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Abstract:
A crude cell wall fraction of Listeria monocytogenes (LCWF) and a purified fraction (PF), prepared
from LCWF by nuclease and protease digestion, have a broad range of bio-logical activities while a
third fraction of base hydrolyzed PF (BHPF) retains only a limited number of biological activities. The
cell wall fractions are chemically uncharacterized. The cell wall polysaccharides of Listeria are of
uncertain nature. Chemical constituents of cell wall fractions were analyzed by thin layer
chromatography, gas liquid chromatography, amino acid analysis and colorimetric analytical methods.
Amphiphilic molecules were extracted from LCWF by phenol-water partition. Remaining cell walls
were extracted with base and trichloroacetic acid for cell wall linked polysaccharides. Polysaccharides
were isolated and purified by gel filtration and ion exchange chromatography, and analyzed by thin
layer chromatography, gas liquid chromatography, nuclear magnetic resonance spectroscopy and
colorimetric analytical methods. LCWF contained amino acids, sugars and lipids. PF also had sugars
and lipids, but differed from LCWF because only peptidoglycan amino acids were found. BHPF was
depleted in lipid, contained only peptidoglycan amino acids and had large quantities of sugars. A
lipoteichoic acid (LTA) with glucose, galactose, fatty acids, glycerol and phosphate in respective molar
ratios to phosphate of 0.06, 0.08, 0.17, 0.94 and 1.0 was isolated. LTA was structural type 1 and
contained 19±2 1,3 phosphodiester linked glycerols per chain. Galactose disaccharide glycosyl
substitution occurred about once per chain. The LTA lipid moiety was a glycolipid containing fatty
acids, galactose, glucose and glycerol in respective molar ratios of 2:1:1:1, and may have been a
phosphoglycolipid. A teichoic acid (TA) containing N-acety1 glucosamine, ribitol, rhamnose and
phosphate with respective molar ratios to phosphate of 0.5, 0.5, 0.9 and 1.0 was isolated. TA contained
a glycoside with rhamnose and ribitol in 2:1 molar ratio. A tentative structure for TA was proposed, but
structural detail remains to be determined. Listeria cell wall fractions had biochemical differences
reflecting differences in biological activity. Listeria contained teichoic acids typical of gram positive
bacteria. 
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One of the facts hewn to by science is that every river needs more people, and all people 
need more inventions, and hence more science; the good life depends on the indefinite 
extension of this chain of logic. That the good life on any river may likewise depend on 
the perception of its music, and the preservation o f some music to perceive, is a form 
of doubt not yet entertained by science.

Aldo Leopold

. for a man is rich in proportion to the number of things which he can afford to let alone.

Henry David Thoreau

Awake, my sleeper, to the sun,
A worker in the morning town,
And leave the poppied pickthank where he lies; 
The fences of the light are down.
All but the briskest riders thrown,
And worlds hang on the trees.

Dylan Thomas
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ABSTRACT

A crude cell wall fraction of Listeria monocytogenes (LCWF) and a purified fraction 
(PF), prepared, from LCWF by nuclease and protease digestion, have a broad range of bio
logical activities while a third fraction of base hydrolyzed PF (BHPF) retains only a limited 
number of biological activities. The cell wall fractions are chemically uncharacterized. The 
cell wall polysaccharides of Listeria are of uncertain nature. Chemical constituents of cell 
wall fractions were analyzed by thin layer chromatography, gas liquid chromatography, 
amino acid analysis and colorimetric analytical methods. Amphiphilic molecules were 
extracted from LCWF by phenol-water partition. Remaining cell walls were extracted with 
base and trichloroacetic acid for cell wall linked polysaccharides. Polysaccharides were 
isolated and purified by gel filtration and ion exchange chromatography, and analyzed by 
thin layer chromatography, gas liquid chromatography, nuclear magnetic resonance spec
troscopy and colorimetric analytical methods. LCWF contained amino acids, sugars and 
lipids. PF also had sugars and lipids, but differed from LCWF because only peptidoglycan 
amino acids were found. BHPF was depleted in lipid, contained only peptidoglycan amino 
acids and had large quantities of sugars. A lipoteichoic acid (LTA) with glucose, galactose, 
fatty acids, glycerol and phosphate in respective molar ratios to phosphate of 0.06, 0.08, 
0.17, 0.94 and 1.0 was isolated. LTA was structural type I and contained 19±2 1,3 
phosphodiester linked glycerols per chain. Galactose disaccharide glycosyl substitution 
occurred about once per chain. The LTA lipid moiety was a glycolipid containing fatty 
acids, galactose, glucose and glycerol in respective molar ratios of 2 :1 :1:1, and may have 
been a phosphoglycolipid. A teichoic acid (TA) containing N-acetyl glucosamine, ribitol, 
rhamnose and phosphate with respective molar ratios to phosphate of 0.5, 0.5, 0.9 and 1.0 
was isolated. TA contained a glycoside with rhamnose and ribitol in 2:1 molar ratio. A 
tentative structure for TA was proposed, but structural detail remains to be determined. 
Listeria cell wall fractions had biochemical differences reflecting differences in biological 
activity. Listeria contained teichoic acids typical.of gram positive bacteria.
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INTRODUCTION .
'

Listeria monocytogenes was first described in detail by Murray et al. [ I ] as the etio- 

logic agent of an epidemic disease in an animal colony used for bio-medical research. The 

intervening half century has seen much effort devoted to understanding listeric infections 

and the nature of Listeria pathogenesis. In spite of the effort, many aspects o f this interest

ing bacteria are incompletely understood or unknown.

Listeria monocytogenes is a gram positive, non-acid fast, non-spore forming, dipther- 

oid-like bacillus of widespread geographical and environmental occurrence [2]. Listeria 

has been isolated from streams, mud, dust, sewage, silage, plants, slaughterhouse waste, 

ticks, flies, crustaceans, fish, birds and over forty species of mammals including humans 

[2,3,4]. Reflecting such an ubiquitous presence, Listeria is also pathogenic for a wide 

range of mammals. It can be an important pathogen in wild populations [3 ], is an econom

ically significant pathogen in domestic livestock [2] and is an opportunistic pathogen for 

humans [2].

At an early stage clinicians recognized that the elderly, pregnant women and newborn 

infants were more susceptible to Listeria infection than other population groups [2,5]. In 

France and South Africa neonatal listeriosis is still the most common form of infection, 

and the incidence of infection is increasing [5 ]. In other parts of the world the distribution 

and incidence of Listeria infection has changed dramatically over the past twenty years. 

Although the elderly, pregnant women and neonates are still high risk groups, other popu

lation groups have surpassed them in the incidence of listeriosis within the United States 

and in Sweden [5].
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Louria et al. [6] first associated listeriosis with malignant disease. The advent of 

aggressive chemotherapy and radiation therapy has prolonged survival of individuals with 

malignant disease [7 ]. The incidence of listeriosis in cancer patients has increased in paral

lel with prolonged survival [5 ,7]. In one study [8 ], the incidence of listeriosis increased 

while the incidence of infection by other opportunistic pathogens decreased. Organ trans

plantation, and especially kidney transplantation, has become a more common procedure 

since 1965 [7 ,9]. Listeriosis is one of the most common bacterial diseases among renal 

transplant patients, and Listeria is the most common cause of bacterial meningitis in this 

patient group [7 ,9]. Such forms of listeriosis as cerebritis and endocaritis were once 

thought to be extremely rare, but they now appear to be increasing in frequency [7]. 

Listeria meningitis, except in selected groups, has historically been considered quite rare 

[5 ]. In New York, Listeria meningitis is the second most common gram positive bacterial 

meningitis, is only slightly less common than Neisseria meningitis and has an overall 

mortality rate of 62 percent (%) [5]. Listeria has come to be recognized as a much more 

important bacterial pathogen than had previously been believed [5,7,8,9].

Listeria is a facultative intracellular pathogen capable of living and multiplying within 

phagocytic cells [10]. It is similar to such diverse bacteria as Mycobacterium species, 

Salmonella species and Brucella abortus in this regard [10]. Specific resistance to such 

intracellular pathogenic bacteria as Listeria is a cell-mediated process [11,12] in which 

humoral responses do not seem to play a major role [10]. Attempts to prevent listeric 

infection by development of killed cell vaccines have not met with high success [13,14, 

15,16]. No ready means appear extant to protect high risk patients from listeric infection 

which is in sharp contrast to successful vaccines available against other pathogenic bacteria.
■ i ■

One of the hallmarks o f listeric infection, which occurs in many but not all host 

species [2 ], is an increase in the number o f monocytes in the peripheral circulation [1,2]; 

a monocytosis. Hence the species designation. Isolation of the monocytosis producing
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agent (MPA) in a lipid-polysaccharide complex by Stanley [17] was the first indication 

that extractable entities in the Listeria cell might play a role in pathogenesis. MPA was also 

found in lipid extracts [18,19,20,21,22] which prompted studies of the lipid composition 

of Listeria. Fatty acids of Listeria are typical of gram positive bacteria [23,24], and no 

unusual phospholipids [25] or glycolipids [22,25,26] are present. MPA is extractable in 

aqueous solvents [27,28], and is present in a high molecular weight polysaccharide frac

tion which resembles an amphiphile and contains lipid and phosphate [28]. MPA remains 

incompletely characterized. Some extracts of MPA decrease host antibody formation 

against foreign antigens [20,21,29], but the immunosuppressive activity is distinct from 

MPA [28]. The immunosuppressive agent has not been identified.

Most bacteria contain high molecular weight amphiphiles at or near the cell surface, 

and the type of amphiphile present is characteristic o f the major groups of bacteria [30,31, 

32]. Lipopolysaccharides (LPS) are the major outer membrane amphiphiles of the gram 

negative bacteria [30,32]. The gram positive bacteria have lipoteichoic acids (LTA) which 

are structurally distinct from LPS [31,32]. Both LPS and LTA have biological activities 

which are unique to the particular amphiphile class [32]. LPS contains several compounds 

which serve as biochemical markers for presumptive identification of LPS. The markers of 

LPS include hydroxy fatty acids, heptose and 2-keto-3-deoxyoctanoic acid [30,32].

A cell surface component from Listeria has many of the biological activities of classi

cal lipopolysaccharide endotoxins [33,34,35,36], but contains none o f the biochemical 

markers associated with LPS [37]. Others [38,39,40,41,42] have extracted from Listeria 

an endotoxin-like component which has both the biochemical markers and many of the 

biological activities of LPS. Glycerol lipoteichoic acids act as heterdphile antigens in the 

gram positive bacteria [43]. Listeria cross reacts with antibody prepared against glycerol 

teichoic acid [44]. Extracts from Listeria absorb anti-LTA antibody prepared against LTA 

of Lactobacillus fermenti [45]. Teichoic acids were not detected in a chemical examination
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of Listeria cell walls [46]. The identity and nature of the major amphiphiles of Listeria 

seems uncertain while it is clear that they possess biologic activities which may play an 

important role in Listeria pathogenesis.

The cell wall or peptidoglycan of Listeria contains biochemical components character

istic of bacterial cell walls [46,47,48,49], exhibits turnover typical of gram positive bac

terial peptidoglycans in general [SO], and has a structure that does not appear to be 

unusual [51]. The Listeria cell wall does exhibit a wide range of biologic activities in spite 

of the apparent mundane biochemical nature.

A crude Listeria cell wall fraction .(LCWF) acts.as a mitogen [52], as a polyclonal B 

cell mitogen [52] and as an immunologic adjuvant [53,54,55]. LCWF can activate comple

ment by the alternative pathway [56], and can induce macrophages to become tumoricidal 

[57]. Also, LCWF can increase resistance to bacterial infection [15,57]. LCWF must be 

administered to test animals more than five days before challenge of the test animals with 

viable bacteria for the increased resistance to be manifested [15]. However, if LCWF is 

given five days or less before or accompanying challenge of test animals with viable bac

teria there is a decrease in resistance to bacterial infection [56,57]. A purified Listeria cell 

wall fraction (PF), which is prepared from LCWF by treatment with proteases and 

nucleases [56], retains all of the biological activities associated with the crude cell wall 

fraction [56,57,58,59]. The ostensible loss of protein and nucleic acids in the preparation 

of PF would seem to preclude the role of such constituents in the biological activities. If 

PF is hydrolyzed under mild basic conditions, the resulting cell wall fraction (BHPF) looses 

all activities except the ability to induce tumoricidal activity and the ability to decrease 

resistance to bacterial infection [57]. Material lost in the preparation of BHPF seems to be 

responsible for the bulk of the biological activities while BHPF itself retains other proper

ties of equal or greater importance qnd interest.
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Summary of the Problem

Listeria monocytogenes is set apart from other common bacterial pathogens because 

it can survive and grow within phagocytic cells. Listeria is an important pathogen for 

humans and no methods are available to prevent listeric infections in high risk patients. A 

variety of extracts obtained from Listeria display biological activities yet the natures and 

identities of the active components remain unknown. The nature o f the cell wall amphi- 

philes is unclear, but they have activities of interest and importance. Cell wall fractions of 

Listeria display biological activities which may play a role in the pathogenesis of Listeria. 

Further, the loss of activities in the preparation of one cell wall fraction from another 

suggests that many of the observed activities may be attributable to particular compounds 

or compound classes. Biochemical characterization of the active cell wall fractions, how

ever, does not exist.

Statement of the Objective

The objective of the research described in this thesis is to provide answers to two 

questions.

1. Are there biochemical differences among the biologically active cell wall fractions 

of Listeria monocytogenes which reflect differences in biological activity?

2. Are teichoic acids present in the cell wall of Listeria monocytogenes!
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EXPERIMENTAL PROCEDURE 

Bacteria and Cell Wall Fractions

Cells o f a virulent strain of Listeria monocytogenes serotype I were used uniformly 

throughout the course of the research described. The Listeria cell wall fractions were a 

gift from Priscilla A. Campbell and two of the fractions (LCWF and PF) were prepared in 

her laboratory. The crude cell wall fraction (LCWF) was composed of sonically disrupted, 

washed cells which contained no viable organisms [15] . A purified fraction (PF) was pre

pared from LCWF by digestion with nucleases and proteases [56]. A third cell wall frac

tion of base hydrolyzed PF (BHPF) was prepared by hydrolysis of PF in 0.1 M ethanolic 

NaOH for 30 min at ambient temperature [57]. Insoluble material was removed by. centri

fugation at 23,300 xg for 15 min at 4°C. The pellet (BHPF) was washed five times with 

distilled water, lyophilized and stored at -2 0 °C until use. The supernatant liquid was 

examined for lipids as described in the lipid analysis section of the experimental pro

cedures. Figure I outlines the preparation of the cell wall fractions.

Lipoteichoic Acid Extraction

Lipoteichoic (LTA) was extracted from the crude Listeria cell wall fraction (LCWF) 

and Figure 2 outlines the LTA extraction and isolation scheme. Multiple samples of 

LCWF were suspended in chloroform-methanol (2:1 v/v) at a mass to volume ratio of 

1:20 [60]. The slurries were stirred at ambient temperature for 2h and filtered through 

Whatman GF/C glass microfibre filters (1.2 jumeter pore size) (Whatman, Ltd., England) in 

coarse scintered glass funnels. Insoluble material was suspended in a second volume of 

chloroform-methanol (2 :1 v/v) and extracted a second time in the same manner. Pooled



LCWF (Listeria Cell Wall Fraction) 
sonically disrupted, killed, washed cells

nuclease and protease digestion

▼
PF (Purified Fraction)

0.1 M ethanolic NaOH, 30 min, R.T.

▼
BHPF (Base Hydrolyzed Purified Fraction)

Figure I. Preparation of Listeria Cell Wall Fraction.
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LCWF

chloroform-methanol (2 :1 v/v) 
extraction x2 Lipids

V
Residual 
Cell Walls

45% Aqueous Phenol, 65°C

T
Residual 
Cell Walls 
(saved for later 
extraction of 
Teichoic Acids)

* Analyzed for
1. Phosphate
2. Glycerol
3. Sugars
4. Amino Acids
5. Nucleic Acid

Aqueous Phase 
""Crude Lipoteichoic Acid

Dialysis,
Gel filtration on 
Sepharase 6B

v
""Lipoteichoic Acid

Ion exchange 
chromatography 
on DEAE-Sephadex 
A-25

Y
"tLipoteichoic Acid

Figure 2. Lipoteichoic acid extraction and isolation.
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organic extracts were reduced in volume on a rotary evaporator, transferred to vials, swept 

with nitrogen and stored at -20° C. The remaining insoluble cell wall material was trans

ferred to preweighed 50 ml beakers, dried at ambient temperature for 24h and weighed.

LTA was extracted from the lipid depleted cell walls in hot aqueous phenol [41]. Cell 

wall samples were suspended in distilled water and warmed to 65° C in a water bath. An 

equal volume of hot (65°C) 90% aqueous phenol (J. T. Baker Chemical Co., Phillipsburg, 

NI) was added to give a final mass to volume ratio of 1:50 and a final phenol concentra

tion of 45%. The mixture was shaken for 8 min at 65°C and then centrifuged at 10,000 xg 

for 30 min at 4° C to separate the phases. The aqueous phases were removed and dialyzed 

in membrane tubing with a molecular weight cut off o f approximately 3,500 (Spectrapor 3, 

Spectrum Medical Industries, Inc., Los Angeles, CA) for 24h against four 4 liter volumes 

of 3 mM NaN3 in distilled water. Dialyzates were reduced in volume on a rotary evapora

tor, transferred to 13X100 mm screw cap tubes and lyophilized.

Lipoteichoic Acid Isolation

Lyophilized dialyzates of the crude phenol extracts were dissolved in distilled water 

(50 mg/ml), applied in 0.5 ml volumes to a 0.7 cm X 115 cm column of Sephanose 6B, and 

eluted with 0.1 M ammonium acetate (pH 6.8) which was also 3 mM in NaN3 (Buffer A).
I

Fractions of 1.0 ml were collected and analyzed for phosphate, total neutral sugars and 

absorbance at 260 nm. Tubes under the major peaks were pooled, reduced in volume and 

applied again to the same Sepharose 6B column. Fractions thus isolated by gel filtration 

were partitioned against three volumes of chloroform-methanol (2:1 v/v), dialyzed, lyoph

ilized and weighted. The. LTA fractions were dissolved in distilled water (10 mg/ml) and 

then analyzed for phosphate, glycerol, neutral sugars, amino sugars, amino acids, fatty 

acids, protein and nucleic acids.
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LTA was also purified further by ion exchange chromatography [61]. LTA was 

eluted with distilled water from a 0.7 cm X 50 cm column of. Sephadex G-IO to remove 

salts. Dried LTA was dissolved in 1.0 ml of 0.01 M Tris buffer (pH 8.0) (Sigma Chemical 

Co., St. Louis, MO) containing 0.2% Triton X-100 (Sigma) (Buffer B). The samples were 

applied to a 0.9 cm X 10 cm column of DEAE-Sephadex A25 (Pharmacia) previously 

equilibrated with buffer B. The column was eluted with a linear gradient of NaCl from 

0 to 1.0 M in 200 ml of buffer B. Fractions of 1.0 ml were collected and every third tube 

was analyzed for phosphate. Tubes under the major peak were collected, reduced in 

volume and dialyzed as previously described. Dialyzates were reduced in volume to about 5 

ml oh a rotary evaporator using one drop of octanol as a surfactant and were then ex

tracted ten times with 15 ml volumes of chloroform to remove detergent. The purified 

LTA was reduced in volume under nitrogen sweep at 40° C, lyophilized and analyzed for 

chemical constituents.

Lipoteichoic Acid Deacylation

Partial deactylation of LTA was done by the methods described by Wicken et al. [62]. 

Samples of LTA were dissolved in distilled water (I volume), warmed to 37°C and mixed 

with 10 volumes of 0.2 M methanolic KOH also at 37°C. The solutions were held at 37°C 

for 15 min in a water bath, chilled on ice, diluted with water and passed over a column of 

Dowex 50 8-X (H+ form) (Sigma). The acidic eluents were, extracted three, times with 

chloroform, and the pooled organic extracts were analyzed for fatty acids. The aqueous 

phases were neutralized with 1.0 M NH4OH and reduced in volume on a rotary evaporator. 

Concentrated deacylated lipoteichoic acid (dLTA) was analyzed by gel filtration chroma

tography as described in the lipoteichoic acid isolation section. The major phosphate peak 

was collected, treated as previously described, and analyzed for chemical constituents.
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An alternative mild deacylation procedure was incubation of LTA at ambient temper

atures for 16h in a mixture o f LTA in water (I volume) and concentrated NH4OH (2 

volumes). Ammonium hydroxide w&s reproved on a rotary evaporator and fatty acids were 

extracted with chloroform following acidification as described above.

Gel Filtration in Detergent Buffers

LTA in 0.5 ml of buffer A was applied to a 0.7 cm X 25 cm column of Sepharose 6B 

previously equilibrated with buffer A. The sample was eluted with buffer A. Fractions of

1.0 ml were collected and analyzed for phosphate to determine the elution volume of the 

LTA. Tubes under the phosphate peak were pooled, reduced in volume and desalted on a 

Sephadex G-IO column. The desalted material was reduced in volume under nitrogen sweep 

at 40° C. The Sepharose 6B column was then equilibrated with five column volumes of

0.2% Triton X-100 in buffer A. The LTA sample was dissolved in 0.5 ml of the same 

detergent buffer, applied to the column and eluted with the detergent buffer. Fractions of

1.0 ml were collected and analyzed for phosphate. The experiment was then repeated 

using 0.5% Triton X-100 in buffer A as the eluting solvent.

Immunological Methods

Passive hemagglutination (HA) and hemagglutination inhibition (HAI) assays were 

conducted as described by Antonissen et al. [45]. The LTA from Lactobacillus fermenti 

used in these experiments was a gift from Dr. Anthony J. Wicken (University of New 

South Wales, Kensington, NSW, Australia) and is described elsewhere [62]. The rabbit 

anti-LTA serum employed in the HA and HAI assays was a gift from Dr. Robert W. Jack- 

son (Southern Illinois University, Carbondale, IL). The antiserum was prepared against the 

polyglycerol phosphate moieties of LTA from Streptococcus pyogenes [63,64], and was 

heat inactivated and filter sterilized (R. W. Jackson, personal communication). Sheep red
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blood cells (SRBC) (Colorado Serum Co., Denver, CO) were obtained from Dr. Norman D. 

Reed (Montana State University) and normal rabbit serum was a gift from Dr. James E. 

Cutler (Montana State University). Microtiter plates with U-shaped wells (Dynatech 

Laboratories, Inc., Alexandria, VA) were used throughout.

SRBCs were washed three times with veronal buffered saline (VBS) (0.01 M sodium 

diethylbarbiturate in 0.14 M-NaCl, pH 7.28) and mixed with Listeria LTA ox Lactobacil

lus LTA to give final concentrations' of 10% (v/v) cells in 1.0, 0.1, 0.01 and 0.001 mg LTA/ 

ml 10% cells respectively. After incubation for 30 min at 37°C the respective cell prepa

rations were washed three times with VBS and each preparation was adjusted to a concen- 
'

!ration of 1% (v/v) in VBS- Control cells were treated in an identical manner with the 

omission of lipoteichoic acid.

For HA assays a 2 fold serial dilution of 0.05 ml anti-LTA serum or normal rabbit 

serum in VBS was prepared for each line of wells. The last well of each line received 

0.05 ml of VBS only. To all wells of each line 0.05 ml of 1% LTA-coated or control 

treated SRBCs were added. The plates were shaken gently and the cells were allowed to 

settle for 4 to 6h at ambient temperature. The HA titer was read as the -Iog2 of the last 

serum dilution causing complete hemagglutination.

In the HAI assay, a 2 fold serial dilution of 0.04 ml of each test material was prepared 

in VBS for each line of wells. The last well of each line received VBS only. Listeria LTA, 

Listeria dLTA and phenol extract fraction 3 were tested at starting concentration of 

100 jug, 10 Mg, I Mg and 0.1 Mg/well respectively. After the addition of 0.04 ml of 1:120 

diluted anti-LTA serum or normal rabbit serum to each well, the plates were gently shaken 

and incubated Ih at 37°C. To each well was added 0.08 ml of 1% (v/v) SRBCs coated with 

Lactobacillus LTA (I mg/ml 10% SRBC) or control treated cells-. The cells were allowed to 

settle 4 to 6h at ambient temperature, and the minimal concentration o f test substance 

causing complete inhibition of hemagglutination was read.
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Teichoic Acid Extraction

Cell wall material remaining after phenol extraction was washed five times in 95% 

ethanol followed by five washes with distilled water. The residual cell wall material was 

dried, weighed and teichoic acids (TA) were extracted by two separate methods [65].

Cell wall material was suspended in 0.5 M NaOH with a mass to volume ratio of 1:80. 

The suspension was stirred for 4h at ambient temperature. The supernatant was removed 

after centrifugation (10,000 xg, 30 min, 4°C) and neutralized with 0.5 M HC1. The neutral

ized crude base extract was then dialyzed in membrane tubing with a molecular weight cut 

off of approximately 3,500 (Spectropor 3, Spectrum Med. Ind.) for 24h against four 

4 liter volumes of 3 mM NaN in distilled water. Dialyzates were reduced in volume on a 

rotary evaporator, transferred to 13X100 mm screw cap tubes and lyophilized.

For the second extraction method, cell wall material was suspended in 10% (w/v) 

aqueous trichloroacetic acid at a mass to volume ratio of 1:20 and was stirred at 4° C for 

24h. After centrifugation (10,000 xg, 30 min, 4°C), the supernatant solution was mixed 

with five volumes of cold (-20° C) 95% ethanol and kept at -2 0 °C for 16h. The cell wall 

residue was extracted with a second volume of trichloroacetic acid at 4° C for 48h and 

the supernatant solution was treated as before. The ethanol precipitates were recovered by 

centrifugation (20,000 xg, 30 min, -2 0 °C), combined and dissolved in 5 ml of cold (4°C) 

10% trichloroacetic acid. Insoluble material was removed by centrifugation (10,000 xg, 30 

min, 4°C) and 25 ml of cold (-20°C) 95% ethanol was added to reprecipitate teichoic acid 

which was recovered by centrifugation and washed with alcohol and then ether. The 

alcohol-trichloroacetic acid solutions from the precipitation steps were combined, neu

tralized with 10 M NaOH, reduced in volume on a rotary evaporator and dialyzed as 

described above to give an additional teichoic acid preparation. The dialyzates were re

duced in volume and dried under nitrogen sweep.
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Teichoic Acid Isolation

After the initial extraction procedures all TA samples were treated in an identical 

manner. Dried TA extracts were dissolved in distilled water (50 mg/ml), applied in 0.5 ml 

volumes to a 0.7 cm X 120 cm column of Sephacryl S-200 and eluted with buffer A. 

Fractions of 1,0 ml were collected and analyzed for phosphate and absorbance at 260 nm. 

Tubes under the major peak were pooled, reduced in volume and dialyzed as described in 

the TA extraction section. Pooled, lyophilized dialyzates were analyzed for chemical 

constituents. Samples of TA were also applied to 0.7 X 115 cm columns of Sepharose 6B 

and Sephadex G-50 and treated as described above.

TA extracts were further purified by ion exchange chromatography [65] Samples 

of TA containing approximately 100 pmoles of phosphate in 1.0 ml of distilled water were 

applied to a 0.9 cm X 10 cm column of DEAE-Sephadex At25. The column was eluted 

with a linear gradient of LiCl from 0 to 0.7 M in 100 ml of distilled water. Fractions of

1.0 ml were collected and every third tube was analyzed for phosphate and sugars. Tubes 

under the major peak were pooled, dialyzed as described above, reduced in volume and 

lyophilized. Lyophilized material was weighed, dissolved in distilled water (50 mg/ml) and 

analyzed for chemical constituents.

Structure Evaluation Methods

Partial Hydrolysis

Several structural types have been described for lipoteichoic and teichoic acids! The 

fragmentation patterns produced under both acidic and basic hydrolysis conditions provide 

information about structure [65]. Samples of LTA and TA containing 0.5 mg to 2 mg of 

material (2.5 to 5 /amoles phosphate) were dried under nitrogen sweep at 50°C in the bot

tom centimeter of a 5.0 mm O.D. glass tube. The tubes were sealed after addition of 100 pi
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of either 1.0 M HCl or 1.0 M NaOH to the respective samples. Hydrolysis for 3h was done 

either at IOO0C in a sand bath or at 95°C in a boiling water bath.

Acid hydrolyzates were treated in two ways. For both methods the hydrolyzates were 

transferred to vials with several distilled water washes. In the first method acid was 

removed in an evacuated desiccator over NaOH pellets and anhydrous CaSO4 . For the 

second method the hydrolyzates were neutralized with 1.0 M NaOH and dried under nitro

gen sweep.

Base hydrolyzates were also treated in two manners. In the first, hydrolyzates were 

passed over a 1.0 ml column of Dowex-50, 8-X (H+ form), eluted with distilled water and 

dried under nitrogen. In the second, hydrolyzates were transferred to vials, neutralized 

with 1.0 M HCl and dried under nitrogen.

Thin Layer Chromatography of Partial Hydrolysis Products

Products of partial hydrolyses of LTA and TA were dissolved in 50 pi to IOOpl of 

distilled water and I pi to 5 pi volumes were spotted on 10 cm X 20 cm sheets of Baker- 

Flex Silica Gel I B (I. T. Baker Chem. Co.) 1.5 cm from the lower edge. Spotting was done 

under a stream of warm air from a hair dryer and spot diameters were held to 2 mm or less. 

Multiple sheets were spotted for each sample and both acid and base hydrolyzates were 

run concurrently on each sheet.

Standards were prepared to approximate the salt contents of hydrolyzates. Standards 

of glycerol-1-phosphate, glycerol-2-phosphate, glycerol, galactose, glucose, lactose (Sigma) 

and glycerol-1,3-diphosphate were run with LTA samples. With TA samples, ribitol, glucos

amine, rhamnose, glucosamine-1-phosphate (Sigma), ribitol-1-phosphate and 1,4-anhydro- 

ribitol were used as standards. •

TLC sheets were developed twice (16 to 18 cm) in 95% ethanol-ammonium hydrox

ide-water (6:3:1 v/v). Between developments the sheets were dried under a stream of warm



17

air. TLC sheets were also developed in n-propanol-ammoniurh hydroxide-water (6:3:1 v/v) 

[65]. Reducing substances were visualized with an alkaline silver nitrate spray [66]. 

Vicinal diols were detected with periodate benzidine [67], periodate Schiff [68] and 

alkaline permanganate [69]. Amines were detected with 0.25% ninhydrin in n-butanol. 

Phosphate esters were visualized with a modified ammonium molybdate spray [70]. Color 

development of the phosphate spray was enhanced by over spraying with a solution of 2% 

ascorbic acid in water-acetone (1:4 v/v) followed by heading at IOO0C for 5 min and a 

second light overspray of water.

Hydrolysis of Lipoteichoic Acid in Hydrofluoric Acid

Hydrofluoric acid (HF) hydrolysis was done to release glycosides and glycolipids from 

LTA [71]. Samples of LTA (5 to 25 /amoles phosphate) were dried in 1.5 ml snap cap, 

polyethylene centrifuge tubes under nitrogen at 40° C. The tubes were then cooled to 

-2 0 °C and 0.2 to 0.5 ml of cold (-20°C) concentrated (48% w/w) HF was added. Hydroly

sis was done at 2° C after which the tubes were frozen in a dry ice acetone bath. HF was 

removed in a precooled (-20°C) evacuated desiccator over NaOH pellets and anhydrous 

CaSO4 at -2 0 °C. Dried hydrolyzates were dissolved in 0.3 ml of 0.05 M NH4 OH and lipids 

were separated by partion of the aqueous phase against three 1.0 ml volumes of chloro

form-methanol (2:1 v/v) [60,71 ]. Three samples of LTA were hydrolyzed for 24, 48 and 

96 hr respectively and inorganic phosphate was measured prior to lipid extraction to 

determine the best time for hydrolysis.

Ammonia was removed from water phases under nitrogen at 40° C. Water soluble 

material was applied in 0.5 ml to a 0.7 cm X 120 cm calibrated column of Bio-Gel P-2 

and the column was eluted with 1.0 mM NaN3. One milliliter fractions were collected and 

analyzed for sugars. Tubes under the sugar peak were pooled, reduced in volume, passed 

over a 1.0 ml column of Amberlite MB-I (Sigma) and analyzed for chemical constituents.
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The organic phases were reduced in volume under nitrogen at 40° C and analyzed by 

TLC in the following solvents: (A) hexane-diethyl ether-acetic acid (85:15:1 v/v) to detect 

free fatty acids, (B) hexane-diethyl ether-acetic acid (60:40:4 v/v) for mono and diacyl 

glycerol, and (C) chloroform-acetone-methanol-acetic acid-water (80:20:10:10:4 v/v) to 

resolve glycolipids. Glycolipids were isolated by preparative TLC on analytical plates 

developed in solvent C. Methanolic KOH (0.2 M, 45°C, 2h) was used to deacylate 

gly colipids after the addition of an internal lipid standard. The solutions were diluted with 

water, adjusted to pH 2 and the fatty acids were extracted. All other conditions were as 

specified in the Lipid Analysis section. The aqueous phase was neutralized and the glyco

side was isolated as described above. .

Hydrolysis of Teichoic Acid in Hydrofluoric Acid

Hydrolysis of TA in HF was done in the same manner as that described for LTA. 

Replicate samples o f TA were hydrolyzed for varying time periods to determine the best 

hydrolysis times. After removal of HF the samples were examined as described for LTA 

on a Bio-Gel P-2 column. The fractions were analyzed for phosphate and sugars. Major 

peaks were pooled and analyzed for chemical constituents.

Base Hydrolysis of Teichoic Acid and Glycoside Isolation

Samples of TA containing 10 to 20 jumoles of sugar were dried in 13 mm X 100 mm 

screw cap tubes under nitrogen at 40°C. Samples were hydrolyzed in 0.5 ml of 1.0 M 

NaOH at 95°C in a boiling water bath for 3h [65].  Base was neutralized with 1,0 M HC1. 

Phosphate contents (organic and inorganic) were measured and aliquots were removed to 

determine the presence of free sugars by GLC. The neutralized hydrolyzates were reduced 

in volume to approximately 0.5 ml and applied to the calibrated Bio-Gel P-2 column. 

Elution conditions and fraction collection were as described previously. Fractions were 

assayed for phosphate and total sugars. Fractions under the sugar peaks which contained
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no phosphate were pooled, concentrated, passed over a mixed bed ion exchange resin and 

analyzed for chemical constituents. The balance o f the material eluting from the column 

near the void volume was pooled, concentrated and treated with a phosphomonoesterase. 

Inorganic and organic phosphate essays were done and the concentrated material was 

passed over the Bio-Gel P-2 column as described previously. Glycosides containing no 

phosphate were treated as described above and analyzed for chemical constituents. Mater

ial eluting near the Void volume was pooled and lyophilized.

Estimation of Chain Length

LTA was treated with a phosphomonoesterase, and inorganic phosphate release was 

followed with time to determine whether terminal phosphomonoesters were present. LTA 

chain length was. estimated on duplicate samples by the periodate consumption method of 

Critchley et al. [72]. LTA was dialyzed in membrane tubing with a molecular weight.cut

off of 1,000 (Spectrapor 6, Spectrum Med. Ind.) for 12h against two 4 liter volumes of 

distilled water. Dialyzed LTA containing 22 pmoles of phosphate was dissolved in 15 ml of 

distilled water in a vial wrapped with aluminum foil and 15 ml of 0.2 mM NaIO4 (J. T. 

Baker Chem. Co.) were added. The mixture was kept in the dark at room temperature. 

At intervals over a period of 40h periodate and formaldehyde contents were determined. 

Periodate consumed and formaldehyde produced were plotted against time and the curves 

were extrapolated to zero time. The values obtained from the graph, when compared to 

phosphate content, provided an estimate of chain length.

Excess periodate was destroyed with 1.0 ml of 10% NaHSO3 and the residual LTA 

from the pooled samples was dialyzed as described above. The dried dialyzate was dis

solved in 0.2 ml of distilled water in a conical bottom reaction vial. To remove terminal 

glycoaldehyde groups produced by periodate oxidation, 0.3 ml of a 1% solution of 1,1- 

dimethylhydrazine (adjusted to pH 6.0 with acetic acid) was added to the vial. The mix-
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ture was sealed with a Teflon lined cap and held at 37° C for 24h. Hydrazine was removed 

by extraction into five 2.0 ml volumes of chloroform. The water phase was passed over a 

1.0 ml column of Dowex-50 8-X (H+ form) and the column effluent was dialyzed as 

described above. The dialyzate was dried, dissolved in buffer and treated with a phospho- 

monoesterase. Comparison of the amount of inorganic phosphate released by the enzyme 

to the total phosphate provided an estimate of chain length.

TA chain length was estimated by treatment with a phosphomonoesterase. As with 

LTA, the inorganic phosphate released from terminal phosphates of TA by the enzyme 

was compared to total phosphate content. The experiment was repeated four times.

TA chain length was also estimated by titration of the primary and secondary acidic 

groups [65,73]. TA containing 166 moles of phosphate was dissolved in 4.0 ml of 2.0 N 

NH4OH and the solution was dried under nitrogen sweep at 40° C. Dried TA was dis

solved in 5.0 ml of distilled water and passed over a 3.0 ml column of Dowex-50 8-X 

(H+ form). The column was washed with 10 ml of distilled water. The eluate and wash

ings were combined and adjusted to 20 ml with distilled water. The TA solution was 

titrated using a microburet with 0.097 M carbonate free NaOH which had been stand

ardized by titrating a potassium acid phthalate primary standard to a phenophthalein end 

point. A plot of ApH/AV against V, where V was the volume of base used, gave a measure 

of the points of neutralization of the primary and secondary acidic groups. Comparison 

of the number of primary and secondary acidic groups gave an estimate of chain length.

Nuclear Magnetic Resonance Spectroscopy

. Natural abundance carbon-13 NMR spectra were obtained for both the lipoteichoic 

acid and teichoic acid in an effort to elucidate structure. Samples were dissolved in deuter- 

ated water at concentrations ranging from 25 to 120 mg/ml at least 24h before experimen

tal runs to insure that complete hydrogen exchange had occurred. Samples were placed in
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10 mm thin wall NMR tubes, and a sealed coaxial tube was inserted which contained tetra- 

methylsilane (TMS) in benzene. Chemical shifts of the carbons in unknown samples were 

determined relative to the external TMS standard. The broad band proton decoupled 

carbon-13 spectra at 62.83 MHz were obtained in a Fourier transform mode on a Bruker 

WM-250 MHz NMR spectrometer. The number of scans accumulated for each spectrum 

depended on the sample concentration, and was in the range o f.2,000 to 15,000 scans. 

Parameters for carbon-13 NMR are in the Appendix.

Phosphorus-31 NMR spectra were also obtained for both teichoic acids using the 

method o f Costello et al. [74]. Samples containing 50 to 200 pmoles of phosphate were 

dissolved in 2 .0 ml of 10% deuterated water which was 0.1 M in sodium (ethylene-dinitrilo) 

tetraacetate (EDTA) and pH 7.0. Solvated samples were kept at ambient temperature for 

at least 24h before the experiments were done. Chemical shifts of phosphorus in the 

unknown samples were determined relative to 85% orthophosphoric acid in a coaxial 

system. Broad band proton decoupled phosphorus-31 spectra at 101.27 MHz were obtained 

in a Fourier transform mode. From 100 to 500 scans were accumulated for each spectrum. 

The Appendix contains the phosphorus-31 NMR parameters. For the lipoteichoic acid, all 

NMR experiments were done with the high molecular weight micellar form.

General Analytical and Miscellaneous Methods 

Amino Acid and Amino Sugar Analyses

Amino acids were released from LCWF, PF, BHPF, LTA and TA samples by hydroly

sis in 6.0 M HCl for 16 to 24h at IOO0C in evacuated sealed glass ampules in a sand bath. 

Acid was removed in an evacuated desiccator over NaOH pellets and anhydrous CaSO4. 

Residual HCl was removed by adding distilled water to each sample followed by a .second 

desiccation. Hydrolyzates were then dissolved in sample buffer (0.2 N sodium citrate, 

pH 2.2). LTA and TA were also examined for ester linked amino acids by hydrolysis of
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LTA and TA samples in 0.1 ml of ,1.0 NaOH at 95°C,for 3h in sealed 5 mm O.D. glass 

tubes in a boiling water bath. After addition of an equal volume of 1.0 M HCl to neutralize 

the base, the hydrolyzates were diluted to 1.5 ml with sample buffer.

Amino sugars were released by hydrolysis of respective cell wall or teichoic acid 

samples in 0.1 ml of 4 M HCl for 4h at IOO0C in 5 mm O.D. sealed glass tubes in a sand 

bath. Hydrolyzates to be analyzed for amino sugars were neutralized with an equal volume 

of 4 M NaOH and diluted to 1.5 ml with sample buffer to avoid destruction of muramic 

acid which may occur during the drying step employed for analysis of amino acids [75]..

Amino acid and amino sugar analyses were performed on a Beckman Model 120C 

amino acid analyzer using a modification of the method of Spackman et al. [76]. Long 

column runs were programmed with a temperature change from 30 C to 55 C after 15 min 

to resolve muramic acid and glutamic acid [77]. An internal standard o f 2-amino-n-butyric 

acid (Sigma) was added to each sample. Commercial amino acid standards (Pierce Chemical 

Co., Rockford, IL) as well as standards of diaminopimelic acid, muramic acid and glucos

amine (Sigma) were prepared with the internal standard to determine relative molar 

responses. Total amino sugars were also estimated colorimetrically and identified by gas 

liquid chromatography (GLC).

Neutral Sugar Analysis

Neutral sugars were analyzed by GLC as the alditol acetates which were prepared by 

the method of Albersheim et al. [78] as modified by Griggs et al. [79]. Samples contain

ing 50 to 200 /ng of sugars were dried in an ignition tube, dissolved in LO ml of 2.0 M 

trifluoroacetic acid (TFA) and the sealed tubes were held at 120° C for Ih in a sand bath. 

TFA was removed on a rotary evaporator, the samples were dissolved in water and passed 

over a LO ml column of Dowex-50 8-X (H+ form). For some samples the ion exchange 

step was omitted to allow detection of amino sugars in the same chromatographic fun
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with neutral sugars. The column effluents were dried in vials and 1.0 ml of 1.0 mg 

NaBH4 /ml 1.0 M NH4OH was added. After I to 16h, excess NaBH4 was destroyed by 

dropwise addition of glacial acetic acid until effervescence ceased. The samples were then 

dried under nitrogen at 60°C. Benzene-methanol (1:5 v/v) (1.0 ml) containing one drop of 

acetic acid was added and after 10 min the solvents were evaporated under nitrogen at 

60°C. The wash step was repeated four times with the omission of benzene. After the 

last evaporation, 1.0 ml of acetic anhydride was added and the samples were heated at 

IOO0C for 2h. Acetic anhydride was removed by rotary evaporation at 40° C and the 

acetylated sugars were transferred to vials with three methylene chloride washes. Methyl-
. I

ene chloride was removed under nitrogen and the samples were dissolved in chloroform for 

GLC analysis.

After removal of TFA from LTA and TA hydrolyzates, assays of total and inorganic 

phosphate were done. Samples which contained organic phosphate were treated with a 

phosphomonoesterase until greater than 95% of the phosphate was present as inorganic 

phosphate. The samples were then passed over a mixed bed ion exchange resin (1.0 ml of 

Amberlite MB-I, Sigma), reduced and acetylated as described above.

For conventional analysis of sugars, the hydrolysis, reduction and acetylation steps 

were done in sequence. Structural information was gained by altering the sequence or 

omitting steps. Reversing the sequence of the hydrolysis and reduction steps provided 

information about the sugars, if any, that were, present at the reducing end of an oligo- 

or polysaccharide. Omitting the reduction step allowed detection of naturally occurring 

alditols.

Inositol (Sigma) was the internal standard in all cases. Standards containing glycerol, 

2-deoxyribose, ribose, ribitol, rhamnose, glucose, a-methylglucose, 0-methylglucose, galac

tose, mannose, glucosamine, galactosamine, D-glucohepdose, a-mannoheptitol, 2-keto-3- 

deoxyoctonate (Sigma) and 1,4-anhydroribitol were prepared with the internal standard
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to determine relative molar responses. GLC analysis was done on a 2 m X 2 mm ID glass 

column of 3% ECNSS-M on 100/120 mesh Gas-Chrom Q programmed from 140° C to 

210°C at 3°C/min. Isothermal runs were done at 190°C and 205°C. Helium flow rate 

was 40 ml/min. All GLC analyses were done on a Varian Model 3700 gas liquid chromato

graph equipped with a Hewlett-Packard 3380A electronic integrator.

Lipid Analysis

Lipids were released from' LCWF and PF by hydrolysis in 0.1 M ethanolic NaOH for 

30 min at ambient temperature [57]. Insoluble material was removed by centrifugation. 

Non-saponifiable lipids were extracted from the supernatant liquids three times with 

hexane-diethyl ether (1:1 v/v). The respective pooled extracts were dried under nitrogen 

sweep and weighed. The supernatant liquids were then adjusted to pH 2 with 1.0 M HCl 

and the fatty acids were extracted in the same manner. Duplicate samples of LCWF were 

hydrolyzed respectively in 4 M NaOH and 4 M HCl in an investigation for the possible 

presence of hydroxy fatty acids [80]. Samples of E. coli lipopolysaccharide (Sigma) and of 

methyl(3-hydroxy)tetradecanoate (Applied Science Labs, State College, PA) were treated 

in the same manner as the LCWF samples throughout the experiment. Insufficient quanti

ties of PF were available for similar examination of hydroxy fatty acids. Lipids were also 

extracted from hydrolyzates of the respective cell wall samples for amino acid and amino 

sugar analysis (see appropriate methods section for hydrolysis conditions).

Chloroform extracts from partial deacylation of LTA were examined for lipids. Lipids 

were also obtained from LTA by extraction of trifluoroacetic acid hydrolyzates (see 

Neutral Sugar Analysis section) with hexane-diethylether (1:1 v/v). Methyleicosanoate 

(Applied Science) (0.1 pmole/pmole phosphate) was included in LTA samples as a lipid 

internal standard. LTA samples were also hydrolyzed as described above to release 

hydroxyfatty acids.
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Analytical thin layer chromatography (TLC) was done on silica plates (Absorbosil 

2, Applied Science) developed in hexane-diethyl, ether-acetic acid (85:15:1 v/v) and, to 

detect hydroxyfatty acids [ 8 1 ] , in hexane-diethyl ether (1:1 v/v). Visualization was done 

by spraying with sulfuric acid/potassium dichromate followed by charring. To separate 

lipid fractions, preparative TLC was done on analytical plates. Fractions on preparative 

plates were visualized by spraying with 0.5% rhodamine 6G in ethanol followed by illumi

nation of the plates under ultraviolet light. Argentation TLC was done to examine fatty 

acid fractions for unsaturated fatty acids. Argeritation TLC plates were prepared by spray

ing analytical TLC plates with saturated AgNO3 in ethanol. Lipid standards (Applied 

Science) were run concurrently on all TLC plates.

Lipid samples and fatty acid fractions were methylated either with diazomethane by 

the method of Schlenk and Gellerman [82] or by coinjection into the gas liquid chromato

graph with Meth-Prep I (Applied Science) [83]. Fatty acid methyl esters were analyzed by 

gas liquid chromatography (GLC). Prior to GLC analysis the respective samples and con

trols to be examined for hydroxyfatty acids were split and one aliquot of each was treated 

with bis (trimethylsilyI) acetamide (Sigma) to form the trimethylsilyl ether derivation 

[84,85]. Chromatograms of trimethylsilylated aliquots of the respective controls and 

samples were observed for diminution of peak areas, for peaks with altered retention 

times and for the appearance of new peaks relative to those of untreated aliquots.

Routine GLC of fatty acid methyl esters and trimethylsilyl ether derivatives was 

done on a 10 meter fused silica capillary column of SE-30 programmed from 150° C to 

230°C at 5°C/min after a 1.0 min initial hold and with a helium flow rate of 5 ml/min. 

Iso- and anteiso-branched chain fatty acid methyl ester isomers were resolved on a 50 

meter stainless steel capillary column of Dexil 300 programmed from 110°C to 250°C 

at 8°C/min and on a 15 meter bonded phase fused silica capillary column of phenyl, 

methyl silicone programmed from 100°C to 200°C at 4°C/min. Peak identification was
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done by comparison to retention times of standards and by coinjection of unknown and 

standards. Normal chain, branched chain, unsaturated and hydroxyfatty acid standards 

were obtained from Applied Science.

Colorimetric Analytical Methods

Inorganic and organic phosphate were measured by the method of Ames [86] using 

anhydrous dibasic sodium phosphate (J. T. Baker Chem. Co.) and glycerol-1-phosphate 

as standards. Glycerol content was estimated by the method of Wells and Dittmer [87] 

using anhydrous glycerol (J. T. Baker Chem. Co.) and glycerol-1-phosphate as standards. 

Sugars were estimated by a microscale phenol-sulfuric acid procedure [88] with glucose as. 

the standard. Rhamnose was estimated by the cysteine-sulfuric acid method [89]. A 

modified Morgan-Elson reaction was employed to assay amino sugars [90] using glucosa

mine hydrochloride for the standard. Formaldehyde was determined by reaction with 

chromotropic acid [91] using glycerol-1-phosphate oxidized in periodate [87] as the 

standard. Periodate was measured by the iron oxidation method of Avigad [92].

Standards of at least three different concentrations were assayed with each test or 

group of tests. Correlation coefficients were calculated for all standard curves [93]. For 

standard curves with three standard concentrations the correlation coefficient was 

accepted at the 95% confidence level and for those with four or more concentrations the 

99% confidence level was employed. All assays of unknown were done in at least tripli

cate and the values given are the arithmetic means of replicate assays. Mean values were not 

accepted as estimates unless the coefficient of variation was less than 6%. Some assays, 

such as glycerol, displayed inherently greater variability and in such cases a coefficient of 

variation at or below 10% was considered acceptable.

Gilson Pipetman continuously adjustable, digital microliter pipettes (Rainin Instru

ment Co., Inc., Woburn, MA) were used uniformly for all assays. Pipettes were calibrated
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gravimetrically at two to three month intervals or more frequently as needed. All colori

metric assays were read on a Varian Series 634 U.V./visible spectrophotometer.

Phosphomonoester Determination

Determination of phosphate present as phosphombnoester was critical to a number of 

experiments. Phosphomonoester content was determined by hydrolysis with a phospho- 

monoesterase followed by colorimetric determination of the inorganic phosphate released 

by the enzyme. All such experiments were conducted under the same conditions. Un

knowns were dissolved in a small volume (1 .0 to 2.0 ml) of 0.1 M glycine buffer (pH 10.4) 

which was also 1.0 mM in MgCl2 and ZnCl2 . Total and inorganic phosphate were 

measured before addition of bovine intestine alkaline phosphatase (orthophpsphoric 

monoester phosphohydrolase; E.C. No. 3.1.3.1) (Sigma). After addition of the enzyme (5 

to 20 units), the sample was incubated at 37°C for 2 to I6h under a drop of toluene. Total 

and inorganic phosphate were measured again after the incubation period. For samples 

which exhibited little or no increase of inorganic phosphate, I pm ole of glycerol-1-phos

phate was added to the sample and inorganic phosphate was measured again after 2h to 

verify enzyme activity in the unknown sample. Parallel controls of glycerol-1-phosphate 

were run under the same conditions for all such experiments.

Gel Filtration Chromatography

, Gel filtration experiments played a large role in the investigations described in this 

thesis. All columns of 0.7 cm diameter were made in this laboratory. Plastic end fittings 

were removed from 0.7 cm I.D. Bio-Rad Econo-columns (Bio-Rad Laboratories, Inc., 

Richmond, CA), refitted on convenient lengths (up to 122 cm) of 9 mm G D. soft glass 

tubing (Chemistry Stores, Chem. Dept., M.S.U.) and sealed with high vacuum stopcock 

grease. The columns were poured in the conventional manner and as the gel bed formed 

the columns were rotated 90° for every 0.5 cm of newly formed bed. Void volumes were
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determined with Blue Dextran (Pharmacia, Inc., Piscataway, NI) and bed volumes were 

measured with water prior to pouring the gel. The Bio-Gel P-2 column was calibrated with 

stachyose, raffinose, lactose and glucose (Sigma) and was eluted uniformly in all experi

ments with a flow rate of 3 ml/hr under a pressure head of 160 cm of water. Sepharose 

6B, Sephacryl S-200 and Sephadex’s G-10, G-25 and G-50 were obtained from Pharmacia 

and Bio-Gel P-2 was obtained from Bio-Rad Laboratories.

Preparation of Sugar Standards

Three sugar standards were unavailable commercially and were prepared from com

mercially available starting materials. Glycerol-1,3-diphosphate was prepared by degra

dation of cardiolipin [94]. The product migrated as a single spot by TLC, contained 

phosphate and glycerol in a 2:1 molar ratio, and upon treatment with phosphomono- 

esterase gave inorganic phosphate and glycerol. Ribitol was used to prepare 1,4-anhydro- 

ribitol [95], and the product gave a single spot by TLC as well as a single peak by GLC. 

Ribitol-I-phosphate was prepared from ribose-5-phosphate [96]. The product gave a single 

spot by TLC, contained ribitol and phosphate in a 1:1 molar ratio, and gave inorganic 

phosphate and ribitol upon treatment with a phosphomonoesterase. The TLC solvents 

were the same as those described in the section covering structure evaluation methods.
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RESULTS AND DISCUSSION

Results are presented in three sections covering respectively the biochemical analysis 

of the Listeria cell wall fractions, the characterization of the lipoteichoic acid and the char

acterization of the teichoic acid. Each section of results is followed immediately by a dis

cussion of the results. A final summary is presented after the three sections.

Results of Biochemical Analysis o f Listeria Cell Wall Fractions

Lipid Content

The lipid contents of LCWF, FE, and BHPF were 20%, 25% and less than 5%, respec

tively. The major lipid components derived from base hydrolysis of LCWF and PF were 

always free fatty acids (greater than 90%). Two other saponifiable fractions and five non- 

saponifiable fractions were observed on thin layer chromatography but not further charac

terized. Base hydrolysis of LCWF and PF released fatty acids of similar composition (Table 

I). The major fatty acids were anteiso-15, anteiso-17, iso-16, palmitic and stearic acids. 

These five fatty acids represented greater than 80% of the fatty acid composition in both 

cases. A small quantity of 18:1 was found to be present and was the only unsaturated fatty 

acid detected. There was insufficient 18:1 to locate the position of the double bond. Trace 

quantities of 3-hydroxytetradecanoic acid (beta-OH myristic acid) were detected in lipid 

samples obtained from LCWF. No other hydroxyfatty acids were detected.

Amino Acid Analysis

In LCWF amino acids composed 40% of the mass and all of the common amino acids 

plus diaminopimelic acid were present (Table 2). The amino acid contents of PF and BHPF 

were 15% and 30%, respectively. The amino acid compositions of PF and BHPF were simi-
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Table I . Fatty Acid Composition of L is te r ia  Cell Wall Fractions.3

Fatty acid
% of Total fatty acids 

LCWF PF

12:0 Trb Tr
13:0 Tr NDc
14:iso 2 3
14:0 .3 3
15:iso 2 I
15 :anteiso 36 32
15:0 I 2
16:iso 6 7
16:anteiso Tr Tr
16:0 16 18
17 :iso I I
17:anteiso 24 24
17:0 2 2
18:1 I 2
18:iso Tr Tr
18:0 6 5
19:anteiso Tr Tr
19:0 Tr Tf
20:iso Tr Tr
20:0 Tr Tr
21 :anteiso Tr Tr

3 Averages of triplicate determinations. .
®Tr, trace detected was considered to be >  0.1% but <  0.5%. 
c ND, not detected.

Iar to each other but distinct from that of LCWF. The major amino acids present in PF and 

BHPF were alanine (Ala), glutamic acid (Glu) and diaminopimelic acid (Dpm), which made 

up over 80% of the amino acid composition of both cell wall preparations. The molar 

ratios of alanine to diaminopimelic acid and glutamic acid , to diaminopimelic acid were 

similar for PF and BHPF, but distinctly different for LCWF.

Amino Sugar Analysis

The total amino sugar contents of LCWF, PF and BHPF were 6%, 9% and 19%, 

respectively. The only amino sugars detected by amino acid analyses were glucosamine and 

muramic acid. Glucosamine was the only amino sugar found by gas liquid chromatography.
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Table 2. Amino Acid Composition of L is te r ia  Cell Wall Fractions.3

/!mole/mg

Amino acid LCWF PF BHPF

Ala 0.48 0.44 0.95
Glu 0.46 0.31 0.63
Dpm 0.16 0.25 0.64
Val 0.14 Trb Tr
Gly 0.32 0.03 Tr
He 0.13 Tr Tr
Leu 0.21 Tr Tr
Pro . 0.10 Tr Tr
Thr 0.19 Tr Tr
Ser 0.17 Tr . Tr
Cys Tr NDc ND
Asp 0.30 0.30 0.04
Met Tr ND ND
Phe 0.11 Tr Tr
His 0.07 ND ND
Tyr . 0.09 Tr Tr
Lys 0.27 0.03 0.04
Arg 0.12 ND ND

Molar Ratio:
Ala/Dpm 3.0 1.8 1.5
Glu/Dpm 2.9 1.2 1.0

3 Averages of triplicate determinations.
^Tr, trace detected was considered to be >  0.005 /nmole/mg but <  0.01 pmole/mg. 
c ND, not detected.

The molar ratio of glucosamine to muramic acid decreased considerably from LCWF to PF

to BHPF (Table 3).

Table 3. Amino Sugar Composition of Listeria Cell Wall Fractions.3

Atmole/mg

Sugar LCWF PF BHPF

Glucosamine (GlcN) 0.28 0.34 0.56
Muramic Acid (Mur) 0.05 0.10 0.34

Molar ratio: 
GlcN/Mur 5.6 3.4 1.6

3Averages of triplicate determinations.
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Neutral Sugar Analysis

LCWF was 29% neutral sugars by weight and PF and BHPF were, respectively, 44% 

and 36% neutral sugars. Gas liquid chromatography of neutral sugar fractions from LCWF, 

PF and BHPF showed the major components to be rhamnose, ribose, ribitol and glucose, 

with lesser amounts of galactose, mannose and deoxyribose (Table 4). Glycerol was 

detected in all cell wall preparations but not quantified. Glycerol and ribitol were deter

mined by omitting the reduction step prior to preparation of alditol acetates for gas liquid 

chromatography. The relative concentrations of rhamnose and glucose were enhanced in 

PF over LCWF and in BHPF over PF. Ribose remained a major component of BHPF. No 

monosaccharides of higher molecular weight than those of hexoses were detected.

Table 4. Neutral Sugar Composition of Listeria Cell Wall Fractions.3

Sugar
Aimole/mg

LCWF PF BHPF

Rhamnose 0.51 1.6 1.4
Glucose 0.08 0.32 0.30
Ribose 0.53 0.26 0.36
Ribitol 0.54 0.45 0.05
Galactose 0.07 0.05 0.02
Mannose 0.03 Trb Tr
Deoxyribose 0.04 Tr Tr

3Averages of triplicate determinations.
"Tr, trace detected was considered to be >  0.005 juinole/mg but <  0.01 pmole/mg.

Phosphate Content

LCWF and PF contained 0.51 /imole/mg and 0.41 /nmole/mg phosphate, respectively, 

while BHPF had 0.20 //mole/mg phosphate. Greater than 95% of the phosphate detected 

for all cell wall fractions was present as organic phosphate.
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Discussion of the Biochemical Analysis of L is te r ia  Cell Wall Fractions

Lipids

The lipid content o f LCWF (20%), PF (25%) and BHPF (less than 5%) indicates that 

protease and nuclease treatment of LCWF does not remove much, if any, lipid as the lipid 

content increases in PF. However, mild base treatment removes nearly all of the lipid in 

the preparation of BHPF. Fatty acid profiles presented here are typical of L. monocyto

genes [23]. Although L  monocytogenes is characterized by the presence of five major 

fatty acids (anteiso-17, iso-16, 16:0, 18:0 and 14:0), there is variability among strains in 

the relative amounts of these acids [23]. Quantitative fatty acid profiles of L. monocyto

genes appear to be more dependent on growth conditions than on the strain or serotype 

[24,97]. The origin of the trace (< 0.5% of total fatty acids) quantities of 3-hydroxytetra- 

decanoic acid found in LCWF lipid extracts remains to be determined. An endotoxin-like 

material obtained from serotype 4b cells was found to have high quantities of 3-hydroxy- 

tetradecanoic acid [39,40,41 ].

Peptidoglycan Associated Components

The major structural feature of a bacterial cell wall is the murine or peptidoglycan 

[98]. The glycan portion is composed of linear sequences of glucosamine and muramic 

acid arranged as disaccharide repeating units. To the muramic acid moieties are attached 

short peptides which cross-link adjacent glycan chains. The peptides usually contain ala

nine, glutamic acid and a diamino acid. Although there may be considerable variability in 

the identities of the amino acids, the molar ratios of the amino acids in the peptide are 

rather constant and may be used as an indicator of peptidoglycan material. Structural 

details and composition of the peptides have taxonomic significance. The peptidoglycan 

is the basic structural cage which gives the bacteria shape and protects it from the exter-
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nal environment. The peptidoglycan also forms a structural anchor for the attachment of 

many functionally significant polysaccharide and lipid components.

The protein content in LCWF is significant, but protease and nuclease treatment 

removes most of the protein [58]. The loss of protein in the preparation of PF from 

LCWF was reflected in the differences in amino acid composition between the two frac

tions (Table 2). The amino acid content of PF and BHPF was almost entirely alanine (Ala), 

glutamic acid (Glu) and diaminopimelic acid (Dpm). Molar ratios of muramic acid, glucosa

mine, alanine and glutamic acid to diaminopimelic acid for BHPF were 0.53, 0 .8 8 ,1.5 and 

0.98, respectively, which are typical of the ratios found in such examinations of bacterial 

peptidoglycans [98] and are in agreement with the recently proposed structure of the 

Listeria peptidoglycan [51]. The same ratios from an analysis of serotype 4b cells done by 

others [46] were 0 .61 ,46 .0 , 2.2 and 2.3, respectively. The major differences between the 

peptidoglycans of serotype I and serotype 4b cells are in the glucosamine and glutamic 

acid contents relative to that of diaminopimelic acid. The apparent high glutamic acid con

tent found in the analysis of serotype 4b cells may be the result of failure to resolve mur

amic acid and glutamic acid which exit the amino acid analyzer in the same elution volume 

unless steps are taken to effect the resolution [77]. The high glucosamine content of sero

type 4b cells may be a serotype-specific phenomenon, although glucosamine did not 

appear to be a serologically active carbohydrate in an earlier study [99]. None of the cell 

wall preparations described in this study had such a high glucosamine content.

Carbohydrate Composition

The carbohydrate composition of the Listeria cell wall fractions (Tables 3 and 4) indi

cates that associated with typical sugars of the peptidoglycan (glucosamine and muramic acid) 

there is extra glucosamine as well as significant quantities of rhamnose and glucose which 

increase in content from LCWF to PF to BHPF. Ribose was also a significant component
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of BHPF and was stable to base hydrolysis. Whether these sugars are covalently attached to 

the peptidoglycan is yet to be determined, although the significant carbohydrate content 

of BHPF suggests that many of them may be covalently linked. A number o f aldopentoses 

including ribose, arabinose and xylose are present with some variability in the Listeria cell 

wall [48]. Retention of ribose in PF after nuclease treatment indicates that it may be asso

ciated similarly with the cell wall and not present as a nucleic acid component. Glucosa

mine, glucose and most importantly rhamnose are known to be serologically active sugars 

for L. monocytogenes serotype I [99]. High quantities of rhamnose are also present in 

serotype 4b cells [46]. No monosaccharides of molecular weight higher than those of 

hexoses or hexosamines were detected in any of the cell wall hydrolyzates. Ribitol was 

found in LCWF and decreased considerably in the preparation of PF and BHPF. Ribitol is 

a common constituent of teichoic acids [30], although teichoic acids were not detected in 

an analysis of serotype 4b cells [46]. Ribitol has not been previously recognized in Listeria 

cell walls.

Phosphate Content ,

The drop in phosphate content from PF (4%) to BHPF (2%) (Table 5) may reflect the 

loss of membrane material. Listeria is rich in phospholipids [24] and large quantities of 

lipid are lost in the preparation of BHPF from PF. However, BHPF still contains phosphate 

apparently resistant to mild base hydrolysis which may not be lipid associated. In gram 

positive bacteria, cell wall polysaccharides are frequently linked to the peptidoglycan by 

phosphodiester bonds [30] which are stable to the conditions of base hydrolysis used for 

preparation of BHPF [30,65 ].

Correlation of Composition to Biological Activity

The cell wall preparations described here are rich in typical bacterial cell wall compo

nents (Table 5). LCWF contains much protein and nucleic acid while PF is depleted in
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both components. Retention of the full range o f biological activities with PF (Table 6) 

precludes the roles o f protein and nucleic acid as sole arbiters of biological activity.

Table 5. Summary of Listeria Cell Wall Fraction Composition.

% of total composition
LCWF PF BHPF

Peptidoglycan amino acidsa 13 14 29
Other amino acids 27 I I
Amino sugars & 6 9 19
Neutral sugars 29 44 36 -
Phosphate 5 4 • 2
Lipids 20 25 < 5

aPeptidoglycan associated components.

Table 6. Biologic and Immunologic Properties of Listeria Fractions.3

LCWF PF BHPF

Mitogen + + -
Adjuvant + + -  U
Polyclonal B cell activator + + NTd
Induce resistance + + NT
Decrease resistance + + +
Activate complement + ' + NT
Induce tumoricidal activity + + +

3 Table adapted from reference 57.
^NT, not tested.

PF is approximately 25% peptidoglycan .material and 25% membrane material as well 

as 50% carbohydrate and phosphate. BHPF, on the other hand, is approximately half pep- 

tidoglycan and half carbohydrate with little or no lipid. The loss of lipid in the preparation 

of BHPF from PF is paralleled by the loss of most biological activity. This suggests that 

lipid or lipid associated material is responsible for most biological activity. Also, the pep- 

tidoglycan-carbohydrate complex is implicated as the agent which induces macrophage 

cytotoxicity and causes decreased resistance to bacterial infection.
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. The first question posed in the objectives is answered. Yes, there are differences in the 

chemical compositions of the cell wall preparations which reflect differences observed in 

biological activities.

Results of The Lipoteichoic Acid Analysis .

Lipoteichoic Acid Isolation

LCWF was extracted by phenol-water partition and the crude phenol extract was 

analyzed by gel filtration chromatography. A typical elution profile of the crude phenol 

extract from a column of Sepharose 6B is given in Figure 4. A small peak (fraction I, 

Fig. 4) of material absorbing at 260 nm but lacking significant quantities o f phosphate or 

sugar emerged from the column at very high apparent molecular weight in the void volume. 

Low speed centrifugation (14,000 xg, 30 min) separated a fine white precipitate from the 

solution containing fraction I material and the supernatant liquid no longer absorbed at 

260 nm. Similar fractions have been observed by others [100,101] in examinations of 

lipoteichoic acids and presumed to be artifacts. Fraction I was not further characterized. A 

second peak (fraction 2, Fig. 4) eluted from the column at high apparent molecular weight 

with an elution volume to void volume ratio (Ve/V0) of 1.6. Fraction 2 contained some 

260 nm absorbing material and had a low sugar to phosphate ratio. Fraction 2 was the 

material of interest. Fraction 3 of Figure 4 left the column with a Ve/Vq ratio of 2.3 and 

had a high sugar to phosphate ratio. Fraction 3 contained phosphate, glycerol, rhamnose, 

ribitol, glucosamine, alanine, glutamic acid and diaminopimelic acid. Fraction 3 was not 

further characterized. Fraction 4, which contained high absorbance at 260 nm as well as 

high quantities of sugar and phosphate, emerged from the column near the bed volume. 

The components of fraction 4 were typical of nucleic acids and fraction 4 was not further

characterized.
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Figure 4. Elution pattern of the phenol extract from a 0.7 X 115 cm column of Sepharose 
6B. The fractions were assayed for phosphate, sugar and absorbance at 260 nm. 
Fraction 2 Ve/V0 was 1.6 and fraction 3 Ve/V0 was 2.3.
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Figure 5. Isolation of phenol extract fraction 2 (lipoteichoic acid, LTA) from the 0.7 X 
115 cm column of Sepharose 6B. Fractions were assayed for phosphate and 
absorbance at 260 nm. The Ve/V0 for LTA was 1.6.
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Fraction 2 (lipoteichoic acid, LTA) was collected, concentrated and applied again to 

the Sepharose 6B column. Fraction 2 emerged from the column as a single peak at a Ve /Vq 

ratio of 1.6 (Fig. 5). Some of the ultraviolet absorbing material was separated and eluted 

at the bed volume. Greater than 95% of the phosphate applied to the column was recovered 

from the column. The same gel filtration characteristics were observed for all lipoteichoic 

acid extracts. A total of 101 mg LTA were obtained from 4.9 g of LCWF, giving a yield of 

2 . 1%.

LTA was hydrolyzed under mild basic conditions and then examined again on the 

Sepharose 6B column. After base hydrolysis the deacylated lipoteichoic acid (dLTA) 

changed in gel filtration mobility and eluted from the column at a lower apparent molecu

lar weight with a Ve /V0 ratio of 2-3 (Fig. 6). Most of the material absorbing at 260 nm 

eluted in the bed volume. Free fatty acids were released from the LTA (0.08 pmole free 

fatty acid per pmole phosphate) during the base hydrolysis and the fatty acid composition 

is given in Table 7. The major fatty acids were 15:br, 16:br, 16:n, 17:br and 18:n which 

made up over 90% of the total fatty acids released. No hydroxyfatty acids were detected.

Table 7. Fatty Acids Released From Listeria Lipoteichoic Acid by Base Hydrolysis.3

Fatty Acid % of Total Fatty Acids ̂

14:isoc 0.7
14:0 1.9
15:anteisoc 27
15:0 1.3
16:isoc 5.5
16:0 18
17 .-anteiso d 39
18:xe . 2.7 .
18:0 3.0
20:isoc 1.0

3Averages of triplicate determinations.
°0.08 /nmole fatty acid were released per /nmole of phosphate. 
cTrace quantities of anteiso isomers were also present.
^Trace quantities of iso isomers were also present.
e 18:x, the sum of the eighteen carbon branched chain and unsaturated fatty acids.
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Figure 6. Elution of deacylated lipoteichoic acid (dLTA) from a 0.7 X 115 cm column of 
Sepharose 6B. Fractions were assayed for phosphate and absorbance at 260 nm. 
The Ve/V0 for dLTA was 2.3.
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Ion exchange chromatography was used as an additional purification step. LTA eluted 

from the ion exchange column of DEAE-Sephadex A-25 between 0.3 M and 0.5 M sodium 

chloride (Fig. 7). Some material did not elute from the column and the yield of phosphate 

was approximately 70% of the original sample which contained 90 Atmole o f phosphate. No 

additional phosphate containining material eluted from the column at higher salt or deter

gent concentrations. The elution patterns and relative yield were reproducible in three 

experiments.

Lipoteichoic Acid Composition

Compositions of three lipoteichoic acid preparations isolated after two passages over 

the Sepharose 6B column and an organic solvent extraction (see LTA isolation section of 

the Methods) but without further purification are given in Table 8. Minor components 

included rhamnose, glucosamine, ribitol, amino acids and nucleic acids which taken to

gether represent 11% or less of the total mass in all cases. Over 80% of the amino acids pres

ent in each preparation were represented by alanine, glutamic acid and diaminopimelic acid. 

No other minor components were detected.

Table 8. Composition of the Lipoteichoic Acid From Listeria: 

■________ "_______ Preparation Number
#1 #2 #3

Pg/mg Atmole/mg Atg/mg Atmole/mg Atg/mg Atmole/mg

Phosphate 343 3.5 323 3.3 285 3.9
Glycerol 294 3.2 2 8 3 . 3.1 227 2.5
Fatty acids 207 a 0.81 179* 0.70 164* 0.64
Galactose 45 0.25 52 ' 0.29 40 0.22
Glucose 26 0.14 33 • 0.18 28 0.15
Rhamnose 14 0.09 22 0.13 25 0.15
Glucosamine 18 0.10 30 0.17 35 0.20
Ribitol 6 0.04 13 0.08 15 0.10
Amino acids 25 — 39 — 31 —

Nucleic acids 4 —  — 4 — 4 —  —

^Calculated from the Atmole yield as palmitic acid.
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Figure 7. Elution of LTA from, a 0.9 X 10 cm column of DEAE-Sephadex A-25 with a 
linear gradient of NaCl from 0 to 1.0 M in 200 ml buffer B containing 0.2% 
Triton X-100. Every third fraction was assayed for phosphate (O).
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The major components of LTA were phosphate, glycerol, fatty acids, galactose, and 

glucose. Taken over all three preparations the averages of the molar ratios of glycerol, fatty 

acids, galactose and glucose to phosphate were 0.90, 0.22, 0.08 and 0.05 respectively. For 

LTA purified further by ion exchange chromatography the same ratios were 0.96, 0.08, 

0.06 and 0.14 respectively. For dLTA the molar ratios of glycerol, galactose and glucose to 

phosphate were 0.98, 0.07 and 0.05 respectively. Phosphate, glycerol, fatty acids, galactose 

and glucose were the only compounds detected in purified LTA and dLTA. Residual deter

gent in purified LTA prevented evaluation of nucleic acid content because the detergent 

absorbs near 260 nm. Galactose was present in excess of glucose in all preparations. Greater 

than 99% of the phosphate in all preparations was organic phosphate. Fatty acid profiles 

of the three LTA preparations listed in Table 8 as well as the LTA purified by ion exchange 

chromatography were essentially the same. Table 9 gives a typical fatty acid composition 

for the Listeria lipoteichoic acid. Approximately half the fatty acid content was 17:br with 

other major fatty acids being 16:n, 15 :br and 16:br. No hydroxyfatty acids were detected. 

The LTA preparations described in Table 8 were used for the structural studies. Purified 

LTA and dLTA were used when the minor components interfered as occurred in the thin 

layer chromatography experiments.

Gel Filtration in Detergent Buffers

Three experiments were conducted to examine the gel filtration properties of LTA in 

detergent buffers. A sample o f LTA was applied to a column of Sepharose 6B and eluted 

from the column with an ammonium acetate buffer containing no detergent. The experi

ment was then repeated twice using (as the eluent) the same buffer made 0*2% and 0.5% 

respectively in detergent. With no detergent in the eluent buffer LTA eluted as a broad peak 

with a Ve /Vq ratio of 1.5 (Fig. 8, peak A). Using an eluent buffer made 0.2% in detergent,



Tube Number

Figure 8. Elution of LTA from a 0.7 X 75 cm column of Sepharose 6B in buffer A containing varying concentra
tions o f Triton X-100. Fractions were assayed for phosphate Peak A, no detergent, Ve /V0 =1.5.  Peak B, 
0.2% Triton-X100, Ve /VQ = 1.8. Peak C, 0.5% Triton-X-100, Ve /V0 = 2.0. A twenty microliter volume of 
each column fraction was assayed for total phosphate and the absorbance was determined at 820 nm.
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Table 9. Fatty Acid Composition of the Listeria Lipoteichoic Acid.3’̂

Fatty Acid % of Total Fatty Acids

14:isoc 0.7
14:0 0.5
15:anteiso“ 13
15:0 0.9
16:isoc 9.8
16:0 22
17:anteiso“ 49
18:xe 0.6
18:0 2.1
20:isoc 1.2

3 Averages of triplicate determinations.
“Data presented from preparation #1, Table 8.
“Trace quantities of anteiso isomers were also present.
“Trace quantities of iso isomers were also present.
e 18 :x, the sum of the eighteen carbon branched chain and unsaturated fatty acids.

a Ve ZV0 ratio of 1.8 was obtained (Fig. 8, peak B), whereas, the 0.5% detergent buffer 

produced a sharp peak with a Ve /V0 ratio of 2.0 (Fig. 8, peak C).

Passive Hemagglutination and Hemagglutination Inhibition Assays

Sheep erythrocytes were coated with lipoteichoic acids from Listeria and Lactobacil

lus, added to serial dilutions of anti-lipoteichoic acid serum and observed for agglutina

tion. A representative experiment is shown in Figure 9. Cells coated with Lactobacillus 

LTA as well as cells coated with Listeria LTA were agglutinated by the anti-LTA serum 

to the same titer. Control treated cells did not agglutinate in the buffer, anti-LTA serum or 

normal rabbit serum. LTA coated cells did not agglutinate in the buffer or normal rabbit 

serum. A coating concentration of I mg Lactobacillus LTA per 1.0 ml of 10% sheep 

erythrocytes appeared to give the best results and was the concentration used for the 

inhibition assay.

The ability of Listeria LTA to inhibit the agglutination of Lactobacillus LTA coated 

cells by anti-LTA serum was tested. Differing initial concentrations of Listeria LTA, 

Listeria dLTA and phenol extract fraction 3 (Fig. 4) were serially diluted. Anti-LTA serum
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Figure 9. Passive hemagglutination of sheep erythrocytes coated with L a c to b a c i l lu s  f e r m e n t i  LTA (L.f.-LTA) and L is te r ia  m o n o 
c y to g e n e s  LTA (L.m.-LTA) by rabbit anti-lipoteichoic acid serum.
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Figure 10. Inhibition of the passive hemagglutination reaction between anti-LTA serum (1:120 dilution) and L a c to b a c i l lu s  LTA 
(1,000 yg/ml cells) by L is te r ia  LTA (L.m.-LTA) and phenol extract fraction 3 (P.E.F.-3).
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diluted 1:120 was added and allowed to bind the soluble test materials. Cells coated with 

Lactobacillus LTA were added and observed for agglutination. Figure 10 shows one such 

experiment. Listeria LTA at concentrations between 100 and 300 ng per well inhibited 

the agglutination of cells coated with Lactobacillus LTA. Phenol extract fraction 3 at high 

concentrations and dLTA also inhibited agglutination.

Analysis of the Partial Hydrolysis Products of the Lipoteichoic Acid

Partial hydrolysis of LTA was done in acid and base. The products o f hydrolysis were 

analyzed by thin layer chromatography (TLC). Table 10 gives a summary of the com

pounds detected in the acid and base hydrolyzates and Figure l l i s a  composite reproduc

tion of the thin layer chromatography experiments. Acid hydrolyzed LTA gave glycerol, 

glucose, galactose, glycerol-1-phosphate and glyceroH ,2-diphosphate as the major prod

ucts. On some heavily spotted TLC sheets faint spots of glycerol-2-phosphate were 

detected. Some material remained at the origin and gave a reaction for phosphate only.

Table 10. Thin Layer Chromatography Analysis of Lipoteichoic Acid Hydrolyzates.

Acid Hydrolyzed LTA Base Hydrolyzed LTA

Standard
Standard
R a /

Compound
detected R a /

Compound
detected R a /

Glycerol 1.2 + 1.2 + 1.2
Glucose 1.0 + 1.0 —
Galactose 0.84 + 0.84 — '
Glycerol-2-phosphate 0.64 ± 0.63 + 0.64
Glycerol-1 -phosphate 0.55 + 0.53 + 0.56
Lactose 0.45 — + 0.48
Glycerol-1,3-diphosphate 0.12 + 0.13 + 0.12

aAverage values calculated from five thin layer sheets.

Base hydrolysis of LTA produced as major products glycerol, glycerol-2-phosphate, 

glycerol-1 -phosphate and glycerol diphosphate. A component which had mobility similar 

to a disaccharide but did not react as a reducing substance was also a major product of base
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Figure 11. TLC of acid and base hydrolyzates of LTA. From left to right were spotted (I) 
glycerol, (2 )glucose, (3 )galactose, (4)j3-glycerol phosphate, (5)a-glycerol phos
phate, (6) glycerol diphosphate, (7) lactose, (8) acid hydrolyzed LTA, and (9) 
base hydrolyzed LTA. Positive reactions are given for phosphate (P), 1,2 diols 
(D) and reducing substances (R).
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hydrolysis. Base hydrolyzates also contained material which remained at the origin and 

gave a positive reaction with only the phosphate spray.

Nuclear Magnetic Resonance Spectroscopy of the Lipoteichoic Acid

Natural abundance carbon-13 nuclear magnetic resonance (NMR) spectroscopy was 

done to confirm the results obtained by TLC. The carbon spectrum of LTA (Fig. 12) 

revealed several minor resonances and tyvo major broad resonances with chemical shifts of 

66.6 ppm and 69.9 ppm respectively. The resonance at 66.6 ppm was coupled to phosphate 

(2Zai P-i3C = 5.5 Hz) as shown in Figure 13. The resonance at 69.9 ppm also appeared to be 

coupled, but the signals were not well enough resolved to determine the coupling constant. 

In a gated decoupled spectrum (Fig. 14) the resonance of 69.9 ppm split into two reso

nances with a carbon-13 to hydrogen coupling constant of 144 Hz. The carbon resonance 

at 66.6 ppm was resolved into three resonances with a carbon-13 to hydrogen coupling 

constant of 145 ± I Hz. A phosphorus-31 spectrum of LTA is given in Figure 15. All phos

phate resonances were downfield from orthophosphoric acid. One major resonance was 

present at 0.53 ppm. Several less intense resonances were present in the range from 0.33 

ppm to 1.0 ppm and some were not completely resolved from the major resonance.

Chain Length Estimation of the Lipoteichoic Acid

The end group analysis methods used for estimation of LTA chain length are out

lined in Figure 16: Comparison of total phosphate content to periodate consumed, formal

dehyde produced and phosphate released gave estimates of chain length. The intact poly

mer had few, if any, terminal phosphomonoesters present because less than 0.5% of the 

phosphate was released by the enzyme. A typical periodate consumption experiment is 

given, in Figure 17. Extrapolation of the periodate consumption curve to zero time gives 

an estimate of periodate consumed by. terminal glycerol units [72]. The ratios of total 

phosphate to periodate consumed for two such experiments were 15 and 21 respectively.
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Figure 12. Carbon-13 NMR spectrum of the lipoteichoic acid. Resonances for glycerol carbons I and 3 were at 66.6 ppm and that 
for carbon 2 was at 69.9 ppm as indicated on the spectrum.
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5.5  Hz

I

Figure 13. Detail of the carbon-13 NMR spectrum of the lipoteichoic acid near 70 ppm.
The phosphorus-carbon coupling constant for the signals of the carbons I and 3 
was 5.5 Hz.



Figure 14. Gated decoupled carbon-13 NMR spectrum of the lipoteichoic acid. Spectrum A is a reproduction of Figure 13 and 
spectrum B is the gated decoupled spectrum. The carbon-hydrogen coupling constants for both glycerol carbon reson
ances were near 145 Hz.
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Figure 15. Phosphorus-31 NMR spectrum of the lipoteichoic acid. The major resonance 
occurred at 0.53 ppm and the minor resonances ranged from 0.32 to 1.09 ppm. 
Chemical shifts are given relative to 85% orthophosphoric acid.
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Figure 16. Summary of end group analysis reactions used for chain length estimation of 
lipoteichoic acid. I. LTA was treated with a phosphomonoesterase. Release of 
inorganic phosphate was measured. 2. Terminal glycerols were oxidized with 
periodate. Formaldehyde release and periodate consumption was determined at 
intervals. 3. Terminal glycoaldehyde groups were removed with dimethylhydra- 
zine. 4. Terminal phosphates were hydrolyzed with a phosphomonoesterase. 
Release of inorganic phosphate was measured.



TIME (hours)

Figure 17. Periodate oxidation of LTA. Periodate consumed (O) and formaldehyde produced (A) were followed with time and the 
curves were extrapolated to zero time. LTA containing 18.6 pmoles phosphate was oxidized. Brackets give standard 
deviations of the assays. At zero time 1.03 nmoles of periodate were consumed and 0.9 nmoles of formaldehyde were 
produced.
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Formaldehyde produced by periodate oxidation of terminal glycerols was relatively con

stant after 24h (Fig. 17), and the formaldehyde estimates were also extrapolated to zero, 

time [72]. The ratios of total phosphate to formaldehyde produced at zero time were 

respectively 17 and 18 in two experiments. Similar comparisons of inorganic phosphate 

released by the enzyme to total phosphate in two experiments gave ratios of 19 and 21 

respectively. The average chain length for the lipoteichoic acid was calculated to be 19 

units (± 2 S.D.).

. Hydrofluoric Acid Hydrolysis of the Lipoteichoic Acid

Hydrofluoric acid (HF) hydrolysis of LTA was done to release glycolipids and any 

glycosides present in the polymer. Figure 18 outlines the isolation scheme for glycosides 

and glycolipids. The major products of hydrolysis of LTA were always glycerol and inor

ganic phosphate. HF released from LTA 70 to 80% of the phosphate as inorganic phos

phate at 24h. By 48h 80 to 90% of the phosphate was released and at 96h greater than 

90% was released. A standard hydrolysis time of 48h was adopted. Dried HF hydrolyzates 

were dissolved in dilute ammonium hydroxide and partitioned with organic solvents to 

separate lipid components.

Glycoside Characterization

The aqueous phase from the HF hydrolyzate contained sugars and a total of 5.3 

jumoles of sugar (estimated as glucose) were obtained from 12 mg (60 pmoles phosphate) 

of LTA. The aqueous phase was passed over a calibrated Bio-Gel P-2 column. A single peak 

of carbohydrate material (glycoside I) emerged from the column in an elution volume 

between those of the disaccharide and trisaccharide standards. The elution volume gave an 

estimated molecular weight o f 440 for glycoside I . Glycoside I contained galactose and 

glycerol as the major components. A small quantity of glucose (less than 5%) was also 

present. The molar ratio of galactose to glycerol was 2.1:1. No reducing end was present
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Figure 18. Glycoside and glycolipid isolation from lipoteichoic acid.
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in the intact glycoside. Glycerol was the only alditol present. Periodate oxidation of glyco

side I produced small quantities of formaldehyde, and the molar ratio of glycerol to 

formaldehyde produced was 21:1.

Glycolipid Characterization

The lipid fraction extracted from the HF hydrolyzate of LTA contained 5.7 /xmoles 

of sugar (estimated as glucose). TLC analysis of the lipid extract in a solvent designed to 

separate glycolipids revealed two components. Both the major component ,(Rf 0.45) and 

the minor component (Rf 0.28) had mobilities resembling glycolipids and contained 

vicinal diols. Authentic glycolipids were not available for comparison. In addition, TLC 

analysis of the lipid extract in other solvents revealed the presence of free fatty acids, a 

diacyl glycerol and a monoacyl glycerol. The respective lipid fractions were separated 

by preparative TLC.

The minor glycolipid component gave a positive reaction for sugars by the phenol 

sulfuric acid method but insufficient quantities were available for further characterization. 

The major glycolipid was deacylated in base and the free fatty acids were extracted. The 

glycolipid contained 1.0 pinole fatty acid per pmole of sugar. Approximately 50% of the 

fatty acid composition was represented by 17:br (Table 11). Other major fatty acids were 

16:n, 16:br, 15:br and 18:n. The fatty acid compositions of the monoacyl glycerol, 

diacyl glycerol and free fatty acid fractions isolated by preparative TLC were identical 

to that of the glycolipid. No hydroxyfatty acids were detected in any fraction examined.

The water soluble material remaining after deacylation of the glycolipid was passed 

over a calibrated Bio-Gel P-2 column. A single peak of sugar containing material (glyco

side 2) eluted from the column with an apparent molecular weight of 440. With regard 

to gel filtration mobility, glycoside 2 was indistinguishable from glycoside I. Glycoside 2 

contained approximately equal molar quantities of glucose, galactose and glycerol. The
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Table 11. Fatty Acid Composition of the Glycolipid.a

Fatty Acid % of Total Fatty Acids

14:iso^ 0.7
15:anteisoc 16
15:0 0.8
16:isob 6.0
16:0 18
17:anteisoc 52
17:0 0.5
18:xd 1.0
18:0 4.0
20: iso b 0.8

a
b
c
d

Averages of triplicate determination.
Trace quantities of anteiso isomers were also present.
Trace quantities of iso isomers were also present.
18:x, the sum of the eighteen carbon branched chain and unsaturated fatty acids.

intact glycoside had no reducing end. Glycerol was the only alditol present. After perio-
i

date oxidation of glycoside 2, the molar ratio of formaldehyde produced to glycerol was 

0.9:1. The molar ratio of glucose, galactose and fatty acids to glycerol in the glycolipid 

were 1.1, 1.1, and 2.2 respectively.

Discussion of the Lipoteichoic Acid

Lipbteichoic Acid Purity

A variety of methods have been used to extract lipoteichoic acids from gram positive 

bacteria. Each bacterial species presents different problems with extract contamination or 

alteration of structure of the lipoteichoic acid by. the extraction method [31,100,102,103]. 

The recommended compromise method is an organic solvent and water extraction system 

[62,103] which gives the least disruption of structure. However, the compromise method 

can result in contaminant concentrations as high as 30% of the extract which can interfere 

to a significant degree with structural studies [ 103 ]. Phenol water partition at elevated > 

temperatures gives lower amounts of contamination, but can result in the loss of such 

labile substituents as ester linked alanine [31,103]. Phenol water partition has been used 

widely to extract both lipopolysaccharides and lipoteichoic acids [103]. The purported
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lipopolysaccharide found in Listeria was extracted by phenol water partition [39,40,41 ] 

which was the primary reason I used the method in this study to search for LTA.

Purity criteria for lipoteichoic acids have been proposed [31,102] and recently two 

levels of purity have been established [104]. A high purity level is necessary for biological 

activity assays while a lower purity level is sufficient for structural studies. Common con

taminants of LTA preparations include nucleic acids, protein, various cell wall associated 

polysaccharides and membrane lipids [104]. Gel filtration removed most of the nucleic 

acid and polysaccharide contamination (Fig. 4). LTA preparations which contain approxi

mately 1% each of protein and nucleic acid are adequate for structural determinations 

[104]. The nucleic acid content of each of the three LTA preparations was less than 1% 

(Table 9). Amino acids comprised from 2.5 to 4.0% of the preparations (Table 9), but over 

80% of the total amino acid content was represented by amino acids o f the peptidoglycan. 

Protein contents of the LTA preparations, as indicated by amino acid composition, met 

the criteria necessary for structural studies because they were uniformly less than 1.0%. 

The peptidoglycan amino acids did not pose a problem in the structural work because 

they were simply not detected in the experiments done to elucidate LTA structure, except 

in an occasional TLC experiment. From 4 to 8% of the LTA preparations was contami

nating sugar represented as glucosamine, rhamnose and ribitol (Table 9). The sugar contam

inants were associated with another cell wall polysaccharide which is described in the last 

section of this thesis. Such polysaccharide contaminants are common and are also difficult, 

if not in many cases impossible, to remove [104]. The sugar contaminants did not pose a 

problem to the structural studies except in the TLC work because they were present at 

too low a concentration to be detected. When amino acid or sugar contaminants did inter

fere with an experiment the LTA purified by ion exchange chromatography or purified by 

deacylation was used to verify results.
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Another way to assess relative purity in an LTA sample is to determine the glycerol 

to phosphate ratio [31]. From the structural types known for lipoteichoic acids (Fig. 19) 

it can be seen that the ratios will approach values of 1.0 or 0.5 in clean preparations. The 

glycerol to phosphate ratios for the LTA samples in Table 9 were 0.94, 0.91 and 0.86. The 

same ratios for Listeria LTA purified by ion exchange chromatography and by deacylation 

were 0.96 and 0.98 respectively.

Organic solvent extraction of lipids prior to phenol extraction and after isolation of 

the LTA are the only means available to reduce membrane contamination [71 ], and both 

procedures were used in the preparation of Listeria lipoteichoic acid. By the purity criteria 

currently established the lipoteichoic acid preparations obtained from Listeria were ade

quately clean for structural determination.

Amphiphilic Properties of the Lipoteichoic Acid

Most bacteria have high molecular weight amphiphilic molecules associated with the 

cell wall or cell envelope [32,105]. The structural types of amphiphiles are characteristic 

of the broad classes of bacteria [32,105]. In the gram positive bacteria, lipoteichoic acids 

are the major amphiphiles, although other much less common structures are known [31, 

32,103,105]. Lipoteichoic acids contain a highly polar hydrophilic polymer which is 

covalently linked to a hydrophobic lipid moiety [31,32,43,103].

Amphiphiles such as lipoteichoic acids tend to form micellar aggregates in aqueous 

solution to occlude water from the hydrophobic regions of their molecular structure 

[32,102,106]. The formation of micellar aggregates gives lipoteichoic acids a much higher 

apparent molecular weight by gel filtration chromatography than is found with the mono

mers [32,103]. The material from Listeria eluted at high apparent molecular weight from 

a column of Sepharose 6B (Figs. 4 and 5) which separates polysaccharides up to a molecu

lar weight of about one million. In the presence of detergents or after chemical deacylation
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lipoteichoic acids shift to lower apparent molecular weight by gel filtration chromatogra

phy [32,103], The inference drawn from a shift to lower molecular weight is that the 

absence of hydrophobic interaction of the lipid groups results in behavior of the lipotei

choic acids as monomers. The material from Listeria shifted to lower apparent molecular 

weight after mild base hydrolysis (Fig. 6), and free fatty acids were released during the 

hydrolysis (Table 7). Detergent buffers also produced a shift to lower molecular weight 

(Fig. 8). These results indicate that the glycerol phosphate containing material from 

Listeria had covalently linked fatty acids and the physical properties typical of such bac

terial amphiphiles as lipoteichoic acids.

Antigenic Characterization of the Lipoteichoic Acid

A structural feature common to all lipoteichoic acids is the polyglycerol phosphate 

backbone of the polymer [43]. The polyglycerol phosphate polymer is immunogenic and 

antibodies are formed by animals in response to such an antigenic challenge [43]. Anti

bodies formed against the polyglycerol phosphate antigen from one bacteria will cross 

react with lipoteichoic acids from a variety of other gram positive organisms because of 

the common structural features which make lipoteichoic acids bacterial heterophile anti

gens [43,107]. Because the lipid portion of lipoteichoic acids allows them to insert into 

biological membranes other than those of bacterial origin [106,108], hemagglutination 

assays may be used to detect the antigenic similarities of purported lipoteichoic acids. The 

anti-LTA serum prepared against a known lipoteichoic acid from Streptococcus bound to 

a known lipoteichoic acid from Lactobacillus as well as to the material isolated from 

Listeria (Fig. 9). More importantly, the material from Listeria inhibited the binding o f  

antibody to the known LTA (Fig. 10). These data indicated that the material from Listeria 

contained major structural features similar, if not identical, to those o f a lipoteichoic acid.
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Structural Characterization

A bacterial polysaccharide must meet two criteria before it can be classified as a tei- 

choic acid or lipoteichoie acid [31,109], It must have alditols present in the linear 

sequence of repeating units, and repeating units must be linked by phosphodiester bonds 

[31,109]. The alditol found in lipoteichoie acids is almost exclusively glycerol [31,43, 

105]. A rare lipoteichoie acid is known which contains a short terminal ribitol phosphate 

capping sequence, but the major portion of the polymer is composed of glycerol phos

phate units .[61]. Lipoteichoie acids may also contain short glycosyl side chains and 

ester linked alanine [31,43,109]. Three general structural types of teichoic acids and 

lipoteichoie acids are known (Fig. 19).

It can be seen by inspection of Figure 19 that structural types I and 2 contain equal 

molar quantities of glycerol and phosphate while type 3 polymers have glycerol to phos

phate ratios near 0.5 [65,109]. The LTA from Listeria had glycerol to phosphate ratios 

near 1.0 (Table 9) which eliminated the possibility of a type 3 structure. Additionally, 

type 2 structures have sugar to phosphate ratios of at least 1.0 whereas type I polymers 

have sugar to phosphate ratios that vary with the degree of glycosyl substitution [65,109]. 

Listeria LTA had sugar to phosphate ratios no greater than 0.2 which precluded the 

possibility of a type 2 structure and strongly suggested the presence o f a type I structure 

containing a low degree of glycosyl substitution. The argument for a type I structure was 

further supported in the hemagglutination assay because the anti-LTA antibody bound 

both the Listeria LTA and the Lactobacillus LTA with apparent equal affinity (Figs. 9 and 

10). The Lactobacillus LTA is a type I structure [62] and the antibody was prepared 

against a type I lipoteichoie acid from Streptococcus [63,64]

The various structural types of lipoteichoie acids undergo characteristic fragmen

tation in acidic and basic conditions which produce partial hydrolysis [65,110]. In acid 

type I polymers hydrolyze to give glycerol, glycerol monophosphates, glycerol diphos-
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phates (Fig. 20) and monosaccharides [65]. Listeria LTA fragmented in acid giving a 

pattern typical of type I structure (Table 10, Fig. 11). Under basic conditions, glycerol, 

glycerol monophosphates and glycerol diphosphates are produced by type I structures 

(Fig. 21) [65]. Glycosidic linkages are stable to base hydrolysis under the conditions 

employed [111] and no monosaccharides should be produced by a type I polymer [65]. 

Listeria LTA gave a characteristic structural type I fragmentation pattern in base (Table 

10, Fig. 11). Type 2 lipoteichoic acids release free reducing sugars or oligosaccharides 

in base [65], and such components were not detected in base hydrolyzates o i Listeria 

LTA (Table 10, Fig. LI). Glycerol is not released by base from type 3 structures [65]. 

Abundant glycerol was found in base hydrolyzates of Listeria LTA (Table 10, Fig. IT). 

The lipoteichoic acid from Listeria was unequivocally a type I structure.

Structural type I lipoteichoic acids are polymers of glycerol repeating units which are 

linked by phosphodiester bonds [65]. The phophodiester linkage may occur between 

either the first and second or the first and third positions of respective adjacent glycerol 

units [HO ]. An unsubstituted hydroxyl group adjacent to the phosphodiester is required 

for phosphodiester hydrolysis to occur in base because hydrolysis proceeds by means of an 

obligatory migration of the phosphate to the free hydroxyl (Fig. 21) [H O ]. The phos

phate bridged structure produced as an intermediate may then cleave on either side to give 

a, mixture of phosphomonoester isomers (Fig. 21) [110]. Both 1,2 and 1,3 linked struc

tures could be expected to produce mixtures of a- and ̂ -glycerol phosphate in base. Listeria 

LTA did give both glycerol phosphate isomers with base hydrolysis (Table 10, Fig. 11), 

and they occurred in approximately equal proportions as judged by spot intensity. Hydrol

ysis of a phosphodiester in acid does not require the presence of an adjacent free hydroxyl 

group, although an unsubstituted adjacent hydroxyl can catalyze phosphodiester hydroly

sis and, as a result, produce some phosphate migration to the adjacent hydroxyl group 

[110]. In acid a 1,3 linked lipoteichoic acid could be expected to give primarily a-glycerol



70

phosphate (actually a mixture of glycerol-1-phosphate and glycerol-3-phosphate which are 

indistinguishable by TLC) with relatively smaller quantities of /3-glycerol phosphate. In 

contrast, a 1,2 linked polymer could be expected to produce approximately equal quanti

ties of a- and /3-glycerol phosphate isomers upon hydrolysis in acid. The Listeria LTA gave 

primarily a glycerol phosphate as a product of acid hydrolysis (Table 10, Fig. 11). The 

TLC data suggested that the lipoteichoic acid from Listeria was a 1,3 linked, polymer.

Carbon-13 nuclear magnetic resonance spectroscopy of the lipoteichoic acid was

done to confirm the structure deduced from the TLC data. For sugars, a -phosphorylation

results in a 2 to 5 ppm downfield shift of a given carbon resonance while neighboring

carbon resonances (|3 to the phosphate) are shifted 1.5 to 2 ppm upfield [112,113,114].
;

In low molecular weight compounds signals of a and /3 carbons are split due to respective 

two bond and three bond spin-spin coupling with phosphorus, and in polymers additional 

signal broadening occurs [112,113,114]. Two bond coupling constants of carbon to phos

phorus through an oxygen usually fall in the range from 4 to 6 Hz, although may occur 

up to 10 Hz [115]. Three bond carbon to phosphorus coupling occurs and the coupling 

constants range to somewhat higher values than those for two bond coupling.

Listeria lipoteichoic acid gave two broad major resonances at 66.6 ppm and 69.9 ppm 

respectively (Figs. 12 and 13), which are compared to glycerol monomers in Table 12. The 

signals for Listeria LTA resembled those for glycerol and were close to. those of glycerol-3- 

phosphate. The signal at 66.6 ppm fell within the expected range produced by a-phos- 

phorylation of glycerol (63.8 ppm + 2 to 5 ppm), and it also exhibited coupling to phos

phorus with a coupling constant (2Zai p.ia^ = 5.5 Hz) in the range expected for two bond 

couphng. The second carbon signal of glycerol-3-phosphate (/3 to a phosphate ester) is 

shifted 1.7 ppm upfield from that of unsubstituted glycerol, and is within the range 

expected for such shifts [113]. In Listeria LTA the resonance at 69.9 ppm was 3.4 ppm 

upfield from that of the second carbon of unsubstituted glycerol which was outside the



71

range produced by a carbon /3 to a phosphate ester. However, a shift of 3.4 ppm was 

exactly twice that seen for the second carbon of glycerol-3-phosphate. The chemical 

shift of the resonance at 69.9 ppm was consistent with that of a glycerol 0 2  resonance 

0 to two phosphate esters. Additionally, the signal at 69.9 ppm was quite broad (Fig. 13) 

as might be expected for a carbon exhibiting three bond coupling to two phosphorus 

atoms. A three carbon molecule can give two carbon resonances only if two of the carbons 

are in identical chemical environments as would occur in. a 1,3 linked polymer of a Iipo- 

teichoic acid. The signal at 66.6 ppm was assigned to both C-I and C-3 of glycerol and that 

at 69.9 ppm to C-2.

Table 12. Carbon-13 ChemicaFShifts of Listeria Lipoteichoic Acid and Glycerol Monomers.

Chemical Shift of Glycerol Carbons

Compound C-I C-2 C-3

Glycerola
Gly cerol-2-phosphate a 
Glycerol-3-phosphatea 
Listeria LTA

63.8 , 
62.5 (3 .8)b
62.8

73.3
75.1 (5.0)c 
71.6 (6.4)b 
69.9 d

63.8
62.5 (3.8)c 
65.2 (4.8)c 
66.6G(5.5)C

a Data taken from reference 113. 
b sZ for 31P-13C. 
c V f o r 31P-13C
d Coupled signal, no coupling constant determined. 
e Signal for both C-I and C-3 of glycerol.

The carbon assignments were confirmed by the gated decoupled spectrum (Fig. 14). 

The resonance at 69.9 ppm resolved into two signals Q J i z = 144 Hz) which indicated 

a carbon bonded to a single hydrogen as is the C-2 of glycerol. Three signals were resolved 

from the resonance at 66.6 ppm Q J i z = 145 ± I Hz) as would be expected from the 

C-I and C-3 o f glycerol which have two hydrogens bonded to the carbon. The coupling 

constants observed in the gated decoupled spectrum were within the expected range of 

carbon to hydrogen coupling (V i3£_y  = 100 to 200 Hz) [116]. The NMR data con

firmed a 1,3 linked polymer structure for the Listeria lipoteichoic acid.



72

Phosphorus-31 occurring in phosphate as a phosphodiester resonates downfield from 

orthophosphoric acid usually in the range from I to 2 ppm [74]. The chemical shifts of 

31P as phosphate are affected by the electronic environment produced by neighboring 

bonded elements, by variations in pH, by variations in ionic strength and by the secondary 

and tertiary nature of polymer structure [74]. In a polymer with the uniform primary 

structure of a type I lipoteichoic acid the variations observed in phosphorus resonances 

could be expected to arise from secondary and tertiary structure if the pH and ionic 

strength are controlled. Little is known about the structure of teichoic acid beyond the pri-
i ' . '

mary structure. Phosphorus-31 NMR of a deacylated unsubstituted structural type I lipo

teichoic gave a complex series of phosphorus resonances which suggested that secondary 

and tertiary order was present [117]. The phosphorus NMR of the Listeria LTA was done 

on a mycellar form, and gave a complex series of poorly resolved phosphorus resonances 

which contained one apparent major resonance (Fig. 15). The phosphorus-31 resonances of 

Listeria lipoteichoic acid were consistent with the presence of phosphodiesters.

End group analysis of the lipoteichoic acid was conducted to determine the average
' . I

length of the glycerol phosphate chain. Little terminal phosphate was present. The biosyn

thetic pathways known for lipoteichoic acids preclude the presence o f terminal phospho- 

monoesters [31]. The average chain length of the lipoteichoic acid (19 ± 2  glycerol phos

phate repeating units) was typical of the known variation in teichoic acid chain length [31 ].

Lipoteichoic acids frequently contain glycosyl side chains, and in 1,3 linked polymers 

the side chain is linked to the second position of glycerol [31,102,105]. Glycosylated 

glycerols of. the polymer and glycolipids are released from lipoteichoic acids by hydrolysis 

in cold concentrated hydrofluoric acid (HF), and they can then be separated by partition 

of the hydrolyzate with organic solvents [31]. At low temperatures HF hydrolyzes pre

dominantly phosphodiesters and phosphomonoesters, although low levels of acyl esters 

and glycosidic linkages may be hydrolyzed [101,118].



73

Glycoside I from the glycerol phosphate polymer of Listeria LTA had low quanti

ties of glucose which indicated that it was slightly contaminated with glycoside 2 from 

the glycolipid. The gel filtration characteristics and composition of glycoside I indicated 

that the galactose was present as a disaccharide linked to glycerol which was confirmed 

by the lack of a reducing end on the intact glycoside. Because the C-I and CrS positions 

of glycerol in the LTA were occupied by phosphate esters, the galactose was linked to 

the second position of the glycerol. Glycerol gives formaldehyde upon oxidation with 

periodate unless the second position is substituted [119]. The lack of formaldehyde 

release in amounts equal to the glycerol content confirmed the linkage, position of the 

galactose dissacharide. Contamination of glycoside I by small amounts of glycoside 2 pro

duced the formaldehyde that was detected. Glycosyl side chains of lipoteichoic acids are 

antigenic [43] and a phenol extract of Listeria similar to that described here was found to 

have galactose as the major immunodeterminant sugar [45]. Galactose present in glyco

side I was the excess galactose noted in the analytical characterization o f Listeria LTA 

(Table 9). Recovery of 5.3 //moles of sugar equivalent to 2.7 jumoles of glycoside I from 

LTA containing 60 //moles of phosphate indicated that there was approximately one glyco- 

syl substitution per chain in Listeria LTA.

Lipoteichoic acids are anchored in the plasma membrane of bacteria by a covalently 

linked lipid group which is most commonly, a glycolipid of. the type normally present in 

the plasma membrane [103,104,105]. The glycosyl portion of the glycolipid usually con

tains from two to four sugars and the glycosyl group is covalently linked to a primary 

hydroxyl of glycerol [120,121]. Fatty acids occupy the other two positions of -the gly

cerol. The glycolipid may also take the form of a phosphoglycolipid [122]. In a phospho- 

glycolipid a phosphatidic acid is linked via a phosphoester to one o f the hydroxyls of the 

glycosyl moiety. The glycerol phosphate polymer is bound by a phosphate ester to a 

hydroxyl group of the glycolipid to complete the structure. The lipid portion of a Iipo-
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teichoic acid imparts many of the important physical properties and resulting biological 

activities to the molecule [32,103].

Two apparent glycolipids were observed by TLC. The glycolipid with lower relative 

mobility may have represented a partially deacylated form of the major glycolipid spot. 

Free fatty acids were detected in lipid extracts of HF hydrolyzates which indicated that 

some ester hydrolysis had occurred. The molar ratios o f the components of the major 

glycolipid were typical of known bacterial glycolipids [120,121]. Glycoside 2 isolated 

from the glycolipid had the gel filtration characteristics of a disaccharide linked to glycerol 

which was confirmed by the absence of a reducing end on the intact glycoside. Glycoside 2 

gave formaldehyde in amounts equal to the glycerol content upon oxidation with perio

date which indicated that the disaccharide was linked to a primary hydroxyl of glycerol 

[119] as would be expected from the known structures of bacterial glycolipids [120,121]. 

Listeria is known to contain an 0-a-D-gaIactopyranosyl-(I->2)-O-a-D-glucopyranosyl- 

( I->I )-diglyceride glycolipid in the plasma membrane [25], and the lipid portion of the 

lipoteichoic acid was consistent with such a structure. The lipid moiety of the Listeria Iipo- 

teichoic acid was typical of those of known lipoteichoic acids [103,104,105].

Because HF selectively hydrolyzes phosphate esters [101,118], the complete 

absence o f diacylglycerols in an LTA hydrolyzate is sufficient to confirm that the lipid 

moiety of an LTA is not a phosphoglycolipid [71,101,118]. Diacylglycerols were detected 

in HF hydrolyzates o f Listeria LTA which suggested, but did not confirm, that the lipid 

moiety was a phosphogly colipid. The diacylglycerols could have originated from contami

nating phospholipids. Listeria has never been examined for phosphoglycolipids. In the 

glycolipid, the glucose concentration was equal to the molar concentration of the glycoside 

because there was one glucose per glycoside. Because a phosphoglycolipid contains four 

fatty acids, one-fourth of the fatty acid concentration should equal the glycoside con

centration. For Listeria LTA preparations #1, #2 and #3 (Table 8) the molar ratios of
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Figure 22. Proposed structure for the lipoteichoic acid from Listeria monocytogenes. 
*Glycolipid structure taken from reference 25.
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one-fourth of the fatty acid content to glucose were 1.4, 0.97 and 1.1. respectively. Addi

tionally, because there is one lipid moiety per lipoteichoic acid molecule [103,104,105] 

the ratio of phosphate to one-fourth of the fatty acid content should provide an estimate 

of chain length in an LTA containing a phosphoglycolipid. Such ratios for LTA prepa

rations I, 2 and 3 (Table 8) were 17, 19 and 18 respectively. If the critical assumption 

is made that significant quantities of phospholipid were not present, the comparison of 

molar ratios supported the contention that a phosphoglycolipid was the lipid portion of 

Listeria LTA. However, a morp rigorous characterization of the glycolipid is necessary 

as proof.

The fatty acid composition of partially deacylated LTA (Table 7) reflected the fatty 

acid compositions of LCWF and PF (Table I). Fatty acid compositions o f LTA and gly co

lipid (Tables 9 and 11) also reflected those of LCWF and PF. Cleaner LTA preparations . 

and the glycolipid had approximately 50% of the total fatty acid composition as 17:br 

(Tables 9 and 11). Listeria phospholipids have 17:br preferentially esterified to position 

one of glycerol [25], and the fatty acid composition of LTA and the glycolipid suggested a 

similar arrangement.

The material isolated by phenol extraction from Listeria monocytogenes fits the defi

nition of a lipoteichoic acid [3 1 ,1 0 9 ] ,and a proposed structure is given in Figure 22. The 

LTA contains glycerol as the alditol, and it occurs in the linear sequence of repeating units. 

Adjacent glycerols are linked between the I and 3 positions by phosphodiester bonds. The 

average chain length is 19 repeating units and approximately one glycosyl substitution 

occurs per chain. The glycerol phosphate polymer is covalently linked to a glycolipid 

which may be a phosphoglycolipid.

In answer to the second question of the objectives, yes, Listeria monocytogenes 

contains at least one type of teichoic acid.
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Teichoic Acid Analysis

Teichoic Acid Isolation

Cell walls remaining after lipoteichoic acid extraction were washed in ethanol and 

water to remove residual phenol. Cell wall teichoic acids (TA) were then extracted from 

the cell walls either in sodium hydroxide or tricholoroacetic acid (TCA). TA extracted by 

both methods eluted in the void volume of a Sephadex G-50 column (data not shown) and 

near the void volume of a Sephadex G-75 column (Fig. 23). Base extracted TA (panel A, 

Fig. 23) had relatively greater quantities of contaminants than TCA extracted material 

(panel B, Fig. 23). Base extracted TA also had greater quantities of low molecular weight 

phosphate containing material (Fig. 23) than did the TCA extracted TA which indicated 

the possibility that depolymerization had occurred in base. There was no difference in the 

quantities o f the major components between base extracted TA and TCA extracted TA. 

The TCA extraction method was used routinely thereafter because it appeared to provide 

the best yields with the least contamination.

Teichoic acid extracted by TCA emerged as a single, peak of phosphate containing 

material from a column of Sephacryl S-200 (Fig. 24). No other phosphate containing 

material was present, and TA was well resolved from material absorbing at 260 nm. Greater 

than 95% of the phosphate applied to the column was recovered from the column. The TA 

also eluted from a column of Sepharose 6B with a Ve /Vq ratio of 2.3 (Fig. 25) which was 

the same as that observed for phenol extract fraction 3 (Fig. 4). Ion exchange chromatogra

phy of the teichoic acid extracts on DEAE-Sephadex A-25 was used for final purification 

(Fig. 26). Phosphate and sugar emerged from the column as a single peak between 0.3 and 

0.4 M salt. Greater than 95% of the phosphate and sugar applied to the column was 

recovered from the column. Gel filtration and ion exchange chromatography characteris

tics were reproducible in seven sets of experiments. A total of 220 mg o f teichoic acid were 

isolated from 4.9 gm of LCWF. ■



78

TUBE NUMBER (Iml/tube)

Figure 23. Elution profiles of teichoic acid extracts from a 0.7 X 65 cm Sephadex G-75 
column. Fractions were assayed for phosphate (solid line) and absorbance at 
260 nm (interrupted line). Panel A, material extracted in 0.5 M sodium hydrox
ide. Panel B, material extracted in 10% trichloroacetic acid.
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Figure 24. Elution of teichoic acid extract from a column of Sephacryl S-200. Column 
fractions were assayed for phosphate and absorbance at 260 nm.

260 nm
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Figure 25. Teichoic acid eluted from a 0.7 X 115 cm column of Sepharose 6B with a 
VeZV0 ratio of 2.3 which matched the elution volume of phenol extract 
fraction 3 (Fig. 4). Column fractions were assayed for phosphate (solid line) 
and absorbance at 260 nm (interrupted line).
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Figure 26. Ion exchange chromatography of the teichoic acid. Teichoic acid eluted from 
the column of DEAE-Sephadex A-25 between 0.3 and 0.4 M salt. Every third 
tube was assayed for phosphate and total sugars. The phosphate and sugar co
eluted as a single peak.

[LiCl]
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Teichoic Acid Composition

The compositions o f the teichoic acid extracts are given in Table 13. Nucleic acid con

tent was uniformly less than 0.2%. Only trace quantities of amino acids were detected in 

4 mg samples of TA extracts hydrolyzed for amino acid analysis. Total amino acid content 

was assumed to be less than 0.5% by mass because that level wds near the limit o f detection. 

The major components of the teichoic acid extracts were phosphate, rhamnose, ribitol 

and glucosamine (Table 13). Greater than 99% of the phosphate was present as organic 

phosphate. Rhamnose and glucosamine were the only reducing sugars present. Small quan

tities of glycerol were present in all preparations. Only 3.0 to 40% of the phosphate was 

released from TA in TFA hydrolyses done for GLC analysis of sugars. Treatment of TFA 

hydrolyzates with a phosphomonoesterase released greater than 95% of the phosphate as 

inorganic phosphate. Before enzyme treatment rhamnose, glucosamine and ribitol were 

the major sugars detected by GLC, and small quantities of 1,4-anhydroribitol were also 

present. After enzyme treatment, 1,4-anhydroribitol became a major sugar component.

Table 13. Composition of Teichoic Acid Preparations.

Teichoic Acid Preparation
TA-I TA-2 TA-3a

hg/mg jumole/mg jug/mg pmole/mg Mg/mg- jumole/mg
Phosphate 181 ' . 1.8 186 1.9 184 1.9
Rhamnose 260 1:6 257 1.6 ■ 2 3 3 . 1.4
Ribitolb 141 0.92 159 1.0 146 0.95
N-acetyl glucosamine 216 0.91 236 0.99 187 0.79
Glycerol 8.3 0.09 8.7 0.09 9.2 0.10
Nucleic acids 0.9 1.1 1.3
Amino acids <  5 <  5 <  5

a TA-3 was material not precipitated by ethanol and was recovered by other means; see 
experimental procedures.
'-’Total of ribitol and 1,4-anhydroribitol.

Intact TA polymers did not have reducing ends. The molar ratio of the respective compo

nents to phosphate for each preparation are given in Table 14. Ribitol and glucosamine
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were present in equal molar quantities except in TA-3 which was the material that did not 

precipitate in ethanol. The sum of the molar contents of ribitol and glucosamine in each 

preparation was approximately equal to the molar content of phosphate. Glycerol con

tent was constant relative to phosphate in all three preparations. TA composition was the 

same as that observed for phenol extract fraction 3.

Table 14. Molar Ratios of Teichoic Acid Components to Phosphate.

Molar Ratios to Phosphate
TA-I TA-2 TA-3

Phosphate 1.0 1.0 1.0
Rhamnose 0.89 0.84 0.74
Ribitol 0.51 0.53 . 0.50
Glucosamine 0.51 0.52 0.42
Glycerol 0.05 0.05 0.05

Teichoic Acid Chain Length Estimation

Teichoic acid was treated with a phosphomonoesterase to hydrolyze terminal phos- 

phomonoesters. In three experiments the ratios of total phosphate to inorganic phosphate 

released by the enzyme were 47, 49 and 50 respectively. The primary and secondary acidic 

groups of the teichoic acid were titrated with base and the ratio of the number of primary 

to secondary acidic groups was 40.

Thin Layer Chromatography Characterization 
of Teichoic Acid Hydrolyzates

As occurs with glycerol phosphate type lipoteichoic acids, the fragmentation patterns 

produced by teichoic acids under acid and base conditions which give partial hydrolysis 

can provide structural information. Figure 27 is a composite reproduction of several thin 

layer chromatography experiments done on TA hydrolyzates. Acid hydrolysis of TA gave 

1,4-anhydroribitol, rhamnpse, ribitol, glucosamine and ribitol monophosphate. A spot with 

mobility similar to the dissacharide lactose was present. The apparent dissacharide did not
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Figure 27. TLC of acid and base hydrolyzates of TA. From left to right were spotted 
(I) 1,4-anhydroribitol, (2) rhamnose, (3) ribitol, (4) glucosamine, (5) ribitol 
monophosphate, (6) glucosamine-1-phosphate, (7) lactose, (8) acid hydrolyzed 
TA, and (9) base hydrolyzed TA. Positive reactions are given for phosphate (P), 
1,2 diols (D), reducing substances (R), and amines (N).
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react as a reducing substance and gave a positive ninhydrin reaction. A spot which con

tained phosphate and vicinal diols was present, and it had the mobility expected of a ribi- 

tol diphosphate. No authentic ribitol diphosphate was available for comparison. Material 

that did not leave the origin had phosphate and 1,2 diols. Base hydrolyzed TA gave a mix

ture of apparent oligosaccharides. No reducing substances or monosaccharides were 

detected in base hydrolyzates.

Nuclear Magnetic Resonance Spectroscopy

Natural abundance carbon-13 NMR spectroscopy of the intact TA polymer was done 

to provide a basis for structural characterization. I have not made unequivocal carbon 

assignments for most of the resonances, and insufficient quantities of the individual glyco

sides have been harvested to obtain reliable NMR data for comparison to the whole poly

mer. The NMR data is presented here largely for future reference, although some impor

tant features were discernible. The teichoic acid carbon resonances fell into four groups 

(Fig. 28). Identification of some resonances was done by comparison to chemical shifts 

given in the literature.

The first group of carbon resonances occurred between 10 and 35 ppm (Figs. 28 and 

29). Two major resonances were present as closely spaced doublets. The resonance at 17.3 

ppm was the C-6 methyl of rhamnose [123,124] and that at 22.5 ppm was the methyl of 

acetate [125]. The resonance at 22.5 ppm was present in both base and TCA extracted 

teichoic acid. The balance of the resonances were artifacts due to the presence of EDTA in 

the particular sample. The second resonance group fell in the range from 50 to 80 ppm 

(Figs. 28 and 30). The doublet at 55.3 ppm was the C-2 of N-acetylglucosamine [125] and 

it was not changed by the extraction method. The balance o f  the resonances were consis

tent with the presence of a complex polysaccharide [126]. The third group was comprised 

of six anomeric carbon resonances which occurred between 95 and 101 ppm (Figs. 28 and



Figure 28. Carbon-13 NMR spectrum of the teichoic acid. Carbon resonances are numbered for the C-6 methyl of rhamnose (I), 
the methyl carbon of acetate (2), the C-2 of glucosamine (3), and the carbonyl of acetate (4).
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I
30 ppm

Figure 29. Detail of the TA carbon-13 NMR spectrum near 20 ppm. The carbon resonances 
are numbered for the C-6 methyl of rhamnose (I) and the methyl carbon of 
acetate (2). The balance of the peaks were artifacts.
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Figure 30. Detail of the TA carbon-13 NMR spectrum between 50 and 80 ppm. The C-2 resonance of glucosamine is numbered 3.
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31)[127]. The fourth group occurred downfield from 105 ppm. The intense resonance at 

128.7 ppm was benzene and the single carbonyl resonance (174.9 ppm) was unchanged in 

TA regardless of extraction method. The balance of the fourth group resonances were 

artifacts.

A phosphorus-31 NMR spectrum of the teichoic acid is given in Figure 32. Two well 

resolved resonances at 1.3 ppm and 1.6 ppm were present. The resonance at 1.6 ppm had 

an unresolved resonance as a shoulder on the upfield style. Minor resonances were at 1.9 

ppm and 1.0 ppm. No other phosphate resonances were detected.

Hydrofluoric Acid Hydrolysis of the Teichoic Acid

The teichoic acid was hydrolyzed in HF to release component glycosides. The quanti

ties of phosphate released as inorganic phosphate at 24, 48 and 96h were 52%, 63%, and 

76% respectively. HF hydrolyzates were passed over a calibrated Bio-Gel P-2 column and 

the fractions from the column were assayed for phosphate and neutral sugars. Results of 

the HF hydrolyses are summarized in Table 15. Mixtures of unhydrolyzed material, tri

saccharides, disaccharides and monosaccharides were recovered at all hydrolysis times. The

Table 15. Summary of Hydrofluoric Acid Hydrolysis Products of the Teichoic Acid.
% of Total Neutral Sugar Found

24h 48h 96h
Unhydrolyzed material a,b 39 16 12
Trisaccharidesb 32 45 38
Disaccharides 20 19 19
Monosaccharides 7.7 19 31

Material eluting near the void, volume of a Bio-Gel P-2 colump.
"Material containing phosphate.

best yield o f trisaccharide with the least quantity of monosaccharide was obtained at 48h. 

The disaccharide component was recovered in relatively constant amounts at all hydroly

sis times. Trisaccharide material contained phosphate, glucosamine, rhamnose and ribitol. 

The disaccharide material also contained glucosamine, rhamnose and ribitol, but had no



Figure 31. Detail of the TA anomeric carbon resonances.
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ppm

Figure 32. Phosphorus-31 NMR spectrum of the teichoic acid. The major resonances 
occurred at 1.3 ppm (I) and 1.6 ppm (2). Chemical shifts are given relative to 
85% orthophosphoric acid.
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phosphate. With the- exception of the unhydrolyzed material, no components larger than 

a trisaccharide were observed.

Base Hydrolysis of the Teichoic Acid and Glycoside Isolation

Base hydrolysis was also used to isolate glycosides from the teichoic acid. In prelimin

ary experiments, base hydrolysis was found to release from 2 to 4% of the phosphate pres

ent as inorganic phosphate. The neutralized hydrolyzates were passed over a Sephadex 

G-25 column, and they eluted from the column in two broad peaks near the void volume. 

No low molecular weight components were detected. .The void volume material was col

lected and hydrolyzed with hydrofluoric acid. The HF hydrolyzates were passed over a 

calibrated Bio-Gel P-2 column, and the major product of hydrolysis eluted from. the 

column as a trisaccharide. The trisaccharide contained rhamnose and ribitol with a 2 to I 

molar ratio. No reducing end was present in the intact molecule and ribitol was the only 

alditol.

In subsequent experiments directed at isolation of glycosides from TA (Fig. 33), 

the amount of phosphate released by base was reproducible in the range from 2 to 5% of 

the total organic phosphate in each sample. No free glucosamine or ribitol and only trace 

quantities of rhamnose were released by the base hydrolysis as determined by GLC and 

colorimetric assays. Most of the material from the base hydrolyzates eluted near the void 

volume of a Bio-Gel P-2 column. A srpall quantity of material, however, did exit the 

column as a disaccharide (glycoside 3). Glycoside 3 contained rhamnose and ribitol as the 

only components and they were present in equal molar quantities. No reducing end was 

present in the intact glycoside. Glycoside 3 represented approximately 4% of the total 

sugar in the TA samples used for the experiments.

The material which eluted near the void volume of the Bio-Gel P-2 column was 

treated with a phosphomonoesterase. Approximately 40 to 50% of the organic phosphate
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Figure 33. Glycoside isolation from teichoic acid.
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in the samples was accessible to the enzyme and was released as inorganic phosphate. After 

enzyme hydrolysis, no free monosaccharides were detected by GLC or colorimetric assays. 

The enzyme hydrolyzed material was passed over the Bio-Gel P-2 column and two glyco

sides were isolated. One was glycoside 3 and had the properties previously described. The 

other glycoside (glycoside 4) eluted from the column as a trisaccharide and contained 

rhamnose and ribitol in 2 to I molar ratio. Glycoside 4 had the properties of the trisac

charide isolated in the preliminary experiments. Glycosides 3 and 4 represented from 30 to 

50% of the total sugar present in the TA samples used for the experiments. I have not yet 

isolated from the teichoic acid any of the components which contain glucosamine.

Discussion of the Teichojc Acid Analysis

Teichoic Acid Purity

As with lipoteichoic acids, several methods have been employed for the extraction of 

teichoic acids from the cell walls of gram positive bacteria, and each method presents dif

ferent problems with, contamination and structure alteration [31,65] . No consensus 

■ appears extant in the literature about a single preferred method. The trichoroacetic acid 

extraction technique employed in this study gave the least amount o f contamination (Fig. 

23). This was the primary reason I selected the TCA method for routine use.

Possible contaminants of teichoic acid extracts include other cell wall polysaccharides, 

peptidoglycan polymers, protein and nucleic acids [31]. Gel filtration separated most 

nucleic acid (Fig. 24), and the nucleic acid content of the final preparations (Table 12) 

was within the suggested tolerated range (< 1%) necessary for structural studies [31]. The 

emergence of TA as a single peak from the Sephacryl S-200 column (Fig. 24) indicated 

that the TA was relatively homogeneous with respect to size. Sugar and phosphate co

eluted from the ion exchange column (Fig. 26) which demonstrated the charge homogen

eity of the. material. Several gram positive bacteria have uncharged polysaccharides which
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are separated from teichoic acids by ion exchange chromatography [65]. Listeriadid not 

appear to contain such uncharged polymers. Listeria TA was not retained on an affinity 

column containing wheat germ agglutinin which binds N-acetyl glucosamine. Although 

charge homogeneity was demonstrated for the Listeria TA, the presence of more than one 

type of phosphorylated polysaccharide could not be unequivocally precluded. However, 

the relatively constant molar ratios of the constituents (Table 13) coupled with the uncom

mon occurrence of multiple types of phosphorylated polysaccharides in gram positive 

bacteria [31,128] lead to the conclusion that the material extracted from Listeria was a 

single entity.

Lipoteichoic acids in TCA release the polyglycerol phosphate polymers which can be 

significant contaminants in TA preparations [31]. All the TA preparations contained low 

quantities of glycerol (Table 12). The glycerol may have originated in contaminating LTA 

polymers. However, teichoic acids are often linked to the peptidoglycan by short glycerol 

phosphate moieties [128], and it is equally, likely that the glycerol in the Listeria TA 

preparations originated from such linkage regions. The latter appeared most probable 

because the glycerol content was constant relative to phosphate in all preparations. Amino 

acid analysis indicated that protein and peptidoglycan contamination was low (Table 12) 

and within the tolerated limits for such contamination [31]. The teichoic acid preparation 

isolated from Listeria was relatively much cleaner than the lipoteichoic acid, and the TA 

met the purity criteria necessary for structural studies [31].

Structure of the Teichoic Acid

Cell wall teichoic acids exhibit considerably more structural variability than do lipo

teichoic acids [31,109,128]. The major distinctive feature of teichoic acids is that the 

alditol may have three, five or six carbons [31,109,128,129]. The three structural types 

outlined in Figure 19 are also known for teichoic acids [31,65,129] and the definitional
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requirements outlined for lipoteichoic acids also apply to teichoic acids [109]. Bacterial 

polysaccharides very similar in structure to teichoic acids are known which do not contain 

alditols [31,129].

As noted earlier, a bacterial polysaccharide must contain an alditol in the linear 

sequence of repeating units to be classified as a teichoic acid [31,109], This fact has not 

been established unequivocally for the Listeria TA, although several pieces of evidence 

strongly suggest it to be true. Acid hydrolysis of TA gave a spot on TLC (Fig. 27) which 

had the reactions with detection sprays and the approximate mobility of a ribitol diphos

phate. Ribitol diphosphate is produced by structural types I and 3 (Fig. 19) upon hydroly

sis in acid [65,110]. However, because an authentic standard was not available identifica

tion of the purported ribitol diphosphate was tentative.

Ribitol in teichoic acids undergoes a distinctive set of reactions in dilute acid, and the 

products of hydrolysis provide structural clues [65,109]. The C-4 hydroxyl of ribitol 

can assume a sterically favorable position for an intramolecular nucleophilic substitution 

at the C-I and produce the cyclic ether 1,4-anhydroribitol [HO]. The reaction is quite 

slow in unsubstituted ribitol and requires on the order of 96h for completion of the 

reaction [95,110]. If the C-I of ribitol is occupied by a good leaving group such as a phos

phate ester, the reaction is quite rapid and substantial quantities of anhydroribitol are 

formed in less than 4h [95]. Further, ribitol-1,5-diphosphate does undergo the reaction to 

produce anhydroribitol phosphate [1 10]. Hydrolysis of TA in HCl for 3h resulted in the 

formation of anhydroribitol (Fig. 27) which indicated the presence of ribitol phosphates 

in the Listeria TA. Additionally, hydrolysis of Listeria TA for GLC sugar analysis gave only 

small quantities of anhydroribitol initially, but after treatment with the phosphomono- 

esterase large quantities of anhydroribitol were present. These data indicated that forma

tion of anhydroribitol phosphate had occurred which could only result from ribitol-1,5- 

diphosphate in the intact teichoic acid [110]. Also, ribitol diphosphate is present only in



structural types I and 3 (Fig. 19)[65,110]. Based on these data I concluded that the 

material from Listeria contained ribitol linked to other structures by phosphodiesters at 

the I and 5 positions as would be expected for a teichoic acid.

Like lipoteichoic acids, the molar ratios of the components relative to phosphate in a 

teichoic acid can provide structural clues [65]. In Listeria TA the molar ratio of ribitol to 

phosphate was near 0.5 which suggested the presence of a type 3 structure. For type 3 

teichoic acids the basic repeating unit of the polymer is composed of an alditol linked via 

a phosphodiester to the reducing end of a monosaccharide or oligosaccharide [31,65]. 

Neighboring repeating units are in turn linked by phosphodiesters [31,65].

A type 3 polymer should have two chemically distinct phosphates while in types I 

and 2 the phosphates should be very similar. The Listeria TA gave two well resolved phos

phate resonances (Fig. 31) which occurred at chemical shifts typical of phosphodiesters 

[74]. This suggested that phosphates in Listeria TA were in distinct environments as 

would be expected from a type 3 polymer. Type 3 teichoic acids should give reducing 

sugars upon hydrolysis in base because the obligate phosphate migration usually occurs 

away from the anomeric carbon of the sugar [65,110]. Reducing sugars were not detected 

in base hydrolyzates of Listeria TA which cast some doubt on the assignment of a type 3 

structure. The absence of reducing sugars in base hydrolyzates of type 3 structures could 

only occur if the C-2 of both the reducing sugar and the alditol were substituted by bonds 

stable to base which would then render the phosphate linkage resistant to base hydrolysis. 

During the isolation of the glycosides approximately half the phosphate was resistant to 

base hydrolysis which suggested, but did not confirm, that such a base resistant arrange

ment was present in Listeria TA. However, if every other phosphodiester were resistant to 

base hydrolysis, then glycosides 3 and 4 would not be expected to be released in the quan

tities observed.

97
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Glycosides 3 and 4 indicated that some of the rhamnose was associated with ribitol. 

Because ribitol was linked at the I and 5 positions to other structures these glycosides.may 

be a major portion of the repeating unit. The differences in the quantities of rhamnose in 

glycosides 3 and 4 probably reflect heterogeneity of glycosyl substitution which is a com

mon occurrence in teichoic acids [128]. Glycosides 3 and 4 represented the same structural 

unit of the TA. Further information about the glycosides can be inferred from their release 

as the glycoside phosphate in base. At least one end of the ribitol had an unsubstituted 

hydroxyl adjacent to the phosphate ester because the phosphate migrated on to the 

glycoside during hydrolysis. This suggests that the glycosyl substitution on ribitol occurred 

near one end of the ribitol. Glycosidic substitution on ribitol in teichoic acids occurs most 

frequently at the second and fourth positions [109,110,127,128] which raises the possibil

ity that the rhamnose in glycoside 4 was present as a disaccharide substituent.

That heterogeneity existed in the Listeria TA was demonstrated by the NMR experi

ments (Fig. 28). Most of the carbon resonances occurred as closely spaced doublets which 

indicated more than one environment for each sugar. Although only two reducing sugars 

were present in the TA, six anomeric carbon resonances were observed (Fig. 31). Some of 

the multiple anomeric carbon resonances may have represented coupling to phosphate as 

might be expected from a structural type 3 polymer, but this point was not confirmed. 

The presence of glucosamine C-2 and acetate resonances unchanged by the extraction 

method indicated that N-acetyl glucosamine was present because acetate esters are not 

stable to the conditions of base used to extract TA [110].

Hydrofluoric acid hydrolysis of ribitol teichoic acids often does not give the clear cut 

results that can be obtained with glycerol teichoic acids [31,65]. HF hydrolysis of the 

Listeria TA did indicate that the largest structural unit was not larger than a trisaccharide. 

However, the apparent mixtures obtained did not give a clear idea of the nature of the

\
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glycosides. I did not use HF hydrolysis any further because of the potential for acid rever

sion which can scramble glycosidic linkages in the concentrated solutions employed for 

the hydrolysis [111].

The biosynthetic pathways for teichoic acids preclude the presence of a phospho- 

monoester on the outside end of the polymer, and the phosphomonoester of the extracted 

polymer resulted from cleavage of the phosphodiester linkage to the peptidoglycan [128]. 

The average chain length of 49 phosphates estimated for Listeria TA was within the typical 

range for teichoic acids [31,128]. The titration method of estimating chain length gave a 

somewhat shorter estimate, but the method was limited by the sensitivity of the pH meter 

and the quantity of material available. The value obtained by titration did support a value 

over 40 phosphates per chain. If two phosphates were present in each repeating unit, then 

the average TA molecule had 24 to 25 repeating units which is also within the known range. 

Using a chain length of.49 phosphates and the known molar relationships given in Table 13, 

the Listeria TA had an estimated molecular weight near 20,000.

The material isolated from Listeria had all the characteristics of a cell wall ribitol tei

choic acid, and based on the data available at this time I have given a tentative structure in 

Figure 34. The repeating unit of the TA was composed of two distinct glycosides which 

were in turn linked by a phosphodiester bond. One of the glycosides was the ribitol-rham- 

nose glycoside, and the ribitol unit was linked by phosphodiesters at the C-I and C-5 posi

tions to neighboring structures. The ribitol unit contained covalently bonded rhamnose 

which was located near one end of the ribitol, and the rhamnose may have been present as a 

disaccharide branch. The other glycbside was unidentified; but it presumably contained N- 

acetyl glucosamine and was no larger than a trisaccharide. The proposed general structure 

must be regarded as a working model until structural details are established unequivocally.
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Glycoside I ----------- phosphate---------- - Glycoside 2 phosphate

n = 24

n

Figure 34. Tentative structure for the teichoic acid.

The answer to the second question posed in the objectives is a somewhat qualified yes. 

Listeria monocytogenes does contain a major cell wall polysaccharide which has the char

acteristics of a teichoic acid.
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SUMMARY AND CONCLUSIONS

It is clear that the cell walls of Listeria are responsible for an array of biological activi

ties (Table 6) [ 15,52,53,54,55,56,57,58,59], and it is also clear that differences in the bio

chemical composition between Listeria cell wall preparations reflect differences in activi

ties (Tables 5 and 6)[57]. Membrane associated constituents appear to be the agents 

responsible, at least in part, for many activities because depletion of lipid results in loss 

of much activity (Tables 5 and 6)[57]. Other activities such as decreased resistance to bac

terial infection appear to be caused by the cell wall-polysaccharide complex (Tables 5 and 

6)[57]. What is unclear is the identity of the cell wall components which induce the 

known activities.

BHPF contains little more than peptidoglycan and polysaccharide (Tables 5 and 6) 

[57]. Identification of the ribitol teichoic acid which has many of the sugars found in 

BHPF indicates that a major polysaccharide of BHPF is the teichoic acid. Teichoic acid was 

approximately 4.5% of LCWF, but this estimate represents a minimum because substantial 

quantities of teichoic acid were found in phenol extract fraction 3 (Fig. 4). The Listeria 

cell wall is rich in teichoic acid. Teichoic acids have not previously been demonstrated to 

occur in Listeria. Isolation of teichoic acid will allow biological assay of identifiable mole

cules for activity as well as allow further subfractionation of BHPF. Also, the serotype 

determinant sugars of serotype I Listeria are rhamnose and glucosamine [99] and the tei

choic acid may be the serotype determinant polysaccharide which is a common role for 

teichoic acids in gram positive bacteria [43]. Further, BHPF had large quantities of ribose 

and glucose which were not present in the teichoic acid, and this suggests the presence of 

additional polysaccharide material.
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Most bacteria have high molecular weight amphiphilic molecules associated with the 

cell wall or plasma membrane, and the types of amphiphiles are characteristic of the broad 

groups of bacteria [30,31,32]; Bacterial amphiphiles induce many biological activities 

which seem to play a role in bacterial pathogenesis [32,103] . 'Apparent amphiphiles have 

been found in Listeria which are known to exhibit important biological activities [28,33, 

34,35,36,37,38,39,40,41,42], and some appear to be lipopolysaccharide endotoxins 

similar to those of the gram negative bacteria [38,39,40,41,42]. The work outlined in this 

thesis clearly demonstrates that Listeria contains lipoteichoic acids which are characteristic 

of the gram positive bacteria [31,32]. No biochemical markers of LPS were detected in 

any of the isolated materials which is significant because, the lipoteichoic acid was isolated 

with the methods employed to isolate the purported LPS. The presence of two such 

disparate amphiphiles in Listeria seems extremely doubtful. The LTA from Listeria resem

bles the monocytosis producing agent in general characteristics [28]. Listeria. LTA may be 

one of the agents of activity in LCWF and PF although this remains to be determined. Cell 

wall polysaccharides typical of gram positive bacteria are present in Listeria monocytogenes.
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NMR Parameters

Given below are the NMR parameters used for carbon-31 and phosphorus-31 experi-. 
ments described in the Experimental Procedures chapter.

Carbon-13
sweep width 15,000 Hz 
pulse delay 2.0 s 
relaxation time 0.2 s 
pulse width 14.0 jus 
filter width 17,900 Hz 
receiver gain 1600
broad band proton decoupling, low pass frequency filter (rejects 250 MHz) 
deuterium internal lock 
data points used 16K

The number of scans used varied with the concentration of the samples and fell in the range 
from 2,000 to 15,000

Phosphorus-31 
sweep width 10,000 Hz 
pulse delay 4.0 s 
relaxation time 0.5 s 
pulse width 7.0 /as 
filter width 12,500 Hz 
receiver gain 200
broad band proton decouplings low pass frequency filter (rejects 250 MHz) 
deuterium internal lock . 
data points used 16K

The number of scans used varied with the concentration of the samples and fell in the range 
from 50 to 400.
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