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The mechanism of protection by carotenoids against

photodynamic killing in Curtobacterium flaccumfaciens

pathover poinsettiae (C. poinsettiae) was studied using

pigment mutants isolated by treatment with nitrosoguanidine

and DNA gyrase inhibitors. Growth rates, pigment

composition, pigment levels and the ultrastructure of the

wild-type streptomycin resistant strain of G. poinsettiae

(wt-str) and all mutants were compared. One mutant, NTG-1,

lacked colored carotenoids, and another, NTG-2, was a slow

growing mutant containing low levels (14%) of wild-type

carotenoid pigments. Except for NTG-1, the other pigment

mutants had different proportions of the same pigments found

in the wild type as determined by high performance liquid

chromatography (HPLC). Only NTG-2 was morphologically

distinct at the ultrastructural level.

In studies on the effect of white light on wt-strr,

colorless mutant (NTG-1), and NTG-2, NTG-1 was found to be



sensitive to white light and NTG-2 (which contained the

least amount of pigment) was unaffected by white light.

Thus, even low levels of pigment are photoprotective.

Carotenoids of C. poinsettiae are non-covalently bound

to protein in the cell membrane. The protein may be the

site of photo damage protected by carotenoids. The effect

of white light on whole cells and spheroplasts of wt-strr

using antibodies against the pigment-protein complex and

antibodies against the free protein from the complex showed

that the antibodies did not increase the light sensitivity

of wt-strr.

High concentrations (1011 cells/ml) of NTG-1 were not

sensitive to white light, whereas cells at a concentration

of 108 cells/ml were. Presumably, cells at high

concentrations shield each other from the effect of light.

No functional role of the protein associated with

carotenoid pigments in C. poinsettiae could be demonstrated,

implying that it may not be the site of photodynamic

killing. However, it could be necessary for other cellular

functions. The mechanism of photoprotection by carotenoids

in this organism is still unresolved. Postulated mechanisms

such as shielding and quenching of reactive intermediates

are still viable options.
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INTRODUCTION

The work reported here is an attempt to determine the

mechanism of protection against photokilling of non-

photosynthetic bacteria by carotenoid pigments. The

following is a brief review of bacterial pigments in

general, carotenoids in particular, carotenoid functions and

postulated mechanisms of photoprotection.

Occurrence of pigments in organisms

Natural pigments are molecules which absorb light in

the wavelength range of 380-750 nm (6). They are found in

mammals, plants, animals, and in many microorganisms. The

most studied natural pigments are those found in bacteria.

Chemically, bacterial pigments are divided into five major

groups: (a) Pyrrole derivatives such as prodigiosin, which

is found in Serratia marcescens; (b) Phenazine derivatives

such as pyocyanin, which is found in Pseudomonas aeruginosa;

(c) Quinone derivatives such as phthiocol, which is found in

Mycobacterium tuberculosis; (d) Indole derivatives such as

melanin and violacein found in Bacteroides melaninogenicus

and Chromobacterium species, respectively; (e) Polyene

derivatives such as carotenoids, which are found in

photosynthetic bacteria and a variety of non-photosynthetic

bacteria such as Curtobacterium flaccumfaciens pathover

poinsettiae (formerly called Corynebacterium poinsettiae),

1
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Staphylococcus aureus, and Micrococcus luteus (Fig. 1).

Carotenoid pigments

Carotenoids are lipophilic pigments which are soluble

in organic solvents such as acetone and alcohols. They are

located in the lipophilic regions of the cell and are

associated with proteins in membranes. They are very

sensitive to light, heat and acids which cause cis-trans

isomerizations; in some cases, they are also sensitive to

bases which cause autooxidation (6). There are about 450

different naturally occurring carotenoids (52) which are

divided into two groups: hydrocarbon carotenoids known as

carotenes and xanthophylls containing oxygen functions such

as hydroxy, keto, epoxy, methoxy, aldehyde and carboxy

groups.

Carotenoids are C40 compounds, but there are some which

have more or fewer than 40 carbon atoms. The C45 and C50

carotenoids, are called homo-carotenoids. Carotenoids with

fewer than 40 carbon atoms fall into two categories; a

molecule in which the carbon skeleton has been shortened by

the removal of fragments from one or both ends of C40-

carotenoids, is referred to as an apo-carotenoid, and nor-

carotenoids in which a carbon atom or a fragment from some

internal portion of the carbon chain has been lost (6).



Fig. 1. The
A.
B.
C.
D.
E.

structure of naturally occurring pigments.
Ubiquinone (Quinone derivative)
Prodigiosin (Pyrrole derivative)
Violacein (Indole derivative)
Pyocyanin (Phenazine derivative)
Carotene (Carotenoid)
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Biosynthesis of carotenoids

The biosynthesis of carotenoids follows the general

pathway for all terpenoids (Fig. 2) (5). The biosynthetic

pathway can be divided into several stages. The first stage

is the formation of a C20 intermediate, geranyl geranyl

pyrophosphate which arises from the condensation of

isopentenyl pyrophosphate and dimethyl allyl pyrophosphate

derived from mevalonic acid (Fig. 4). Mevalonic acid arises

from the condensation of three acetyl-CoA units (Fig. 3).

The second stage is the formation of phytoene, the

first colorless carotene, from the condensation of two

geranyl geranyl pyrophosphate units. The third stage is a

series of dehydrogenation reactions of phytoene to form

lycopene, the first pigmented carotenoid (Fig. 5). The

fourth stage is cyclization and oxygenation of lycopene to

form cyclic carotenoids such as 6-carotene, v-carotene, a-

carotene, e-carotene, and &-carotene.

The carotenoids of C. poinsettiae are synthesized from

lycopene, a C40 molecule, by the addition of C5, isopentenyl

units, to form C45, C50, and C55 derivatives (Fig. 6)

(2,7,58). Norgard et al. (58) suggested the biosynthetic

pathway from aliphatic C40 molecule to the bicyclic C50 diol

as shown in Figure 6. However, work by Wariso (77) and

Campbell (9) provided evidence for an alternate pathway.

They isolated mutants from a streptomycin resistant strain

of C. poinsettiae by treating the microorganism with ultra
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Fig. 2. General biosynthetic pathways for the biosynthesis
of terpenoids.
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Fig. 3. Biosynthesis of mevalonic acid (MVA) from acetyl-
CoA.
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Fig. 4. Biosynthesis of isopentenyl pyrophosphate (IPP),
dimethylallyl pyrophosphate (DMAPP) and their
conversion to geranyl pyrophosphate (GPP).
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Fig. 5. Porter-Lincoln Sequence (58): The sequential
dehydrogenations from phytoene to lycopene.
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Fig. 6. Biosynthetic pathway from lycopene to C.P. 450 in
C. poinsettiae proposed by Norgard et al. (58).
C.P. 473 and C.P. 450 are the corrected structures
determined by Andrewes and Liaaen-Jensen (2) and
Britton _e~t al..(5) .

C.P. 482= 2-isopentenyl-3, 4-dehydro-rhodopin
C.P. 470= 3, 4, 3', 4'-tetrahydro-

bisanhydrobacterioruberin
C.P. 496= bisanhydrobacterioruberin
C.P. 473= 1'-hydroxy-1', 2' -dihydro-2-isopentenyl-

2' (hydroxyisopentenyl) torulene
C. P. 450= 2- (dihydroxy- isopentenyl) -2- isopentenyl -

#- carotene



15

00

C /C..

/00

//

=r/

N """

0 - tam



16

violet irradiation or nitrosoguanidine. Some mutants

contained the end product C. P. 450, but they lacked an

intermediate. An alternate pathway was proposed by Wariso

(77) to explain these findings (Fig. 7).

Location of carotenoid pigments in bacteria

In non-photosynthetic bacteria, such as M. luteus (56),

S. aureus (38), H. halobium (68), and C. poinsettiae (51),

carotenoids are located in the plasma membrane. The

carotenoids of the light harvesting complex in

photosynthetic bacteria in genera of Rhodospirillaceae and

Chromotiaceae are located in the membrane of the

chromatophores (15). In Micrococcus morrhuae (63), and

Nocardia species (30), carotenoids are located in the cell

wall. Work and Griffiths (82) have found that in

Micrococcus radiodurans, carotenoids are located in the

middle layer of the cell wall.

Carotenoproteins

Carotenoids, in most organisms, have been found to be

associated with protein. Carotenoprotein complex formation,

usually results in a large bathochromatic shift in the

absorption spectrum so that the complexes are purple, blue,

or green in color, in contrast to the yellow or orange of

the free carotenoid (6). Two different carotenoprotein

complexes have been described; those in which the carotenoid

is associated with a lipoprotein and those where it is bound
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Fig. 7. Biosynthetic pathway from lycopene to C.P. 450 as
proposed by Norgard et al. (58), Scheme B and the
alternate pathway from lycopene or C.P. 482 to
C.P. 473 as proposed by Wariso (77), Scheme A.
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stoichiometrically to a simple protein or glycoprotein. The

carotenoprotein complex is relatively stable and, while

attached to the protein, the carotenoids do not show

reversible cisstrans isomerization.

Association of carotenoids with proteins was first

demonstrated in plants in 1912 by Herlitzka (32). Since

then, many investigators have reported such an association

in plants, animals, photosynthetic and non-photosynthetic

bacteria. Powels and Britton (61) isolated a

carotenoprotein complex from the unicellular alga

Scenedesmers obliquus which contained violaxanthin complexed

to a protein with a molecular weight of about 140,000

daltons.

Studies have been carried out on pigment-protein

complexes of vertebrate and invertebrate animals (84).

Czeczuga (13) extracted and purified a carotenoprotein

complex from Anemonia sulcata, a representative of skeletal

corals. Garate et al. (22) extracted and purified a blue

carotenoprotein from the carapace of the crab, Carsinus

maenas while Gomez et al. (26) studied an orange

carotenoprotein complex from the carapace of the crab

Macropipus puber; the protein moiety of which has a

molecular weight of about 14,000 daltons. Zagalsky et al.

(84) have studied ovorubin which is the protein found in the

eggs of some crustaceans which is non-covalently bound to

astaxanthin.
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Holt and Krogmaum (34) extracted and purified a

carotenoprotein from three different genera of

cyanobacteria. During purification, the orange protein

changed spontaneously to a red protein. The orange protein

had a molecular weight of 47,000 daltons, where as that of

the red protein was 26,700 daltons. SDS-polyacrylamide gel

electrophoresis showed a single polypeptide with a molecular

weight of 16,000 daltons in both of the two forms.

Schwenker et al. (65) isolated a carotenoprotein

complex from chromatophores of the photosynthetic bacterium

R. rubrum. The complex contained about 80% protein plus

carbohydrate, spirilloxanthin and phospholipid.

Spirilloxanthin was bound non-covalently in a 1:1 ratio

witha single polypeptide chain. The molecular weight of the

protein was 11,000 daltons, and represented 10% of the

membrane proteins, was composed of 52% hydrophobic amino

acids.

Thirkell and Hunter (73) described the isolation of a

pigment-glycoprotein complex from Sarcina flava (M. luteus)

in which the pigment was covalently bound to the

glycoprotein through the sugar moiety. They also described

a procedure for determining the type of binding in

carotenoprotein complexes. Using Thirkell and Hunter's

procedure, Meckel and Kester (57) investigated the binding

of pigments in 40 microorganisms including M. luteus and

found that in all microorganisms tested, the pigments were
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non-covalently bound to protein. The difference in Thirkell

and Hunter's report and Meckel and Kester's report could be

due to strain differences, growth conditions or isolation

procedures. Anwar et al. (3) showed that in three strains

of M. luteus, the pigments were associated non-covalently to

phospholipids.

Saperstein and Starr (64) found carotenoprotein

complexes in C. poinsettiae, Corynebacterium michiganense,

Micrococcus agilis, and Mycobacterium phlei. They suggested

that the association of pigments with protein is widely

spread in non-photosynthetic bacteria.

Proposed functions of carotenoids

Carotenoids are one of the most important and widely

distributed groups of natural pigments (4,6,35). They are

important and sometimes indispensable cellular components in

microorganisms, plants, animals, algae, and man

(18,27,28,29,42,44,45,52). Plants, fungi, algae and some

bacteria are capable of synthesizing carotenoids, but

animals and man require that carotenoids be provided in

their diet. The estimated annual production of carotenoids

by these organisms is about 1011 kg (66,78). The most

abundant carotenoid is fucoxanthin which is found in marine

algae. Lutein, violaxanthin and neoxanthin are found in

green leaves.

In plants, carotenoids are responsible for the colors
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of flowers and fruits, and are constituents of the

chloroplast where they act as light harvesting pigments and

in electron transfer reactions (4,66). In fungi,

carotenoids act as precursors of hormones important in

reproduction (7). In animals, carotenoids are precursors of

vitamin A, and are responsible for the colors of birds,

fish, insects, and other invertebrates (84).

In photosynthetic bacteria such as Rhodospirillum

rubrum (75) and Rhodopseudomonas spheroides (62),

carotenoids act as light gathering pigments and protect

cells from photodynamic killing. In Halobacterium halobium

(6,68), carotenoids protect membrane components from

photooxidation.

In animal cells, carotenoids cause skin to look

xerodermatic, that is to be yellow due to accumulation of

carotenoids in people consuming large amounts of vegetables

and juices. Carotenoids are involved in oxidative

metabolism which was first discovered in the giant neurons

of mussels by Karnaukhov (39,40). Carotenoids participate

in the formation of an energy-generating intracellular

organoid other than mitochondria, its function being energy

supply of cells under hypoxia when the normal mitochondrial

activity is inhibited. For that reason, the name carotene

oxysome was given to these organoids by Karnaukhov in 1976

(44).

Carotenoids participate in the formation of lipofuscin,
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a yellow pigment of aging, which is known to accumulate in

animal and human cells as they get older during adjustment

to the deficiency of tissue oxygen caused by impaired

permeability of blood vessels for oxygen which progressively

increase with age (39,40,41). Carotenoids are also involved

in adaptation of animal cells to high altitude hypoxia (47).

It has been shown that a decrease of the vitamin A reserve

in liver is essential to the induction of carotenoid

production in brain adaptation of animals to oxygen

deficiency at high altitude.

Crocetin, a dicarboxylic water soluble C40 carotenoid,

was proposed to act as an anti-atherosclerotic drug (21),

and as a catalyst of microbiological fermentation yields

(20). It was proposed that crocetin enhanced diffusive

oxygen transfer in tissues including blood. Deluccio and

Gainer (14) reported that crocetin has an antihypoxic effect

using the model of experimentally induced lung emphysema in

rats. It has also been reported that vitamin A and crocetin

have some kind of anti-carcinogenic activity (59,79). This

has been suggested because the role of carotenoids in

oxidative metabolism and adaptation of animal cells to

hypoxic conditions can be applied to elucidate the mechanism

of anti-carcinogenic action of these substances; for tissue

hypoxia is one of the principal causes of cancer growth

(67).

In non-photosynthetic bacteria such as C. poinsettia
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(49), M. luteus (54), and S. aureus (36), carotenoids appear

to protect cells from photodynamic killing. Photodynamic

killing is the killing of cells by white light. It requires

visible light, a photosensitizing dye, and oxygen. A

colorless mutant of C. poinsettiae was the first non-

photosynthetic bacterium shown to be sensitive to white

light. Several mechanisms to explain this photoprotective

effect have been proposed by Krinsky (49): 1- Carotenoids

may act as an absorbing system in the cell envelope to

filter out light. 2- Carotenoids may act as systems to

interact with and quench photosensitizer triplet state. 3-

Carotenoids may act as systems to serve as prefered

substrates for photosensitized oxidations. 4- Carotenoids

may act as systems to stabilize membranes or repair damaged

membranes.

Carotenoids and carotenoprotein in C. poinsettia

Species of C. poinsettiae are plant pathogens which

cause wilts and/or leaf spot diseases of poinsettia. They

are Gram-positive, pleomorphic, but are predominantly curved

or straight rods, with some being wedge-shaped or coccoid.

They are non-spore formers and are motile with one or two

polar or lateral flagella. They are classified in the

family Corynebacteriaceae as Curtobacterium flaccumfaciens

pathover poinsettiae (33).

C. poinsettiae exhibits either a red, pink, orange, or

yellow pigmentation, depending upon the composition of the
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medium. The pigmentation is pink to red in low thiamine

medium, and orange to yellow in high thiamine medium (69).

The carotenoids of C. poinsettiae are known to protect

against photodynamic killing (51), are located in the plasma

membrane, and are non-covalently bound to protein (77).

Campbell (9) found that in non-pigmented cells, the

normal carotenoids were replaced by the colorless C40

polyenes, phytoene and phytofluene. Kunisawa and Stanier

(51) showed that the elimination of colored carotenoids from

C. poinsettiae resulted in an increased sensitivity to

visible light. They also showed that in carotenoid-depleted

cells, sensitivity to visible light could be demonstrated

only in the presence of the photo-sensitizing dye toluidine

blue 0.

The amino acid composition of the protein moiety in the

carotenoprotein complex of C. poinsettiae has been

determined by Wariso (77) and Ebadati (17). They both

reported that the protein contains 38% hydrophobic, 28%

polar, uncharged, 25% negatively charged and 7% positively

charged amino acids. Wariso reported that the molecular

weight of the protein is about 15,000 daltons and is

composed of 15 amino acids with a high level (28.54%) of

hexoseamine. He also reported that the protein is an

intrinsic membrane protein and one of the major proteins in

the cell membrane.

Ebadati (17) showed that the protein is widely
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distributed among pigmented and non-pigmented bacteria.

Tabarya (72) showed that both wild type and colorless

mutants of C. poinsettiae contain the same protein randomly

distributed in their cell membranes.

DNA gyrase inhibitors and pigmentation in C. poinsettiae

Campbell (9) found that mutants of C. poinsettiae

resistant to DNA gyrase inhibiting antibiotics were also

pigment mutants. DNA gyrase, or topoisomerase II, is the

only enzyme that catalyzes supercoiling of deoxyribonucleic

acid (DNA). It is composed of two subunits, subunit A (gyr

A) with a molecular weight of about 105,000 daltons and

subunit B (gyr B) with a molecular weight of about 95,000

daltons (24). The holoenzyme is found as a complex of

equimolar amounts of gyr A and gyr B, and exists in solution

as a tetramer with a molecular weight of about 400,000

daltons (12,23).

DNA gyrase has several functions (12,23,24,71) which

include: (I) Introduction of supercoils in the presence of

ATP. Gyrase remains bound to the DNA substrate,

supercoiling it progressively and catalytically. One

molecule of gyrase introduces about 100 supertwists per

minute at 30 C; (II) Relaxation of negative supercoils but

not positive supercoils in the absence of ATP; (III) DNA-

dependent hydrolysis of ATP to ADP and Pi; (IV) Binding to

DNA, which is stabilized by non-covalent bonds that are

disrupted by high ionic strength or protein denaturants; (V)
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Site specific cleavage of DNA. With less than one gyrase

molecule per DNA substrate of 5x106 daltons, cleavage takes

place at one or a few sites; (VI) Formation and resolution

of knotted and catenated DNA; (VII) Transient double-strand

breakage of DNA during the supercoiling reaction; (VIII) DNA

replication; (IX) DNA repair; (X) recombination; (XI)

transcription.

Novobiocin and coumermycin Al produced by Streptomyces

species (Fig. 8) are naturally-occurring antibiotics which

inhibit the gyr B subunit. They inhibit supercoiling of DNA

by preventing ATP binding, and inhibiting ATP hydrolysis.

Nalidixic acid and oxolinic acid (Fig. 9) are synthetic

quinolones that inhibit DNA gyrase by inhibiting the gyr A

subunit. They inhibit supercoiling relaxation of DNA, and

catenation and decatenation of DNA as well as transcription

and translation at high concentration (70). Furthermore,

oxolinic acid helps DNA gyrase to introduce double-stranded

breaks into DNA at specific sites (81). On the other hand,

nalidixic acid causes single-strand nicking and limited

destruction of the bacterial chromosome (81), induces the

SOS DNA repair system of Escherichia coli (76), and

stimulates synthesis of the bacterial heat shock proteins

(50).

Enoxacin and CI-934 (Fig. 9) are synthetic

fluoroquinolones. They inhibit DNA gyrase, but the

mechanism of action is not known. However, it seems that
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Fig. 8. Structure of novobiocin (A) and coumermycin Al
(B).
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Fig. 9. Structure of nalidixic acid (A), oxolinic acid
(B), enoxacin (C), and CI 934 (D) .
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they inhibit the gyr A subunit (11,19,71,80).

Statement of the problem

Since the carotenoids of C. poinsettiae are associated

with a major membrane protein, it is possible that this

protein is functional and the site of photodynamic killing.

Attempts were made to prove this by; (A) Comparing wild

type, pigment mutants, and a colorless mutant for gross

metabolic changes as growth rate, oxygen uptake, metabolite

uptake, DNA, RNA, and protein synthesis rates. If the

intact pigment-protein complex is required for optimal

cellular metabolism, these activities, especially growth

rate, should be affected by the change or absence of

pigment.(B) Using antibody against the protein moiety and

pigment-protein complex to determine its effect on cell

growth and sensitivity to white light. If the protein

moiety is functional, then binding with antibody may reduce

or eliminate its function resulting in inhibition of growth

and causing pigmented cells to be sensitive to white light.



MATERIALS AND METHODS

Organism and culture maintenance

Curtobacterium flaccumfaciens pathover poinsettia ATCC

9682, obtained from the American Type Culture Collection,

was maintained on half strength trypticase soy broth (TSB)

plus 1.5% agar (Difco Laboratories, Detroit, Michigan)

slants and subcultured every four weeks. Frozen cultures

were stored at -20*C in half strength TSB:glycerol, 50:50

(v/v), and subcultured every three months.

Pigment mutants of a streptomycin resistant (strr)

strain of C. poinsettiae were isolated by treatment with N-

methyl-N'-nitro-N-nitrosoguanidine as described by Chapman

and Meeks (10) and DNA gyrase inhibitors as described by

Szybalski (8). The Strr mutant was used in all the studies

reported here.

Chemicals

Acrylamide, bis-acrylamide (N, N-bis-methylene

acrylamide), ammonium persulfate, glycine, tris (tris

(hydroxy methyl) -aminomethane), TEMED (N, N, N', N'-tetra

methyl ethylene diamine), Triton X-100, sodium dodecyl

sulfate (SDS), and Coomassie brilliant blue R250 were

obtained from Bio-Rad Laboratories (Richmond, California).

Lysozyme, streptomycin, nitrosoguanidine, novobiocin,

33
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nalidixic acid, coumermycin Al and fluorochrome-labeled IgG

antibodies were obtained from Sigma Chemical Company (St.

Louis, Missouri). Oxolinic acid, enoxacin (CI-919), and CI-

934 were obtained from Warner-Lambert/Parke Davis

Pharmaceuticals (Ann Arbor, Michigan). Sucrose, sodium

chloride, methanol, potassium chloride, hexane, acetone,

methylene dichloride, and petroleum ether were obtained from

Fisher Scientific Inc. All the above solvents were used for

High Performance Liquid Chromatography (HPLC) and were HPLC

grade.

Culture conditions

Seed flasks containing 50 ml of half strength TSB were

inoculated from a 72 hour old culture from a single colony.

The flasks were incubated on a rotary shaker (100 rpm) under

continuous light for 15 hours at 30 C. After checking the

purity of cultures, the absorbance was read at 600 nm

wavelength (1 cm light path) with a Lambda 3 A, UV/VIS

spectrophotometer (Perkin-Elmer Corporation, Oak Brook,

Illinois) and the cell density adjusted to 0.3 with sterile

distilled water as necessary. A 1t inoculum (v/v) of the

suspension was used to inoculate the test flasks. One-liter

culture volumes were used for pigment analysis and protein

extraction from cell membrane. The test flasks were

incubated under the same conditions as the seed flasks and

cells were harvested by centrifugation at 7710 x g for 10 min.
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Isolation of pigment mutants of C. poinsettiae using

nitrosoguanidine

The procedure used was a modification of the procedure

described by Chapman and Meeks (10). Twenty milligrams of

nitrosoguanidine were dissolved by cavitation in 5 ml of

sterile half strength TSB at 45*C. Two-fold serial dilution

tubes from 2~1 to 2~10 were made in 5 ml TSB. Tubes were

inoculated with one drop of an overnight culture of a

streptomycin resistant strain of C. poinsettiae. Tubes were

incubated under light for 24 hours at 30*C. Ten-fold serial

dilutions from the two-fold tubes that showed growth after

24 hr were made in sterile distilled water. One-tenth ml of

the 10-3 , 10~4 , 10~5 , 10_6 , 10~7 , 10_8 , 10-9 dilutions

was plated using the spread plate technique. Plates were

incubated under light for 48 hours at 30*C. Plates were then

left at room temperature for 48 hr until pigment was well

developed. Colonies of pigment mutants were streaked out

repeatedly until one type of colony was observed.

Isolation of mutants resistant to DNA gyrase inhibitors

Minimum inhibitory concentration (MIC) of antibiotics

MIC was done according to the procedure of Tabarya

(72). Stock solutions of novobiocin in water, and stock

solutions of coumermycin Al, nalidixic acid, oxolinic acid,

enoxacin, and CI-934 in 0.5 ml of 1 N NaOH were prepared.

The concentration of each antibiotic was adjusted to 500 g



36

per ml with distilled water. After filter sterilization, 1

ml of each antibiotic solution was added to 1 ml of sterile

half strength TSB. Two-fold serial dilutions of each

antibiotic were made, with first dilution containing 250

g/ml and the last dilution containing 0.0305 g/ml. One

drop of a 1/2000 dilution of an 18 hr old culture of

streptomycin resistant strain of C. poinsettiae was added to

each tube. Tubes containing 1 ml of TSB without antibiotics

served as controls. Tubes were checked for growth or no

growth after 18 hr of incubation on a rotary shaker at 30C.

The MIC was defined as being that amount of antibiotic which

prevented growth under these conditions.

Gradient plate selection of antibiotic resistant mutants

Antibiotic resistant mutants of C. poinsettiae were

isolated according to the procedure described by Szybalski

(8). Antibiotics used in this study were novobiocin,

coumermycin Al, oxolinic acid, enoxacin, nalidixic acid, and

CI-934. Resistant forms were grown in half strength TSB

containing 5 pg/ml novobiocin, 5 g/ml coumermycin Al, 60

pg/ml oxolinic acid, 10 p/g/ml enoxacin, and 1 pg/ml CI-934.

The wild type of C. poinsettiae grown in half strength TSB

without antibiotics served as a positive control.

Growth rate of wild type, nitrosoquanidine mutants and

antibiotic resistant forms

Fifty ml of half strength TSB in seed flasks were
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inoculated from a 72 hr culture from a single colony and

incubated at 30*C for 15 hours on a rotary shaker. After

purity checks, the absorbance was read at 600 nm and the

cell density adjusted to 0.3 with sterile distilled water.

Five-tenths ml were used to inoculate a 50 ml of half

strength TSB to measure the growth rate. Absorbance was

read at 600 nm using Lambda 3A UV/VIS spectrophotometer.

Plate counts were made at each absorbance reading using the

spread plate technique. Antibiotic resistant forms were

grown in the presence of antibiotics at the concentrations

mentioned previously.

Electron microscopy

A streptomycin resistant strain of C. poinsettiae, a

slow-growing nitrosoguanidine mutant, and antibiotic

resistant forms were used in this study. Cells grown for 18

hours, mid logarithmic phase, were centrifuged at 2595 x g

for 10 min, and washed three times with distilled water.

Washed cells were suspended in 0.1M sodium cacodylate pH

7.4, centrifuged at 935 x g for 5 min, and then fixed in 4%

glutaraldehyde in 0.1M sodium cacodylate for 30 min. Fixed

cells were washed twice with 0.1M sodium cacodylate and

enrobed in 3% agar. The agar enrobed cells were chopped

into small pieces and fixed with 1% aqueous osmium tetroxide

for 1.0 hour after which the osmium tetroxide was removed

with a pasteur pipette and the agar pieces washed twice with

0.1M sodium cacodylate. Fixed enrobed cells were dehydrated



38

with changes of 30%, 50%, 70%, and 90% acetone with a 15 min

time period between each change, and finally with three

changes of 100% acetone with a 15 min time period between

each change. Dehydrated samples were infiltrated with an

epon-acetone mixture (1:3 ratio) for 36 hr and 1:1 mixture

over night before embedding in one drop of 100% epon in Beem

capsules which were kept at 60 C for 1.0 hr. Beem capsules

were filled to the top with 100% epon and cured at 60 C for

24 hr before trimming and cutting thin sections on a Sorval

MT 6000 ultra microtone. Thin sections were stained with

uranyl acetate and lead citrate and examined at 80 kV in a

JEOL 100 CX transmission electron microscope.

Extraction of pigments

Pigment from cell pellets collected from four to five

day old 1-liter cultures were extracted with repeated

volumes of methanol until pellets were colorless. The

volume of the methanol extract was measured, and the pigment

saponified at 22-24C in the dark with an equal volume of

10% (w/v) aqueous KOH. The saponified pigment was extracted

with petroleum ether, and the extract was washed with water

until the wash water was a neutral pH. The volume of the

petroleum ether was measured and the absorbance of the

extract determined at 478 nm (1 cm light path) with a Lambda

3A UV/VIS spectrophotometer after which the petroleum ether

was dried over anhydrous sodium sulfate. Pigment levels
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were calculated assuming an extinction coefficient (E15em)

of 2500. The extract was then filtered through a Whatman

filter paper number 50, the petroleum ether evaporated to

dryness using a flash evaporator (Buchler Instruments), and

the dried pigment resuspended in 3 ml of solvent mixture

consisting of hexane-acetone-methylene dichloride in a ratio

of 11.35: 1.73: 1.00 (by vol), or 1.0 ml of petroleum ether

as necessary. Pigment resuspended in the hexane-acetone-

methylene dichloride mixture was used for high pressure

liquid chromatography (HPLC) analysis, and the pigment

resuspended in petroleum ether was used to determine the

visible absorption spectrum of the pigment mixture.

HPLC of pigment extracts

Pigment mixtures in hexane-acetone-methylene dichloride

were resolved by HPLC using the procedure described by

Kester and Thompson (48). A A porasil column was used with

a Waters ALC 200 series liquid chromatograph and a Model 450

variable wavelength detector (Waters Associates, Milford,

MA). An isocratic elution solvent mixture of hexane-

acetone-methylene dichloride (11.35: 1.73: 1.00 by volume)

was used. Operating conditions were: chart paper speed 0.2

inch/min; flow rate 1.3 ml/min; sensitivity 0.04 absorbance

units full scale (AUFS), and detector wavelength set at 478

nm. About 0.9-3.0 g of pigment were injected in volumes

ranging from 20-100 Al.
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Determination of dry weight of wt-strr cells

Triplicate samples of 1.0 ml each were placed in

weighing boats after reading the absorbance at 600 nm. The

weighing boats were dried overnight in a vaccum drying oven

set at 70 C.

Visible absorption spectra of pigments

Pigments extracted as described before were dissolved

in 1 ml of petroleum ether, and the absorption between 300-

600 nm wavelength determined using a Lambda 3A UV/VIS

spectrophotometer.

Extraction of carotenoprotein complex from cell membrane

Cell membranes were prepared from protoplasts as

described by Wariso (77) and Tabarya (72). Cell membrane

proteins were extracted with 1% Triton X-100, dialyzed

against several changes of distilled water in the dark for

48 hours and lyophilized. Prior to electrophoresis,

portions of lyophilized extracts were dissolved in distilled

water and protein concentrations determined by a modified

method of Lowry et al. (55), using lysozyme as the standard.

After assaying, the protein concentrations were adjusted to

1 mg/ml.

Preparation of spheroplasts

Cells of an 18 hr old culture of C. poinsettiae were

centrifuged at 3855 x g for 10 min, and washed 3 x with
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distilled water. Washed cells were resuspended in

protoplasting medium which was composed of 1.25 ml of 1M

Tris-HCl (pH 7.5), 16 ml of 1M sucrose, 3.7 ml of 40mM NaCl,

4.0 ml of distilled water, 5.0 mg lysozyme, and incubated at

30*C for 1 hr and spheroplast used to study light effect.

To extract cell membrane, cells were incubated at 30*C for 3

hr or until 85% of cells are protoplasts.

Polyacrylamide Gel Electrophoresis (PAGE)

Polyacrylamide gel electrophoresis was done in tubes

using two systems. The Triton X-100 system, described by

Wariso (77), consisted of a 7.5% resolving gel composed of

2.5 ml acrylamide-bis-acrylamide, 3.75 ml of 3M Tris-HCl

buffer pH 8.9, 1.0 ml of 1% Triton X-100, 0.005 ml TEMED,

2.7 ml water, and 0.05 ml ammonium persulfate. Ammonium

persulfate was added after the solution has been degassed.

This total volume was sufficient for four tubes. A 3%

stacking gel, added on top of the resolving gel, was

composed of 1.0 ml acrylamide-bis-acrylamide, 1.25 ml of

0.5M Tris-HCI buffer pH 6.8, 1.0 ml of 1% Triton X-100,

0.005 ml TEMED, 6.7 ml water, and 0.05 ml ammonium

persulfate. The upper electrode buffer was 3.027 g Tris,

14.41 g glycine, 0.372 g EDTA, 1.0 ml Triton X-100, and 1000

ml water, and the lower electrode buffer was 3.027 g Tris

and 14.41 g glycine in 1000 ml water. The second system

used was the Tris-Glycine-SDS system described by Maizel

(54).
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Sample preparation

Fifty pl of membrane extract, 1 drop of glycerol, 20 Al
of 0.5M Tris-HC pH 6.8, 10 Al tracking dye (0.1% bromphenol

blue) to give 25 g total protein were applied to the

polyacrylamide gel after heating in a boiling water bath for

2 min. Three milliamperes of current per tube were used in

all experiments.

Carotenoprotein and protein extraction from gel

After 3-4 hours of electrophoresis using the Triton X-

100 system, the pigment band, which barely entered the

resolving gel, was sliced out and collected in 0.1% SDS in

50mM Tris-HCl pH 8.0. The pigment-protein complex was

dialyzed for 48 hours against several changes of distilled

water, and freeze dried. Before SDS-PAGE, protein was

determined and the concentration adjusted to 1 mg/ml with

distilled water. Twenty five pl of the pigment-protein

complex and 25 Al of sample buffer composed of 4.0 ml water,
1.0 ml 0.5M Tris-HCl pH 6.8, 0.8 ml glycerol, 1.6 ml of 10%

(w/v) SDS , 0.4 ml 2-f-mercaptoethanol, and 0.2 ml of 0.1%

bromphenol blue, were loaded on the polyacrylamide gel using

the Tris-Glycine-SDS system and electrophoresed for 2-3

hours. The gels were then fixed and stained according to

the procedure of Maizel (54). The one band which showed up,

was cut out and the protein extracted using 0.1% SDS in 50

mM Tris-HCl pH 8.0. The extract was then dialyzed for 48
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hours against several changes of distilled water and the

protein concentration determined. The extract was then

freeze dried and stored at -20 C for further use.

Preparation of antibodies

Four hundred micrograms of lyophilized protein and

pigment-protein complex, were dissolved separately in 2.0 ml

of normal saline (0.9% NaCl) and homogenized with 2.0 ml of

incomplete Freund's adjuvant (31). Five-tenths ml of each

mixture, one containing 50 g of protein and another 0.5 ml

containing 50 pg of the pigment-protein complex, were

injected into separate six month old male New Zealand

rabbits. One subcutaneous and one intramuscular injections

were given in the legs and neck. Before injection, 50 ml of

blood were drawn from each rabbit to serve as a negative

control. Four booster shots (100 g protein or pigment-

protein complex in adjuvant) were given to the rabbits 15

days apart. Antibody titer was measured by the indirect

passive hemagglutination test (25, 37). Eight days after

the fifth injection, 50 ml of blood were drawn from each

rabbit by heart puncture. The blood was allowed to clot and

the serum collected and divided into 1.0 ml aliquots and

stored at -20 C until needed.

Indirect passive hemagglutination

Five milliliters of human red blood cells (HRBC), group

0 negative, were washed three times in 0.9% saline at 414 xg
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for 5 minutes. Two-tenths ml, which contained 100 pg

protein or 50-75 g pigment-protein complex, was mixed with

0.2 ml of 0.17% hydrous chromic chloride (CrCl3.6H20, Fisher

Scientific, Fair Lawn, New Jersey) in 0.91 saline. An equal

volume (0.2 ml) of washed HRBC was added immediately. The

mixture was left at room temperature for 1.0 hour. The

sensitized cells were washed three times with 0.9% saline

and resuspended in 0.9% saline to give a 2.0% (v/v)

suspension. Two-fold dilutions of antibody, a negative

control, and a positive control composed of bovine serum as

antigen and anti bovine whole serum as antibody, were

prepared in 0.9% saline, beginning with 1/2 and ending with

1/8388608. An equal volume of the sensitized HRBC was added

to the antibody dilutions and incubated at room temperature

for 4-6 hours. Hemagglutination was indicated by the

presence of a diffuse layer of HRBC at the bottom of the

tube. No hemagglutination was indicated by a discrete

pellet. The antibody titer was the last dilution that was

positive for hemagglutination.

Photokilling of microorganisms

The procedure used here was a modified method of the

procedure described by Kunisawa and Stanier (51). The cell

density of an 18 hr old culture was adjusted to an optical

density of 0.3 except for the slow growing mutant which was

adjusted to an optical density of 0.2. Six and seven-tenths

ml of a cell suspension were put in a petri dish, and
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toluidine blue 0 (Fisher Scientific, Inc.) was added to

final concentration of 3x10-M. Dark controls were

completely wrapped with aluminum foil. In all experiments,

the light source consisted of 1000 W flood lamp (Voigt

Lighting Industries, Leonia, New Jersey) which was the only

light source in the room. The light source was arranged to

give a light intensity of 40-43 joules at the surface of a

multi magnestir (Lab-Line Instruments, Inc., Melrose Park,

Illinois) where the petri dishes were put. Light intensity

was measured with a photometer from LI-Cor, Inc., Lincoln,

Nebraska. Photokilling was determined by measuring viable

cell counts made on samples taken before the start of

illumination and at intervals up to 2 hr.

The organisms used were: wild-type streptomycin

resistant strain of C. poinsettiae, nitosoguanidine

colorless mutant of C. poinsettiae, and a slow-growing

nitrosoguanidine colored mutant of C. poinsettiae. The

experiment was done with or without toluidine blue 0, and

with or without the antibody against the pigment-protein

complex or against the protein alone. Photokilling was also

attempted on spheroplasts of wild type with or without the

antibody.

Indirect immunof luorescence

The procedure used was a modified method of the

procedure described by Tilton and Bigazzi (74). Cells in
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1.0 ml of an 18 hr culture were collected by centrifugation

at 519 xg for 10 min, resuspended in 0.1 ml of 1:10 dilution

of the antibody against free protein, and incubated at 37C

for 30 min. Cells were washed twice with phosphate buffered

saline (PBS) pH 7.2, resuspended in 0.1 ml of 1:480 dilution

of fluorochrome-labeled IgG antibodies, and incubated at

37 C for 30 min. Cells were washed twice with PBS and

examined under a fluorescence microscope. Spheroplasts of

wild-type streptomycin resistant strain of C. poinsettiae

were used and treated as whole cells. Normal serum was used

as a negative control.



RESULTS

Nitrosoguanidine mutants

Pigment mutants isolated from wild type streptomycin

resistant strain of C. poinsettiae using nitrosoguanidine

were: NTG-l, a white (colorless) mutant; NTG-2, a pink (slow

growing) mutant; NTG-3, a yellow mutant; and NTG-4, a pale

yellow mutant as shown in Table 1.

Antibiotic resistant mutants

The minimum inhibitory concentration of novobiocin,

coumermycin Al, nalidixic acid, enoxacin, oxolinic acid, and

CI-934 for C. poinsettiae were as follows: s 1.95 pg/ml, s

1.95 pg/ml, 250 pg/ml, s 7.81 pg/ml, s 62.5 pg/ml, s 0.976

pg/ml respectively. Nalidixic acid was not used in further

studies because of its higi inhibitory concentration for C.

poinsettiae.

Seven different pigment mutants that were resistant to

these antibiotics were isolated. The mutants were: NB, a

novobiocin resistant mutant; CM, a coumermycin Al resistant

mutant; EX, an enoxacin resistant mutant; OA, an oxolinic

acid resistant mutant; CI-1, a CI-934 resistant mutant; CI-

2, a CI-934 resistant mutant; and CI-3, a CI-934 resistant

mutant as summarized in Table 1.

47
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Table 1

Color, generation time, and growth rate of wild-type,

nitrosoguanidine and antibiotic resistant mutants

ORGANISM GENERATION TIME GROWTH RATE COLOR
(HOURS) GEN/HR

wt-strr 2.0 0.50 Orange

NTG-1 2.0 0.50 Colorless

NTG-2 5.5 0.18 Pink

NTG-3 1.8 0.56 Yellow

NTG-4 2.0 0.50 Pale Yellow

NB 2.0 0.50 Orange

CM 2.2 0.45 Orange

EX 3.6 0.28 Orange

OA 2.0 0.50 Orange

CI-1 1.8 0.56 Orange

CI-2 1.9 0.53 Pink

CI-3 1.8 0.56 Yellow

Generation time and growth rate were determined as described
in METHODS. Color was determined by visual inspection.
Results represent the average of three determinations.

wt-strr: wild-type streptomycin resistant strain
NTG-1: nitrosoguanidine mutant 1
NTG-2: nitrosoguanidine mutant 2
NTG-3: nitrosoguanidine mutant 3
NTG-4: nitrosoguanidine mutant 4
NB: novobiocin mutant
CM: coumermycin Al mutant
EX: enoxacin mutant
OA: oxolinic acid mutant
CI-1: CI-934 mutant 1
CI-2: CI-934 mutant 2
CI-3: CI-934 mutant 3
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Growth curves

Growth curves of wt-strr, nitrosoguanidine mutants, and

antibiotic resistant mutants were plotted, and generation

times and growth rates calculated as shown in Table 1, Fig.

10, and Appendix A. Wt-strr cells and all mutants except

for NTG-2 had a generation time of 2-3.6 hr. NTG-2 had a

significant slower generation time of 5.5 hr. NTG-2, in

addition to being slow-growing, did not grow beyond an

optical density of 0.21.

Electron microscopic studies

Transmission electron microscopic studies show unequal

binary fission and pleomorphism in all organisms, which is

typical of C. poinsettiae. NTG-2, shown in Fig. 12, seems

smaller in size when compared to the wt-strr shown in Fig.

11. NTG-2 contains large granules unevenly distributed

throughout the cytoplasm. On the other hand, wt-strr

contains smaller granules compared to NTG-2 which are evenly

distributed through out the cytoplasm. NTG-2 contains an

unidentified dark spot with clear boundaries in the

cytoplasm which is not visible in wt-strr cells.

High performance liquid chromatography pigment analysis of

wt-strr and NTG-2

HPLC pigment analysis of wt-strr and NTG-2 are shown in

Figures 13 and 14 respectively. There was no significant

difference between NTG-2 major carotenoids and wt-strr major
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Fig. 10. Generation time, as measured from plotting number
of cells per ml against time in hrs, of wild type
streptomycin resistant strain of C. poinsettia,
nitrosoguanidine mutants, and antibiotic resistant
mutants.

wt= wild type streptomycin resistant strain
NTG1= nitrosoguanidine mutant 1
NTG2= nitrosoguanidine mutant 2
NTG3= nitrosoguanidine mutant 3
NTG4= nitrosoguanidine mutant 4
NB- novobiocin mutant
CM= coumermycin Al mutant
EX= enoxacin mutant
OA= oxolinic acid mutant
CI1= CI-934 mutant 1
C12= CI-934 mutant 2
C13= CI-934 mutant 3
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Fig. 11. Electron micrograph of streptomycin resistant
strain of C poinsettiae (wt-str) cells. Cells
were collected from an 18 hr culture, washed with
0.1M sodium cacodylate (pH 7.4) and prepared for
electron microscopy as described in METHODS.
Magnification is 65,900x.
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Fig. 12. Electron micrograph of nitrosoguanidine mutant 2
(NTG-2) cells showing an unidentified large dark
spot with clear boundaries in the cytoplasm
(+ ) and large granules ( m.) compared to
those found in wt-str. Cells were treated as
described in METHODS. Magnification is 65,900x.
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Fig. 13. HPLC chromatogram of streptomycin resistant strain
of C. poinsettiae (wt-strr) grown in half strength
TSB. Fifty Al of sample containing about 2.5 Apg
of crude pigment extract was resolved on a A
Porasil column using Waters ALC 200 series liquid
chromatography with a model 450 variable
wavelength detector. An isocratic elution solvent
mixture of hexane:acetone:methylene dichloride in
the ratio of 11.35:1.75:1.0 by volume was used.
Operating conditions were as described in
METHODS.
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Fig. 14. HPLC chromatogram of nitrosoguanidine mutant 2
(NTG-2) grown in half strength TSB. Seventy tl of
sample containing 2.1 p g of crude pigment extract
was resolved as described in Fig. 13.
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carotenoids except for a few extra unidentified carotenoids

that appeared in NTG-2 which were lacking in wt-strr.

Absorbance versus cell dry weight

In order to determine the amount of pigment/cell dry

weight produced, a plot of cell growth as measured by

absorbance at 600 nm versus cell dry weight was made. The

results as indicated in Fig. 15 show a linear relationship

between absorbance and cell dry weight. Pigment weights/mg

cell dry weight were calculated and are shown in Table 2.

Only NTG-2 and CI-3 had significantly lower pigment

concentrations than wt-strr.

Absorption spectra of pigments

Absorption spectra of pigments of wt, wt-strr, NTG-2,

and antibiotic resistant mutants are shown in APPENDIX B.

The maximum absorbance peaks of the pigment mixtures was

measured from these spectra and are shown in Table 2.

Effect of white light on organisms

The effect of killing by white light on wt-strr, NTG-1,

and NTG-2 with or without toluidine blue 0 is shown in

Figures 16 and 17. As expected, NTG-1 was light sensitive

as evidenced by about a 3.0 log reduction in viable cells in

a 2.0 hr time period after exposure to white light and in

the presence of toluidine blue 0. There was no change in

the number of viable cells when toluidine blue 0 was absent.
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Fig. 15. Plot of absorbance versus cell dry weight of wild
type streptomycin resistant strain of C.
poinsettiae grown in half strength TSB. Points are
average of three determinations.
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Table 2

Comparison of maximum absorbance and pigment concentration

in wild type and mutants of C. poinsettiae

Organism dug of pigment per Maximum
1 mg dry weight Absorbance (nm)

wt 0.320 474

wt-strr 0.640 470

NTG-2 0.091 473
NB 0.650 470
CM 0.539 470

EX 0.560 470

OA 0.540 470

CI-1 0.460 470

CI-2 0.550 489

CI-3 0.290 320

Maximum absorbance was
between 300 nm and 600
described in METHODS.

measured by scanning the pigment
nm. Weight of pigment was measured as

wt= wild type
wt-str'= wild type streptomycin resistant strain
NTG-2= nitrosoguanidine mutant 2
NB= novobiocin mutant
CM= coumermycin Al mutant
EX= enoxacin mutant
OA= oxolinic acid mutant
CI-1= CI-934 mutant 1
CI-2= CI-934 mutant 2
CI-3= CI-934 mutant 3
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Fig. 16. Effect of white light on viability of wt-strr and
NTG-1 cells. A. Effect of white light on organisms
in the absence of toluidine blue 0 (TBO) as a
photosensitizer. B. Effect of white light on
organisms in the presence of toluidine blue 0.
wt-strr and NTG-1 were used. Cell density of an
18 hr culture was adjusted to 0.3 optical
absorbance counts at 600 nm. 6.7 ml of that was
put in a petri dish, 3.3 ml of sterile distilled
water were added in (A),, and 3.3 ml of TBO were
added in (B). Cells were treated as described in
METHODS.

wt-L= wt-str' exposed to light in the absence of TBO.
wt-D= wt-strr in the dark in the absence of TBO.
NTG1-L= NTG-1 exposed to light in the absence of TBO.
NTG1-D= NTG-1 in the dark in the absence of TBO.
wt - L+TBO= wt - strr exposed to light in the presence of TBO.
wt-D+TBO= wt-strr in the dark in the presence of TBO.
NTGI-L+TBO= NTG-1 exposed to light in the presence of TBO.NTG1-D+TBO= NTG-1 in the dark in the presence of TBO.
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Fig. 17. Effect of white light on viability of wt-strr and
NTG-2 cells A. Effect of white light on organisms
in the absence of toluidine blue 0 (TBO) as a
photosensitizer. B. Effect of white light on
organisms in the presence of TBO. Cells were
treated as described in Fig. 16.

wt-L= wt-strr exposed to light in the absence of TBO.
wt-D= wt-strr in the dark in the absence of TBO.
NTG2-L= NTG-2 exposed to light in the absence of TBO.
NTG2-D= NTG-2 in the dark in the absence of TBO.
wt-L+TBO= wt-strr exposed to light in the presence of TBO.
wt-D+TBO= wt-strr in the dark in the presence of TBO.
NTG2-L+TBO= NTG-2 exposed to light in the presence of TBO.
NTG2-D+TBO= NTG-2 in the dark in the presence of TBO.
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wt-str' and NTG-2 were unaffected by white light in the

presence or absence of toluidine blue 0.

Passive hemag lutination test

Pigment-protein complex and pigment-free protein were

prepared by SDS-poly acrylamide gel electrophoresis (SDS-

PAGE) as described in METHODS, and antibody against them

prepared by intravenous and subcutaneous injection of

rabbits. Antibody titers, as determined by passive

hemagglutination, were 256 for the pigment-protein complex

and 32,768 for the free protein.

Effect of antibody on cell growth

The effect of white light on wt-strr cell growth using

the antibody against pigment-protein complex and the

antibody against free protein was studied and is shown in

Fig. 18. It was felt that if the protein associated with

the pigment were functional, then adding antibody against

this protein ought to affect cell growth. Antibody had no

effect on cell growth.

Effect of antibody on whole cell sensitivity to white light

The effect of white light on wt-strr whole cells using

different concentrations of the antibody against the

pigment-protein complex and the antibody against the free

protein was studied. Addition of antibody or normal serum

did not increase the sensitivity of wt-strr cells to white
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Fig. 18. Effctect of antibody against pigment-protein complex
and antibody against free protein on cell growth
of wt-str. One ml of antibody was added to early
log phase (OD-O.ll). One ml sterile distilled
water was added to the control. Growth was
measured by viable cell count as described in
METHODS.

wt+lmlH2O= wt-strr plus 1.0 ml of sterile distilled water.
wt+lmlABpp= wt-strr plus 1.0 ml of antibody against pigment-

protein complex.
wt+lmlABp= wt-strr plus 1.0 ml of antibody against free

protein.
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Fig. 19. Effect of white light on whole cells of wt-strr
using different concentrations (A, 0.5 ml, B, 0.1
ml) of the antibody against the pigment-protein
complex and the antibody against the free protein.
Cells were treated as described in Fig. 16 in the
presence of toluidine blue 0.

wt-L+.5mlpp= wt-strr exposed to light plus 0.5 ml antibody
against pigment-protein complex.

wt-D+.5mlpp= wt-strr in the dark plus 0.5 ml antibody
against pigment-protein complex.

wt-L+.Smlp= wt-strr exposed to light plus 0.5 ml antibody
against free protein.

wt-D+.Smlp= wt-strr in the dark plus 0.5 ml antibody against
free protein.

wt-L+.lmlpp= wt-str exposed to light plus 0.1 ml antibody
against pigment-protein complex.

wt -D+.Imlpp= wt - s tr in the dark plus 0.1 ml antibody
against pigment-protein complex.

wt-L+.Imlp= wt-str exposed to light plus 0.1 ml antibody
against free protein.

wt-D+.lmlp= wt-strr in the dark plus 0.1 ml antibody against
free protein.
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Fig. 20. Effect of white light on whole cells of wt-strr
using different concentrations (A, 0.5 ml, B, 0.1
ml) of normal serum for the pigment-protein
complex and normal serum for the free protein.
Cells were treated as described in Fig. 16 in the
presence of toluidine blue 0.

wt-L+.5mlNSpp= wt-strr exposed to light plus 0.5 ml normal
serum for the pigment-protein complex.

wt-D+.5mlNSpp= wt-strr in the dark plus 0.5 ml of normal
serum for the pigment-protein complex.

wt-L+.5mlNSp= wt-strr exposed to light plus 0.5 ml of normal
serum for the free protein.

wt-D+.5mlNSp= wt-strr in the dark plus 0.5 ml of normal
serum for the free protein.

wt-L+.1mlNSpp= wt-strr exposed to light plus 0.1 ml of
normal serum for the pigment-protein complex.

wt-D+.lmlNSpp= wt-strr in the dark plus 0.1 ml of normal
serum for the pigment-protein complex.

wt-L+.lmlNSp= wt-strr exposed to light plus 0.1 ml of normal
serum for the free protein.

wt-D+.1mlNSp= wt-strr in the dark plus 0.1 ml of normal
serum for the free protein.
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light (Figures 19 and 20). Effect of white light on wt-strr

and NTG-1 with sterile distilled water, done as a control,

shows the colorless mutant (NTG-1) to be sensitive to white

light (Fig. 21).

Effect of white light and antibody on spheroplasts of wt-

strr

Since it was possible that the antibody did not bind to

the pigment-protein complex or free protein because of the

presence of cell wall, we studied the effect of light on

spheroplasts of wt-strr cells. Cells were treated with

lysozyme for various periods of time and survival was

measured by viable cell count (Fig. 22). A time (60 min)

was chosen which showed some killing but good survival

indicating that the peptidoglycan layer had been broken, but

most cells still survived. When lysozyme-treated cells were

treated with the antibody and normal serum as shown in Fig.

23, there was no increase in light sensitivity of wt-strr

cells.

When wt-strr and NTG-1 cells were treated to form

spheroplasts and exposed to light as shown in Fig. 24, NTG-1

cells were not sensitive to white light. Since this might

be due to excessively high cell concentrations (10"/ml),

cells of wt-strr and NTG-1 at zero time at a concentration

of 1011/ml were diluted 1000x in protoplast medium and then

exposed to light. NTG-1 cells were sensitive to light as
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Fig. 21. Effect of white light on wt-strr and NTG-1 in the
presence of toluidine blue 0. Cells were treated
as described in Fig. 16.

wt - L+H20= wt - strr exposed to light plus 0.5 ml of sterile
distilled water.

wt-D+H20= wt-strr in the dark plus 0.5 ml of sterile
distilled water.

NTG1-L+H20= NTG-1 exposed to light plus 0.5 ml of sterile
distilled water.

NTG1-D+H20= NTG-1 in the dark plus 0.5 ml of sterile
distilled water.
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Fig. 22. Survival of wt-strr cells treated with lysozyme as
a function of time. A. Recovery of protoplast. wt -
strr was used. Cells were treated with lysozyme
over a 2 hr time period and survival measured by
viable cell count. B. Effect of white light on
spheroplasts of wt-strr in the presence of
toluidine blue 0. A time (60 min) was chosen which
showed some killing of lysozyme treated cells but
good survival indicating that the peptidoglycan
layer had been broken, but most cells still
survived. Cells were treated as described in Fig.
16.

wt= wt-str.
protoplast= protoplast of wt-strr.
Sphe-L+pmed= spheroplasts of wt-strr exposed to light plus

protoplast medium.
Sphe-D+pmed= spheroplasts of wt-strr in the dark plus

protpplast medium.
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Fig. 23. Effect of white light on survival of spheroplasts
of wt-str treated with antibody and normal serum.
A. Effect of white light on spheroplasts of wt-
strr using antibody against the pigment-protein
complex and antibody against the free protein in
the presence of toluidine blue 0. B. Effect of
white light on spheroplasts of wt-strr using
normal serum for the pigment-protein complex and
normal serum for the free protein in the presence
of toluidine blue 0. Spheroplasts were treated as
described in Fig. 22.

S-L+.5mlABpp= Spheroplasts of wt-strr exposed to light plus
0.5 ml of antibody against pigment-protein complex.

S-D+.5mlABpp= Spheroplasts of wt-strr in the dark plus 0.5
ml antibody against pigment-protein complex.

S-L+.5mlABp= Spheroplasts of wt-strr exposed to light plus
antibody against free protein.

S-D+.5mlABp= Spheroplasts of wt-strr in the dark plus
antibody against free protein.

S - L+NSpp= Spheroplasts of wt - strr exposed to light plus 0.5
ml of normal serum for pigment-protein complex.

S-D+NSpp= Spheroplasts of wt-strr in the dark plus 0.5 ml of
normal serum for pigment-protein complex.

S-L+NSp= Spheroplasts of wt-strr exposed to light plus 0.5
ml of normal serum for free protein.

S-D+NSp= Spheroplasts of wt-strr in the dark plus 0.5 ml of
normal serum for free protein.
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Fig. 24. Effect of light on organisms in the presence of
toluidine blue 0. wt-strr and NTG-1 were used.
Cells were treated as described in Fig. 22.

wt-L+pmed= wt-strr exposed to light plus 0.5 ml protoplast
medium.

wt-D+pmed= wt-strr in the dark plus 0.5 ml protoplast
medium.

NTG1-L+pmed:= NTG-1 exposed to light plus 0.5 ml protoplast
medium.

NTG1-D+pmed= NTG-1 in the dark plus 0.5 ml protoplast
medium.
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Fig. 25. Effect of white light on viability of diluted
cells. A. Effect of white light on organisms in
the presence of toluidine blue 0. Wt-strr and
NTG-1 cells were diluted 1000x to a concentration
of 108/ml in protoplast medium and exposed to
light as described in Fig. 23. B. Effect of
white light on organisms in the presence of
toluidine blue 0. Wt-strr and NTG-1 were treated
as described in Fig. 16.

wt-L+pmed= wt-strr exposed to light plus 0.5 ml protoplast
medium.

wt-D+pmed= wt-strr in the dark plus 0.5 ml protoplast
medium.

NTG1-L+pmed= NTG-1 exposed to light plus 0.5 ml protoplast
medium.

NTG1-D+pmed= NTG-1 in the dark plus 0.5 ml protoplast
medium.

wt-L+H20= wt-str exposed to light plus 0.5 ml sterile
distilled water.

wt-D+H20= wt-strr in the dark plus 0.5 ml sterile distilled
water.

NTG1-L+H20= NTG-1 exposed to light plus 0.5 ml sterile
distilled water.

NTG1-D+H20= NTG-1 in the dark plus 0.5 ml sterile distilled
water.
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indicated by about a 3.0 log reduction in viable cell count

as shown in Fig. 25 (A). Effect of light on wt-strr and

NTG-1 cells with sterile distilled water was done as a

control and is shown in Fig. 25 (B). NTG-1 cells were

sensitive to white light.

Indirect immunof luorescence

When whole cells of wt-str' were used with the antibody

against free protein and normal serum, indirect

immunofluorescence showed no fluorescence, an indication

that the antibody did not bind to whole cells. When

fragments of wt-strr were used, there was fluorescence but

normal serum which was used as a negative control was

fluorescent also, an indication of non-specific binding due

to binding of free dye to fragments.



DISCUSSION

Of all the functions of carotenoid pigments, the

protective mechanism against photodynamic action has been

described as unique and universal (49). Carotenoids of C.

poinsettia contain the 9 or more conjugated double bonds

required to carry out photoprotection; carotenoids with 8 or

less conjugated double bonds are not photoprotective (49).

This work was an attempt to find the site of photodynamic

killing and to postulate a protective mechanism against

photodynamic action carried out by the carotenoid pigments

of C. poinsettiae.

Work in our laboratory has shown that the carotenoids

of C. poinsettiae are located in the cell membrane where

they are non-covalently bound to a single protein which is

randomly distributed in the membrane (72,77). This protein

is found in both pigmented and non-pigmented bacteria of

other genera (17) and in colorless mutants of C.

poinsettiae. One postulated function of this protein is to

stabilize carotenoids in the cell membrane, because free

carotenoids tend to be sensitive to light and oxygen (77).

Since the protein is closely associated with the pigments of

C. poinsettiae, we have proposed that it may be a functional

protein and the site of photodynamic killing.

Several pigment mutants were isolated from the wild

87
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type streptomycin resistant strain of C. poinsettiae (wt-

strr) using nitrosoguanidine and DNA gyrase inhibitors as

described in METHODS. Two of these mutants, NTG-1, the

colorless mutant, and NTG-2, the slow-growing mutant, were

of particular interest in this study of the protective

mechanism of carotenoids against photodynamic action.

NTG-1 was chosen because it was colorless (Table 1).

It should be noted that, although lacking demonstrable

pigment, there was no difference in NTG-1 and wild-type

growth rate or morphological appearance. This suggests that

the pigment has no influence on essential physiological

functions of the cell under normal growth conditions.

NTG-2 was chosen for several reasons. NTG-2 had a

significantly slower generation time (5.5 hr) and did not

grow beyond an optical density of 0.21 compared to wt-strr

and the other mutants (Fig. 10 and APPENDIX A).

Morphological studies of wt-strr, NTG-2, and antibiotic

resistant mutants using transmission electron microscopy

(TEM) showed that NTG-2 seemed smaller in size and contained

large granules which are unevenly distributed throughout the

cytoplasm. It also contained a large unidentified dark spot

with clear boundaries in the cytoplasm (Fig. 11 and 12).

High performance liquid chromatography (HPLC) analysis of

NTG-2 carotenoids showed that NTG-2 contained all the major

carotenoids found in the wild type except for a few extra

unidentified carotenoids that appeared in NTG-2 which were



89

lacking in the wild type (Fig. 13 and 14). However, NTG-2

contained only 14% of pigment/mg cell dry weight of the wild

type (Table 2).

In studying the effect of killing by white light on wt-

str', NTG-1 and NTG-2 using toluidine blue 0 as the

photosensitizing dye (Fig. 16 and 17) we found, as expected,

NTG-1, the colorless mutant, was light sensitive as

evidenced by about a 3.0 log reduction in viable cells in a

2.0 hr time period of exposure to light and in the presence

of toluidine blue 0. There was no change in the number of

viable cells when toluidine blue 0 was absent. Wt-strr and

NTG-2 cells were unaffected by white light in the presence

or absence of toluidine blue 0.

These results show that carotenoids carry out the

protective mechanism against photodynamic killing only in

the presence of toluidine blue 0. C. poinsettiae does not

contain an endogenous photosensitizer which is one of the

requirements of photodynamic action. The fact that NTG-2

was unaffected indicates that even low levels of pigments

are photoprotective and that, over the range tested,

photoprotection is not proportional to pigment

concentration.

If the protein associated with the pigment is

functional and the site of photodynamic killing, then it is

reasonable to assume that antibody against the protein would

inhibit its function and affect the sensitivity of pigmented
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cells to white light. However, when wild type cells were

grown in the presence of antibody specific for the pigment

associated protein, no effect could be seen on growth (Fig.

18). Similarly, when wild type cells, in the presence of

antibody, were exposed to intense white light, there was no

evidence of photokilling (Fig. 19). A possible explanation

for these results is that the presence of the cell wall

prevented the binding of the antibody to the protein. To

test this, wild type cell walls were partially digested with

lysozyme to give spheroplasts. These cells, although

showing some lysis due to osmotic rupture, showed good

survival (Fig. 22). When cells so treated were treated for

their sensitivity to white light, no increase in sensitivity

could be detected (Fig. 22 and 23).

An attempt to see if the antibody binds to whole cells

of C. poinsettiae or fragments of cells was carried out

using immunofluorescence. The results were inconclusive.

Whole cells did not appear to bind any labeled antibody. A

positive control using spheroplasts disrupted by sonication

to expose the inner membrane, fluoresced in the presence of

specific antibody but not more than a negative control with

normal serum. More sensitive techniques, for example use of

colloidal gold labeled antibody and detection by electron

microscopy, would have to be used to demonstrate binding.

It was observed that when the colorless mutant (NTG-1),

was exposed to light at cell concentration of 10" cells/ml
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(the concentration used to prepare spheroplasts), the cells

were not sensitive to white light (Fig. 24). However, when

the cell concentration was diluted to 108 cells/ml, the

colorless mutant was sensitive to white light as evidenced

by about a 3.0 log reduction in viable cells (Fig. 25). The

results indicate that cells at high concentration shield

each other from the photodynamic effect of white light.

In conclusion, we have shown that: (1) the absence of

pigment does not affect cell morphology or growth, (2) even

low levels of pigment (as much as 14% of wild type, Table 2)

are photoprotective, and (3) high densities of cells protect

against photodynamic killing. The function of the protein

moiety of the pigment-protein remains unknown. From this

and previous work in this laboratory, it has been shown that

the protein moiety is essential for pigment stability and is

found in membranes of both pigmented and pigment-less cells.

Indeed, no mutants have been found which lack this protein,

indicating the protein is essential and any mutants in which

its synthesis is blocked are lethal. Since the pigment

associated protein is an intrinsic one, its role may be that

of maintaining membrane stability as well as pigment

stability and that the pigment incidentally protects by

shading photosensitive sites. Whether or not pigmented

cells in the natural state have a survival advantage is

unknown. With C. poinsettiae , a plant pathogen, this may

be the case since the cells would be exposed to direct
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sunlight. However, in the laboratory, the addition of a

photosensitizer is essential for photokilling of colorless

mutants. Presumably, photosensitizers could occur in the

natural environment, although this has not been demonstrated

directly.

Reactive oxygen species (superoxide anion, hydroxyl

radicals, and hydrogen peroxide) which can be formed by the

interaction of light and photosensitizers, are known to

interact with nucleic acids, lipids, and proteins and may be

cytotoxic or genotoxic (1). Hydroxyl radicals cause breaks

in one or both strands of DNA, chemically alter bases and

cause the removal of bases. We attempted to demonstrate DNA

as the site of photokilling by looking for revertants of

colorless mutants to pigmented cells after exposure of cells

to white light in the presence of toluidine blue 0 (data not

reported). No revertants were found. Also, when UV light

was used, no revertantr were found, indicating the mutation

to give pigment-less cells is not a point mutation. In

order to demonstrate the chromosome as the site of

photokilling, a potentially useful line of research would be

to look for reversion of auxotrophic mutants.

Membrane damage is still an alternate explanation for

photokilling. In yeast, it has been shown that toluidine

blue 0 does not penetrate beyond the cell membrane until

after death and that singlet oxygen is produced in its

presence when exposed to white light (36).
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The results reported here still leave the question of

the site of damage and the mechanism of photoprotection in

C. poinsettiae unresolved. Future research in this area

should focus on genetic changes, as indicated above, or on

metabolic changes occurring during photokilling.
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Fig. 1. A. Growth curve of wild type streptomycin resistant
strain of C. poinsettiae (wt-str). B. Growth
curve of nitrosoguanidine mutant 1 (NTG-1). Non-
linear points were deleted. Fifty mIs. of half
strength trypticase soy broth were inoculated
with 0.5 ml of culture adjusted at 0.3 optical
density.
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Fig. 2. A. Growth curve of nitrosoguanidine mutant 2 (NTG-
2). B. Growth curve of nitrosoguanidine mutant 3
(NTG-3) . Non-linear points were deleted. Fifty
mls of half strength trypticase soy broth were
inoculated with 0.5 ml of culture adjusted at 0.3
optical density.
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Fig. 3. A. Growth curve of nitrosoguanidine mutant 4 (NTG-
4). B. Growth curve of novobiocin mutant (NB).
Non-linear points were deleted. Fifty mls of
half strength trypticase soy broth were
inoculated with 0.5 ml culture adjusted at 0.3
optical density.
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Fig. 4. A. Growth curve of coumermycin Al mutant (CM). B.
Growth curve of enoxacin mutant (EX). Non-linear
points were deleted. Fifty mIs of half strength
trypticase soy broth were inoculated with 0.5 ml
culture adjusted at 0.3 optical density.
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Fig. 5. A. Growth curve of oxolinic acid mutant (OA). B.
Growth curve of CI-934 mutant 1 (CI-1). Non-
linear points were deleted. Fifty mls of half
strength trypticase soy broth were inoculated
with 0.5 ml culture adjusted at 0.3 optical
density.
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Fig. 6. A. Growth curve of CI-934 mutant 2 (CI-2). B.
Growth curve of CI-934 mutant 3 (CI-3). Non-
linear points were deleted. Fifty mis of half
strength trypticase soy broth were inoculated
with 0.5 ml culture adjusted at 0.3 optical
density.
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Fig. 1. A. Absorption spectrum of wild type (wt). B.
Absorption spectrum of mutant 2 (NTG-2). Pigment
was extracted with methanol, saponified with
potassium hydroxide, and extracted with petroleum
ether. Petroleum ether was evaporated and the
pigment was dissolved in 1.0 ml of petroleum
ether again and scanned between 320 nm and 600 nm
using petroleum ether as a blank.
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Fig. 2. A. Absorption spectrum of wild type streptomycin
resistant strain (wt-strr). B. Absorption
spectrum of novobiocin mutant (NB). Pigments
were treated as described in Fig. 1.
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Fig. 3. A. Absorption spectrum of coumermycin Al mutant
(CM). B. Absorption spectrum of enoxacin mutant
(EX). Pigments were treated as described in Fig.
1.
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Fig. 4. A. Absorption spectrum of oxolinic acid mutant (OA).
B. Absorption spectrum of CI-934 mutant 1 (CI-1).
Pigments were treated as described in Fig. 1.
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Fig. 5. A. Absorption spectrum of CI-934 mutant 2 (CI-2).
B. Absorption spectrum of CI-934 mutant 3 (CI-3).
Pigments were treated as described in Fig. 1.
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