be due, in part, to the destruction of a mechanism by which some strains are able to
repair the dehydration damage which otherwise would impair their ability to manu-
facture protein and nucleic acid.

METHODS

Organisms, (a) Escherichia coli b/r (ncib 9485), a strain resistant to ultraviolet
radiation (u.v.) due to its ability to dark repair DNA damage, and (b) Escherichia coli
wWP2g, a tryphtophan requiring mutant of E. coli b/, which is unable to perform host
cell reactivation of bacteriophage, is highly sensitive to u.v. and has a reduced ability
to dark repair u.v. damage (Hill, 1965; Ashwood-Smith & Bridges, 1966).

Preparation of aerosols in air. Escherichia coli, strains o/r and wr2s were grown for
24 hr at 370in Bacto Nutrient Broth (NB), harvested and washed twice in de-ionized
distilled water and resuspended in either (a) distilled water or (b) 0-3 M-raffinose or
0-3 M-myo-inositol to a concentration of 1 x 010 bacteria/ml. These organisms were
then aerosolized for 5 min. into a 8001 stainless steel rotating drum by using a Collison
spray operating at 25 p.s.i. The air was supplied from a carbon ring compressor and,
before use, was passed through two bacterial filters (to remove fine particles) and two
columns each of activated charcoal and silica gel. The RH value was pre-set by
spraying distilled water into the drum until a given RH value had been obtained.
Samples were collected from the aerosol by using a liquid impinger containing 9 ml.
0'5M-glucose in 0-85% (w/v) NaCl. Serial ten-fold dilutions then were made in nutrient
broth and 0.2 ml. of each dilution plated onto nutrient agar and nutrient agar con-
taining 5 7tg. proflavine/ml. To the remainder of the initial sample 1 ml. 0-i% (w/v)
casamino acids in potassium phosphate buffer (pH 6-9) was added and immediately a
2 ml. sample withdrawn. The rest was placed in an incubator at 370and allowed to
incubate for 45 min. The 2 ml. portion originally removed was passed through a
Millipore filter to remove bacteria, and the same treatment was given to the incubated
bacteria following the 45 min. incubation period. The difference between extinction at
260 mjl of filtrates from the initial and the incubated samples was determined with a
Beckman DB spectrophotometer.

One of the difficulties in the estimation of the respiration rate of bacteria after
periods of storage in air is the rapid loss of viability encountered at low RH values.
To overcome this problem the storage time in aerosols was decreased to 5 min.,
samples were taken as above and the organisms in each sample concentrated in
0-1M-phosphate buffer, to 5 x io8bacteria/ml., by centrifugation. The bacterial con-
centration was standardized with a Coleman nephelometer and, therefore, the bacterial
count at the time the 0 2uptake measurements were made was a total count, not a viable
one. Viable counts were made by serial dilution, plating on nutrient agar and counting
the colonies after 24 hr of incubation. After the bacteria had been concentrated, 2 ml.
portions were placed in the main chamber of a Bronwell Warburg flask and 0-5 ml.
of a solution of o-XM-glucose + 500 j1% casamino acids/ml. placed in the side arm.
Oxygen uptake was measured at 370 with double capillary manometers.

Preparation of aerosols in nitrogen. The bacterial suspensions were prepared as
above, but using deaerated (boiled) distilled water. The suspension was then placed
into a Collison spray and nitrogen gently bubbled through it for about 60 min. For
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use in the aerosol studies the nitrogen was washed successively with (a) alkaline
pyrogallol, (b) water, (c) n-H250 4, (d) N-NaOH, (e) water, and then passed through
the silica driers and charcoal columns to the aerosol drum. The drum was purged
with the cleaned nitrogen for 2 hr and then a Collison spray, containing water free
from dissolved oxygen, was introduced into the system. The spray was operated with
nitrogen until a given RH value was reached and then replaced by the spray containing
the bacterial suspension which was ‘atomized’ into the drum for 5 min. All other
procedures were as above. The reasons for the extensive washing of the nitrogen will
be evident from the text.

Measurement of release of thymidine-2-XiC. Bacteria of both strains were grown at
37° for 24 hr in a medium consisting of: o-iM-glucose, 500 /;g. casamino acids/ml.
and o-8/jc. [XC]thymidine (34 mc./m-mole)/ml. all in o-i M-phosphate buffer (pH 6-9).
The [1C]-labelled thymidine was purchased from New England Nuclear Corp.,
Boston, Mass., U.S.A. The bacteria were harvested, washed, aerosolized and collected
as above. After 15 min. of storage, triplicate 10 ml. samples were taken and casamino
acids (to 500/¢g./ml.) and, in some cases, proflavine (to 5/tg./ml.) added to each. The
samples were incubated for 45 min. at 370and the bacteria removed by passage through
Millipore filters of 0-45 jl porosity. Each filtrate was evaporated to dryness in vacuo,
resuspended in 0-5 ml. of distilled water and placed into a 1in. (2-54 cm.) stainless steel
planchette containing a 0-75 in. (1-9 cm.) diameter filter paper disc previously glued
to the bottom of the planchette. The samples were then dried under an infrared lamp
and the radioactivity present determined with a Phillips Gas Flow Counter.

RESULTS
Effects of oxygen and relative humidity

The two strains of Escherichia coli responded differently to changes in the RH value
of the atmosphere in which the organisms were held. E. coli o/, both in nitrogen and
in air, was considerably more stable than the wp2s strain, especially at relative
humidities above 40% (Fig. 1). In addition, the ratio between the percentage recoveries
of strains o/r and wp2safter 15 min. in air or nitrogen showed that the difference in
stability of the two strains was greatest when the bacteria were held at intermediate
humidity values (Fig. 1¢). Oxygen affected the survival of strain b/r to a greater
extent than it did that of strain wr2s However, oxygen enhanced the death rate only
at relative humidities below 50% (Fig. 1).

Effect ofproflavine

Webb & Tai (1968) showed that the ability of airborne organisms to repair u.v.-
induced damage was gradually destroyed when they were held at RH values below
55%. Since the two strains of Escherichia coli used vary in their ability to repair
damage induced by u.v. radiation, it seemed possible that the added resistance of
strain b/r to dehydration at RH values above 50% might reside in an ability to repair
comparable damage induced by semi-dehydration. Proflavine in the plating medium,
as well as related acridine dyes and caffeine, apparently inhibit the repair system
(Witkin, 1963; Fieb, 1964). Following aerosolization between 55 and 75% RH pro-
flavine in the growth medium greatly diminished the recoverable number of colony-
forming organisms of E. colin/r ; the recovery of E. coli wr2gwas not affected (Fig. 2).
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This decrease in the number of surviving bacteria of strain b/r, due to proflavine,
occurred both when the bacteria were held in air or in nitrogen at RH values between
75 to 55%. Holding them in air at RH values below 55%, however, resulted in a rapid
decrease in the action of proflavine (Fig. 2c¢, d).
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Release of 260 mfi.-absorbing material and [u C]thymidine

Since it was possible that the proflavine-sensitive function was similar to that by
which the bacteria were able to repair u.v. damage, the presence of 260 m/r.-absorbing
material in the filtrate of bacteria incubated after periods of storage was examined.
Escherichia coli WP2Sheld at RH values between 90 and 10% and incubated for 45
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min. following aerosolization showed no significant increase in 260 m//.-absorbing
material in supernatant or filtrate fluids. However, an increase in u.v.-absorbing
material in the filtrate fluids of strain b/r was observed. This reached its maximum
quantity after organisms had been stored at about 60% RH (Fig. 3), coinciding with
both the relative sensitivities of the two strains used and the effect of proflavine in the
plating medium; maximum differences between the two strains occurred when the
bacteria were held at 55 to 60% RH.
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Hg. 2. The effect of relative humidity and proflavine on the recovery of Escherichia coli
strains b/r aNd wp2a from aerosols in N2and air. (a) E. coli b/r (A?,bacterla_held in N2
plated on nutrient agar; (a) bacteria held in N2plated on nutrient agar containing 5/eg
proflavine/ml.; (x) bacteria held in air plated on nutrient agar; (®) bacteria held in air plated
on nutrient agar plus 5/;g proflavine/ml.; (b) E. coli we2s (a) bacteriaheld in N, plated on
nutrient agar; (Afbacterla held in N2plated on nutrient agar + proflavine; (), ( X) bacteria
held in air and plated on nutrient agar and nutrient agar + {)roﬂawne, respectively; ()
E. coli wp23; relative recovery = fraction surviving on nutrient agar/fraction SUNIVII’E) on
nutrient agar plus proflavine; (d) . coli v/r relative recovery same as for (C) above. NZ2and
air = gas In which bacteria were held. Storage time, 15 min.

In an attempt to ascertain whether the released u.v.-absorbing material was DNA,
the radioactive counts/min. from a standard number of [C]thymidine-labelled
bacteria, before and after 45 min. of incubation, was determined. This procedure
failed to reveal DNA loss because the quantity of radioactive material released repre-
sented considerably less than 1% of the total cell DNA and the experimental error in
radioactive counting was greater than 1%. The radioactivity found in the filtrates,
however, simulated their 260 mv/i. extinction value; the amount present in filtrates
from Escherichia coli o/r suspensions was greatest after storage at 60% RH and
decreased as the RH was decreased, especially when the organisms were held in air.

pil G Madh. 3B
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A similar trend was found with strain wp2s, but the quantity of released material was
small. Proflavine decreased the radioactivity in filtrates of Escherichia coli b/r, but
not that in E. coli wp2s filtrates (Table 1). It appeared, therefore, that the survival of
E. colin/r at RH values above 60% depended on its ability to reject damaged material.
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Effect ofprotective compounds

To examine the above possibility, the ability of two compounds to preserve the
mechanism by which damaged material was discharged from the organism was
examined. Myo-inositol, a compound able to enter the cell, and raffinose, a compound
unable to permeate through the cell membrane, were both able to preserve this
mechanism at all relative humidities studied (Fig. 3). There was, however, a difference
in the ability of these two compounds to preserve the viability of the organisms. Myo-
inositol afforded protection to bacteria held either in nitrogen or in air at all the RH
values studied. Raffinose, on the other hand, offered little protection to organisms held
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at high RH value, but displayed a high protective ability at the low RH values (Fig.
3b). This particular finding with raifinose agrees with the observations of Cox (1968).
Raffinose afforded Escherichia coli strain wpr2s organisms only a small measure of
protection at low relative humidities when they were held in either air or nitrogen and
the protection afforded them by myo-inositol was not as great as that afforded to
E. coli strain b/r organisms.

Table 1 The influence of relative humidity on the release of [LiC]thymidine from
Escherichia coli after storage in aerosolsfor 15 min.

E. coli Strain v/ and we2s Were held for 15 min. in N2or air at set values of relative humidity (RH),
resuspended in glucose + casamino acids with &? and without (*) 5/tg. proflavine/ml., incubated at
370for 45 min. and the bacteria removed illipore filtration. The filtrates were evaporated in
vacuo, the solids dissolved in 0-5 ml. water, deposited into stainless steel planchettes, dried under an
infrared lamp and radioactive counts determined with a gas flow counter. The numbers presented
are the radioactive counts/min. from io ml. of culture filtrate and are the averages of six independent

determinations. Holdi etive humici
olding aeroso] relative humidi
] Holding  Non-dned  ------ 0 OS(}& El ————— 3
Strain gas control K1) 40 50 &0 0 0
radioactivity (cojnts/min.)
bir Air 21 % A 24 62 53 24
n2 *14 246 543 510 640 430 M4
n2 +16 44 ol 66 &3 Vel 51
Air *16 2 o %1 2 B 58]
WP2S N2 *14 4L g% n @ 66 48
n2 2l 48 59 74 76 52

Effects on respiration

The rate at which Escherichia coli b/r consumed oxygen increased after they had
been stored in air or nitrogen at relative humidities between 80 and 55%. At RH
values below this, however, storing the organisms in air substantially decreased the
respiration rate, but storage in nitrogen did not. E. coli wp2s, on the other hand, dis-
played no increase in respiration rate but a decrease, which seemed to parallel the
loss in viability (Fig. 4 & Table 2).

Influence of N2purity

Throughout these investigations differences seemed to exist between the behaviour
of the two strains of Escherichia coli used and that of E. coli K12 as reported by Cox
(1968). Both of the strains used here were stable at relative humidities above 80%,
which contrasted with the behaviour of the E. coli K12 strain used by Cox, which
apparently is unstable in aerosols at high RH values. The reasons for this discrepancy
are not understood, but such effects may result from traces of gaseous toxic materials
in the local air emanating from newly painted laboratories, the use of laboratory
insecticides, and from the presence of toxic materials in crude nitrogen. Often traces of
these toxic materials cause a tendency to high death rates at high relative humidities
(Webb, 1965). The effects of using the nitrogen directly from the supply tank and of
washing through alkaline pyrogallol only are shown in Fig. 5. When the bacteria were
held in aerosols generated with the crude unwashed nitrogen they tended to die more
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rapidly in atmospheres of 70 to 80% RH. This particular effect was greatly enhanced
when the nitrogen was washed through alkaline pyrogallol only; presumably small
amounts of pyrogallol in the nitrogen led to the high death rates.

\/Washed N,
A > <

\ _-4Crude N,
“A

Pyrogallol
Washed N,

1

22

T 17T7TTTmm

18 X,

14

T T TTTTOT

T
\
\
1
>
i,
/
*x >
I
1
>
1
>
'
>
[}
i
s
Surviving fraction

N \ v
P ]
1.0 =8 L 3 \ Control 0-01
X g
06 - \g\. \x -
[e) ° —
02 L ] | | ¢ | 1 0-001 ] | ] 1 |
“100 80 60 40 20 O 100 80 60 40 20 0
Relative humidity Relative humidity
Fig. 4 Fig. 5

Fig. 4 The relative rate of glucase oxidation Ri, Escherichia coli Strains »/+ and after
s'gor( inair or N2for 15min. €. coli /+ INN2(A), inair (X); El coli wrzs iNN2(®), in
air (O).

Fig. 5 The effect of the N2washing procedure on the deaths of . coli v/ held for 15min. in
aerosols at various relative humidities.

Table 2. The influence of relative humidity and storage gas on the uptake of o 2 by
Escherichia coli after 5 min. in aerosols
After aerosolization the bacteria were resuspended in o-i Mrpotassium phosphate buffer to a total
bacterial concentration of 5 x i08ml. The number wes determined by nephelometry. Triplicate
ITBgI

les of 2 ml. were used to measure 0 2uptake in a glucose + casamino acids um (A) and
1ml. portions for viable counts on nutrient agar (B). A O. uptakesiv./hr; B, % recovery.

Holding aerosol relative humidity

Non-dried « s T 1

control 0 40 0 60 70 0

Storage

Strain ges A B A B A B AB A B'Ab A B
blr Air 53 I0D 18 21 4 38 7 61 104 8 g 8 713 9
n2 53 10 724 63 8 7 8B 70 o3 B8 H P 6 o4
wp2s Air 5% 10 172 B24 1620 3148 6 14 6 &
n2 50 1D 16 D 17 35 24 4 36 50 50 B 53 8l

DISCUSSION

It seems clear that the survival of these two strains of Escherichia coli in aerosols
of above 50% RH is independent of the presence of oxygen. The greater sensitivity
of E. coli WP250ver E. coli v/r to semi-dehydration at RH values above 60% seems
to be due, in part, to an inability of the latter strain to carry out some kind of repair
involving the elimination o f 260 m/t.-absorbing material from the cell. E. colib/r, on the
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other hand, seems capable of overcoming damage produced at high relative humidities
by some mechanism which is inhibited by the presence of proflavine in the plating
medium. The increased respiration of E. coli b/r organisms after a period of storage
above 60% RH, a phenomenon which does not occur with E. coli WP2S suggests
that the mechanism requires energy. Moreover, part of the protective action of both
raffinose and myoinositol appears to be to prevent the destruction of this particular
mechanism in E. coli b/r cells. The fact that both the increased respiration and the
release of u.v.-absorbing and [MC]thymidine labelled material from the organisms
rapidly decreases when they are held in air below 50% RH and, at this particular RH
value, oxygen begins to have a lethal action, all suggests that at low RH values the
repairing mechanism is inactivated by oxygen. The ability of raffinose to preserve the
integrity of this system when the bacteria are held at low RH values, plus the appar-
ently necessary enhanced respiration, suggests that the mechanism of dehydration
repair is controlled by some function of the cytoplasmic membrane.

Bacteria do not possess mitochondria and the mitochondrial function may be
exercised by the cytoplasmic membrane. In addition, portions of the bacterial chromo-
some are known to be in contact with the cytoplasmic membrane at various places.
It is possible, therefore, that a compound unable to enter the cell, but able to penetrate
partially into the cytoplasmic membrane, would be able to preserve the integrity of
that portion of the membrane system involving energy production and the possible
repair of those segments of the bacterial chromosome associated with the membrane.
The release of u.v.-absorbing materials from organisms held in aerosols at high RH
values and those protected by myo-inositol at low RH values has been reported earlier
(Webb, 1965). The liberation of this material from the bacteria has been found to be
associated with survival rather than with death. To the author’s knowledge, however,
this release of material has not been suggested to be characteristic of particular strains.
The nature of this repair system remains to be elucidated, but it is possibly the same
mechanism as that responsible for the “dark’ repair by u.v.-induced damage. Because
oxygen seems to be required to inactivate the system, some easily oxidizable cellular
constituent appears to be involved in the repair mechanism. These types of compound
are involved also in the respiratory systems of the organism which seem to be stimu-
lated during the process of repair. Such considerations, along with the diminished
respiration of the organisms after storage in air of low relative humidities, points to
death resulting from the inactivation at low RH values of some part of the mitochon-
drial or cytochrome system which, in some strains, is able to repair semi-dehydration
damage. The apparent action of oxygen on this repair mechanism may also explain why
oxygen seems to play no role in the inactivation of airborne viruses (deJong & Winkler,
1968). Certain experimental procedures, such as the exposure of bacteria to 365 m//.
light (Kelner, 1949), holding them in water or at elevated temperatures (Stein &
Meutzner, 1950) will induce some cells to repair u.v. damage of DNA. Whether or not
these procedures stimulate the operation of parts of a single metabolic process is
uncertain; however, all of them, including the ‘dark’ repair of u.v. or semi-dehydration
damage, seem to rely on an enhanced activity of the cytochrome chain produced either
by an increase in respiration rate or the absorption of 365 mvi. light by the quinones or
flavenoid pigments of this chain. The finding that some bacteria possess a system by
which they are able to overcome semi-dehydration damage presents the interesting
possibility that those repair systems able to cope with damage due to 254 m//. u.v.
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radiation, a wavelength not present in sunlight, may have evolved in response to
other physical stresses such as semi-dehydration and extremes of temperature. Indeed,
in some cases, these systems now may have evolved to a point where the continuity of
biological life cycles, especially the germination of spores or seeds, depends on the
activation of the system through exposure to periods of semi-dehydration, extremes
of temperature and even sunlight itself (Borthwick et al. 1952).

The apparent difference between the behaviour at 80% RH of the two strains of
Escherichia coli used here and that used by Cox (1968) may be due to the condition of
the air existing in respective laboratories or the purity of the nitrogen used. Alterna-
tively, the strain used by Cox may lack a repair system or its prophage may be a
defective one. The latter is suggested since semi-dehydration at RH values above 70%
will induce some prophages and, should the prophage be a defective one or made
defective by the dehydration process, simple plaque counts would not detect induction
(Webb & Dumasia, 19673, b).

The author thanks the Defence Research Board of Canada for its financial support
of this work.
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SUMMARY

L-phase variants of Streptobacillus moniliformis and Proteus mirabilis
resembled mycoplasmas in their ability to incorporate considerable amounts
of exogenous cholesterol into their cell membranes. Much smaller quantities
were Incorporated by L-phase variants of Streptococcus pyogenes and
Staphylococcus aureus, by the parent bacteria of all L-phase variants except
S. moniliformis, and by a series of wall-covered bacteria, including their
protoplasts and spheroplasts. Cholesterol-binding ability corresponded
roughly to sensitivity to growth inhibition and lysis by digitonin. Like myco-
plasma, the S. moniliformis L-phase had a non-enzymic cholesterol uptake
mechanism, but its growth in a cholesterol-free medium was not improved
by adding cholesterol. It is concluded that a bacterium, on transforming to
its stable L-phase, does not necessarily develop the ability to bind cholesterol;
if it does, the cholesterol bound is not essential for growth of the L-phase,
unlike cholesterol-requiring mycoplasmas.

introduction

Cholesterol, though an important constituent of membranes of eucaryotic organisms
(Rothfield & Finkelstein, 1968), is not usually found in microbial membranes (Fiertel
& Klein, 1959). Most mycoplasma species form an exception: cholesterol, supplied
by the growth medium, is an essential component of their cell membrane (Razin,
1969). They also differ from other bacteria in that, like the stable L-phase variants of
bacteria, they have no cell wall. As early as 1941 Partridge & Klieneberger reported the
presence of large quantities of cholesterol in Streptobacillus moniliformis L-phase
(L-i) cultures. Later, cholesterol originating from serum in the growth medium was
detected in the L-phase of Proteus mirabilis (Rebel, Bader-Hirsch & Mandel, 1963)
and in the L-phase of Agrobacterium tumefaciens (Santaolalla, 1966). Cholesterol was
located in the cell membrane of the S. moniliformis L-phase by Razin & Boschwitz
(1968).

The large quantities of cholesterol in L-phase membranes raise the question:
is the transformation of a bacterium to its stable L-phase directly connected with the
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microbial plasma membrane developing ability to incorporate cholesterol? Cholesterol
has a stabilizing effect on artificial phospholipid + cholesterol membranes (Willmer,
1961; De Gier, Mandersloot & VVan Deenen, 1969) and also on mycoplasma membranes
(Razin, 1967). A fair hypothesis was that a capacity to integrate cholesterol into the
microbial plasma membrane made for better adaptation to growth without a protective
cell wall. To establish whether there is a connexion between cholesterol incorporation
and L-phase transformation, cholesterol uptake was tested in a series of bacteria,
protoplasts, spheroplasts, L-phase variants and their presumed parent bacteria and
experiments were made to find whether the cholesterol, if in fact incorporated, was an
integral part of the cell membrane and essential to the growth of the organism after it
had lost its cell wall. The findings of Edward (1953), Smith & Rothblat (i960,1962) and
Rebel et al. (1963), which furnish considerable information on the matter, have thus
been extended and re-evaluated.

METHODS

Organisms. Streptobacillus moniliformis atcc 14647, S. moniliformis L-phase (L-i)
atcc 14075, Proteus mirabilis (strain 9) atcc 14273, P. mirabilis L-phase (strain ‘L 9°)
atcc 14168, Staphylococcus aureus (Smith) atcc 19636, and S. aureus L-phase (Smith
L form) atcc 19640 were obtained from the American Type Culture Collection
(Rockville, Md. U.S.A.) through the courtesy of Dr R. G. Wittier. Streptococcus
pyogenes and its derived stable L-phase variant were obtained from Dr C. Panos
(Albert Einstein Medical Centre, Philadelphia, Penn., U.S.A.). Mycoplasma mycoides
var. capri (pg 3) was obtained from Dr D. G. ff. Edward (The Wellcome Research
Laboratories, Beckenham, Kent). M. laidlawii (oral strain) was isolated in our
laboratory and M. gallisepticum (a 5969) was provided by Dr M. E. Tourtellotte
(Department of Animal Diseases, The University of Connecticut, Storrs, Conn.
U.S.A)). Bacillus megaterium (xm) and Sarcina lutea were the gift of Dr C. Weibull
(Lund University, Sweden). All other bacteria were taken from our departmental
collection.

Growth conditions. The organisms were grown in a modified Edward medium
(Razin, 1963) containing 3% (v/v) horse serum instead of Difco-PPLO serum fraction.
For growth of the L-phase variants of the Gram-positive bacteria and their presumed
parents NaCl was added to the medium to 3% (w/v). For satisfactory growth of
Streptobacillus moniliformis and the L-phase variant of Streptococcus pyogenes the
concentration of the serum in the medium had to be increased to 10% (v/v). The
organisms were grown at 370 in 0-51. volumes dispensed in 1 to 2 1 flasks. The
mycoplasma and L-phase cultures were incubated statically, while all other bacterial
cultures were shaken. The organisms were harvested after 24 to 48 hr of incubation by
centrifugation at 23,000 g for 20 min. Since growth of