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ABSTRAC'r 

Helix hand inversion eXhibited by Bacillus subtilis macrofibers 

is irrluced by changes in culture medium composition. The kinetics of 

this inversion are compared to those of temperature-induced inversions. 

D-alanine evokes a similar inversion process. The role of left-twist 

proteins (s), the existence of "memory", and the asymmetry of left to 

right versus right to left kinetics are confirmed within the context of 

these inversion regimes. Initiation time of right to left inversions 

is correlated to degree of pre-shift twist. Evidence is presented 

su~esting effective twist of the wall is defined by I) the average of 

that twist conformaticn inserted prior to a shift in culture corrlitions 

and that of wall inserted f<;>llowing the shift and 2) the location of 

left-handed material within the wall. A constant 50 minute delay is 

observed before initiation of left to right inversions, irregardless of 

twist. Evidence is presented for a protein in the left to right 

inversion process. 

A classification system of macro fiber phenotypes based upon 

ham am degree of structural organization has been established. Three 

major classes are identified. Subclasses are shown to be 

distinquishable. lsotwist phenotypes of seven strains are defined upon 

a matrix of temperature am medium comp::>si tiona These plots reveal a 

fundamental pattern of ham am organizaticn that is present in each of 

the strains studied. The polarity of the four axes, the range of 

xii 



xiii 

attainable twist conformations, anq the existence of a right-·hand 

maximum in the 12.5% SP1 domain remain virtually constant. Major 

variations include extent of a disorganized band and/or the shifting of 

conformational range either left or right. Several mutants were 

transformed into A734, a strain that produces the tightest structures 

at all four matrix corners. Multiple mutations are responsible for the 

phenotypes of several strains. Evidence is presented for single genes 

t.'1at express as extreme left-handedness and stress at high temperature, 

swelling and stress in TB at high temperature, and reduction in 

structural organization produced in high TB content at low temperature. 



CHAPl'ER ONE 

INTRODUCTION 

The cell surface plays a critical role throughout the 

prokaryotic cell cycle. As the structure that defines the outermost 

boundary of the cell, it receives and transmits information concerning 

its environment to the rest of the cell (Daneo-Moore and Shockman 

1980). The regulation of its synthesis and assembly must be 

integratOO with that of other cellular components. Possibly the most 

significant role the cell surface plays is that of shape determination 

and the implications thereof upon growth, DNA segregation, and 

division. In order to elucidate the principles that govern these 

phenomena, one must have a thorough understanding of the dynamic 

nature of the cell surface. Direct measurement of variation in its 

structural organization in response to a changing environment is 

difficult due to the small size of the bacterial cell and 

interpretation of indirect methods has proven ambiguous. The 

macrofiber system of ~ subtilis (Mendelson 1976, 1978, Mendelson, 

Favre arrl Thwaites 1984) amplifies minute surface phenanena arrl thus 

provides an appropriate model system for the study of cell surface 

behavior. The exploitation of macrofiber properties has already 100 to 

a greater insight into the dynamic nature of the gram-positive cell 

envelope (Mendelson 1976, 1982, Mendelson, et. ai. 1984, Favre 1984). 

1 
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Structure of the Gram-posi ti ve Cell Wall 

Gram-J.X>sitive bacteria, of which Bacillus subtilis is a member, 

possess cell walls 20-50 run thick. Peptidoglycan, the major component, 

comp:>ses 50-90% of its weight. The remainder is of charged J.X>lymeric 

nature (teichoic acid and teichuronic acids) and noncovalently bound 

proteins (Tipper et. al. 1977). In ~ subtilis, peptidoglcan is 

composed of 1) a glycan polymer of alternating N-acetyl residues of 

gluCQsamine and muramic acid linked through Bl-4 glycosidic bonds; and 

2) a short peptide (L-ala-D-glu-DAP-D-ala) linked to the carboxyl 

residue of muramic acid (muramyl-pentapeptide). Peptide tails of 

parallel glycan chains are linked in varying proportions to one another 

via the free amino residue of mP (meso-diamino pimelic acid) and the 

D-alanine carboxyl group (Tipper and Wright 1979). 

D-alanine is an amino acid found in two fundamental locations 

in the cell wall: 1) ester-linked to teichoic acid; and 2) as a 

comJ.X>nent of the muramyl-pentapeptide. The former will be discussed in 

the context of teichoic acid. There is a series of enzymes involved in 

the incorporation of D-alanine residues into the muramyl-pentapeptide. 

L-alanine is converted to D-alanine via the enzyme alanine racemase 

(Johnston et. al. 1968). The reaction is competitively and 

irreversibly inhibited by both D- and L-cycloserine supporting the 

contention the racemase contains two distinct binding sites, one for D

alanine and one for L-alanine (Neuhaus 1967, Neuhaus 1968, Neuhaus et. 

a!. 1972). The dimerization of D-alanine into D-alanyl-D-alanine is 

catalyzed by the enzyme, D-alanine:D-alanine ligase (Neuhaus 1962a, 



3 

Neuhaus 1962b, Ito and Strominger 1962). This enzyme demonstrates a 

high specificity for D-amino acids in the N-terminal residue and low 

specificity in the C-terminal residue of the dipeptide (Neuhaus 1962b). 

A second ligase, UDP-N-acetylmuramyl-tripeptide:D-alanyl-D-alanine 

ligase, demonstrates the opposite polarity. It has been suggested 

these two enzymes, working in concert, ensure D-alanyl-D-alanine is 

preferentially synthesized and added to UDP-N-acetylmuramyl-tripeptide. 

Both enzymes require Mg2+ or Mn2+ and ATP for activity. D-cycloserine 

has been sb:>wn to reversibly compete with D-alanine, the addition of 

whiCh to the culture medium completely reverses the growth inhibitory 

effect of D-cycloserine (Bondi, Kornblum and Forte 1957, Shockman 

1959). The transport of alanine, in ~ coli, has been resolved into 

two systems, one for D-alanine and glycine and a second for L-alanine. 

D-cycloserine is an effective inhibitor of the former, but not the 

latter. It has been postulated that D-cycloserine utilizes the D

alanine transport system. Evidence for this proposal includes the 

similarity of their uptake kinetics and the greater efficiency of 

antagonsism to D-cycloserine by glycine (without affecting the 

sensitivity of the racemase or ligase) than by L-alanine (Wargel, 

Shadur and Neuhaus 1970). Clark and Young (1977a, 1977b) have 

demonstrated inducible resistance to D-cycloserine in ~ subtilis. The 

authors believe the phenomenon due to an increased efflux of the 

antibiotic coupled to enhanced uptake of both D-alanine and glycine. A 
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role in active transport for a D-alanine peptide associated with 

membrane proteins has also been profX)sed (Clark and Young 1978). 

Two features of peptidoglycan structure are the extent of 

cross-linkage and glycan Chain length. The values of these parameters 

are subject to considerable variation within any given species 

dependent upon genetic constitution, and growth and environmental 

conditions. These variations have been implicated, yet not confirmed, 

in morphological alterations observed in numerous procaryotes. Studies 

utilizin:J revertin:J protoplasts of B. liCheniformis (Elliot, Ward and 

Rogers 1976) suggest an increasing proportion of cross-linkage over 

time. Chain length differentials have been observed in the rod and 

coccal forms of Arthrobacter crystallopoietes, a gram-fX)sitive organism 

that exhibits morphologically distinct forms dependent upon the nature 

of the available carbon source (KrulwiCh and Ensign 1968). The coccal 

form contains shorter glycan chains (Krulwich et. ale 1967) and the 

presence of higher levels of muramidase activit.y (Krulwich and Ensign 

1968) in coccal form seems to support this finding. Support for wall 

maturation comes from studies suggesting that transpeptidation may 

occur far from the cytoplasmic membrane (Ghuysen 1977, Dezelee and 

Shockman 1975) and the recent finding of a unique nAP-OAF crossbridge 

as E. coli peptidoglycan ages (Glauner, Keck am SChwarz 1984). Roles 

for these and other biochemical differences in cellular morphogenesis 

have been proJ:X>sed (Glauner et. ale 1984). 
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The anionic polymers, teichoic and teichuronic acids, 

constitute the vast remainder of the wall. The composition of teichoic 

acid is quite variable between species. ~ subtilis 168 possesses a 

glycerol phosphate polymer (1,3-phosphodiester-linked glycerol 

residues) substitutm at its C2 position by either glucosylation or D

alanyl esterification. A membrane-bound enzyme which catalYl:es the 

transfer of D-alanine into a membrane fraction has been demonstratm in 

Lactobacillus caseL The enzyme, termm D-alanine:membrane acceptor 

ligase, requires Mg2+, ATP and a supernatant fraction for activity. 

The acceptor, with D-alanine attached, has been found to be poly-

1,3(glycerol-phosphate). lbwever, no conclusive evidence has been put 

forward in support of the acceptor being lipoteichoic acid. The 

addition of D-alanine to lipoteichoic acid is thought to be a two step 

process, involving first the activation of the amino acid followed by a 

transfer r~action catalysed by the-ligase. It seems likely that a 

similar process :ftmctions in the synthesis of ester-linkages in wall 

teichoic acid (Linzer and Neuhaus 1973, Neuhaus, Linzer and Reusch 

1974, Reusch and Neuhaus 1971). _ Both lipoteichoic and wall teichoic 

acids have postulated roles in cation binding, ionic environment 

optimization at -the membrane-bound sites of wall snthesis, and the 

regulation of autolysin action in cell division (Heptinstall, Archibald 

and Baddiley 1970). The degree of ester-linked D-alanylation has been 

shown to vary with respect to culture pH (Archibald, Baddiley and 

Heptinstall 1973, Ellwood and Tempest 1972, MacArthur and Archibald 
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1984). These studies support the hypothesis that fluctuations in 

alanine ester content of lipoteichoic acid could regulate autolytic 

activity and thus might vary either in cellular location, timil1g' within 

the cell cycle or both. Control of alanine incorporation into teichoic 

acid, although not fully understood, has been demonstrated to proceed 

in a random yet precise fashion (Fischer and Rosel 1980). MacArthur 

and Archibald (1984) suggest the content and distriliution of D-alanine 

residues in lipoteichoic acid may be also regulated by hydrolysis of 

the base-labile ester linkages after incorporation. Found to be rapid 

enough to account £Or the low content of alanine in wall teichoic acid 

in bacteria grown at high culture pH (Archibald, Baddiley and 

Heptinstall 1973), such hydrolysis has been further postulated by 

MacArthur and Archibald (1984) to proceed similarly in lipoteichoic 

acid. thus, they suggest a relationship between content, age, cellular 

location and possibly growth rate. 

Teichuronic acid is an alternating N-acetylgalactosamine and 

glucuronic acid polymer (Rogers, Perkins and Ward 1980) that completely 

replaces teiChoic acids under phosphate-limitation (Ellwood and Tempest 

1972). This replacement reflects the important control placed by gr.am

positive organisms upon the chemical composition of their surface 

(Rosenberger 1976). This control is highly sensitive to not only 

medium composition, but also cation concentration, culture pH and 

whether the culture is grown under chemostat or batch conditions 

(Ellwood and Tempest 1972). 
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In the attempt to uncover the fundamental mechanisms that 

regulate growth and division of bacterial cells, a number of 

experimental approaches have been followed. The first of the 

experimental lines involves the measurement of cells, the statistical 

analyses upon the resultant data, arrl the construction of mathematical 

models from the conclusions thereof. Attempts'have been made to 

establish the nature of cell length extension (Donachie, Begg and 

Vincente 1976, Kubitschek 1981, Kubitschek and Woldringh 1983), cell 

volume expansion (Kubitschek 1981), the relationship of cell diameter 

to length extension (Treuba and WOldringh 1980), the timing of septal 

initiation and division (Donachie, Begg and Vincente 1976), and the 

relationship between length extension and INA replication (Skarstad, 

Steen and Poye 1983, Zaritsky am Woldringh 1978). 

In coordination with these studies, investigators have explored 

the kinetic nature of macromolecular synthesis. The culmination of 

this line of investigation can be traced to the model of Cooper and 

Helmstetter (1968). This model proposed the timing of DNA replication 

initiation to playa critical role in the timing of cell division. 

Subsequent studies, however, have contradicted major portions of the 

model, including the constancy of INA replication time (Zaritsky and 

Pritchard 1971) am the linkage of DNA replicatirn initiation to cell 

division (Mendelson 1968, 1969, Jones and Ibnachie 1974, Marunouchi and 

Messer 1974, Sargent 1975). l"urther studies, conducted within the' 

framework of the Cboper-Helmstetter model, have suggested replication 
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terminaticn is also of importance (Sargent and Bennett 1982). Indeed, 

a recent study suggests termination of DNA replication is critical not 

to the current division cycle, but rather to the cycle forthcoming 

(Miyakawa, Romano and Maruyama 1962). 

Jacob,. Brenner and Cuzin (1963) proposed the involvement of the 

cell surface in progressive separation of daughter DNA molecules. This 

proposal, based in part upon studies by Cole and collaborators (Cole 

and Hahn 1962, Cole 1965), triggered a number of subsequent 

investigations pertaining to cell surface assembly and its role in DNA 

segregation. The immunocytological studies by Cole and collaborators 

conclusively demonstrated that the assembly of nascent cell wall in 

Streptococcus occurs in discrete zones associated with septum

formation. A number of subsequent studies (Higgins and Shockman 1970, 

1971, Higgins et. ale 1974) have confirmed the conclusions pertaining 

to cell wall assembly in Streptococcus. Indeed, the establishment of 

the mode of cell wall assembly has led to the development of intricate 

methods designed to investi.gate the controlling mechanisms (Higgins and 

Shockman 1976). Similar studies upon the nature of nascent cell wall 

assembly in Bacillus and other organisms followed. These 

investigations attempted to answer the question: is nascent cell wall 

assembly of a dispersed or zonal nature? Isotope incorporation (Ryter, 

Hirota and Schwarz 1973), phage adsorption (Anderson et. ale 1978, 

Archibald 1976), flagella distribution (Ryter 1971), direct 

visualization of cell elongation and growth regions (Mendelson and 

Reeve 1973), teichuronic acid-teichoic acid nearest-neighbor analysis 
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(MauCk and Glaser 1972) , and immunoflourescent techniques (Cole 1964) 

have all been utilized in the attempt to determine the mode of cell 

wall assembly in these bacterial systems, particularly Bacillus. The 

clarity of the picture that has evolved has not been equal to that of 

Streptococcus. One major stumbling block has been, unlike 

Streptococcus, the high degree of cell wall turnover in these 

organisms. Turnover of cell wall components, peptidoglycan and its 

covalently attached anionic polymers, teichuronic and teichoic acids, 

is highly dynamic process dependent upon the cellular growth rate 

(Mauck and Glaser 1970, Mauck, Chan and Glaser 1971, Glaser arid Lindsay 

1977, DeBoer et. al. 1982, Cheung, Vitkovic and Freese 1984). Such 

considerations make results difficult to interpret. Recent studies 

(Pooley, Schlaeppi and Karamata 1978, Schlaeppi, Pooley and Karamata 

1982, Schlaeppi and Karamata 1982) utilizing autolytic-deficient 

mutants, however, have laid the basis for a new model of cell wall 

insertion and DNA segregation. DNA and cell wall were continuously 

labeled and the number and pattern of grain clusters were established 

by autoradiography. The resultant data suggest the existence of a 

limited number of large cell wall subunits that segregate in a 

symmetrical pattern during cell growth. The investigation into the 

numerical relationship between replication forks and cell wall 

segregation units suggests DNA segregation occurs in an asymmetrical 

yet highly regular fashion. The data presented seems to suggest that 

of two segregation units of the same age only one has a DNA strand 
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attaChed. The authors have proposed coordinate regulation with respect 

to the initiaitions of I::t\IA and cell wall synthesis. 'Ihey discuss the 

relationship between the rates of cell wall extension and DNA 

initiation as a function of the frequency of nascent cell wall 

insertion events at discrete sites. Analogous studies utilizing the 

autolytic wild-type strain, Bacillus subtilis 168 thy trp, have 

suggested no difference exists between Lyt+ and Lyt- strains with 

respect to cell wall segregation. Indeed, DNA segregation proceeds in 

the same asyrmnetrical pattern as demonstrated in Lyt- strains. These 

results present strong evidence for the Jacob et" al. (1963) model of 

syrmnetric zonal cell surface growth. 

In coordination with the results of earlier upwelling and 

turnover experiments (Pooley 1976a, 1976b), the above mentioned studies 

have begun to produce a clearer vision of cell wall dynamics. Pooley 

demonstrated, using isotope incorporation studies in both autolytic

deficient and wild-type strains, that the seemingly autolytic-resistant 

nature of the vast majority of wall material is due only to its 

inaccessibility to autolytic enzymes. '!hus, he concludes the cell wall 

has a layered nature a.rrl that newly inserted wall material must spread 

and thin as it advances toward the surface where turnover occurs only 

from a narrow region. The studies described above (Schlaeppi et. al. 

1982, Schlaeppi and Karamata 1982) not only confirm the layered 

organization of the cell wall, but also its highly dynamic nature. It 
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is this property that these authors believe might have led to the 

disperse insertion model of cell wall assembly based upon the isotope 

incorporation studies. 

Investigations of the effects of antibiotics, detergents, UV 

light and other exogenous treatments upon the processes of cell wall 

assembly and division have proven to be particularly successfulo 

Experiments utilizirg protein, RNA, and DNA synthesis inhibitors have 

uncovered the basic synthetic requirements for these processes (DeBoer 

et. al. 1982). Penicillin-bindirg proteins (PBPs) have been correlated 

to both cell wall assembly and division processes in many organisms. A 

number of these PBPs have been identified by the binding of 

radiolabeled penicillin derivatives to membrane and/or wall protein 

preparations. A review detailirg these studies is available (Blumberg 

and Strominger 1974). 

The attempt to identify the genetic components and their asso

ciated gene prOOucts resJ;X>nsible for the regulation of the processes 

detailed above has centered about the isolation and Characterization of 

mutants disturbed in the normal processes of growth and division. This 

approach has proven both successful and difficult. Numerous mutants 

have been isolated, mapped and characterized with respect to the 

physiological process disturbed. The problems arise when investi

gations into the molecular nature of these mutants have been attempted. 

Mendelson (1977) summarizes the difficulties quite succinctly. First, 

the knowledge gleaned from the study of mutants are defined by the 

nature of the specific mutant isolated and C'.haracterized. Secondly, 
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the lethal nature of growth and division mutants demands that these 

processes be studied by conditional mutants. Since most conditionally

lethal mutants cease growth and division upon incubation at nonpermis

sive temperature, regardless of the degree of involvement of that 

biochemical lesion in the actual growth and division processes, 

mutations not directly related may be mistaken as division- or growth

specific. To further elucidate the properties of division mutants, 

Mendelson has proposed seven categories of division defects: divI, 

division initiation~ divII, membrane partition synthesis~ divIII, wall 

partition synthesis~ divIV, division site location~ divV, division 

plane orientation~ divVI, daughter cell separation~ and divVII, 

division clock (the timing of division with respect to cell 

elongation). Mendelson points out, although most categories are well 

represented, the presence of the same mutation within two or more 

categories may reflect the high level of biochemical complexity of that 

mutation. Also, the absence of mutants. representative of others 

suggest the possible interdependence of two or more processes. 

Several examples of division-initiation mutants have been 

isolated and characterized. Two of the best studied are ts-355 

(Mendelson and Cole 1972) and the divD mutants of van Alstyne and Simon 

(1971). These mutants, if shifted from permissive to nonpermissive 

temperature will complete in-progress rotmds of division, yet fail to 

reinitiate new rounds. Long filaments are produced which are not 

canp3.rtmentalized. A detailed study of the divI mutants, tms-12, ts-12 
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and ts-l have performed (Callister and Wake 1981, Callister 1982, 

Callister, McGinness and Wake 1983). 

The divc mutants of van Alstyne and Simon (1971) have been 

assigned to the divII category. These mutants, like the divI mutants, 

produce few septa. In contrast to mutants of the divI category, these 

mutants prcrluced swellings of the membrane randomly placed along the 

length of the filaments. '!he nature of the di vC mutation has not been 

determined. 

The divIV category includes the minicell-producing mutants 

divIV-Al and divIV-Bl (Reeve et. al. 1973), as well as the divA mutants 

of van Alstyne and Simon (1971). The defect in these mutants resides 

in the localization of the division site. These mutants prcrluce a high 

percentage of erroneously pla.ced, yet structurally normal septa. From 

these abnormal divisions arise cells of irregular lerigth. Termed 

minicells, small anucleate spheres appear due to either division 

proximal to the pole or reiterated divisions within the same regioo of 

the cell. Ole to their lack of INA, minicells are incapable of growth. 

Tb remain viable, a minicell-prcrlucing mutant must prcrluce some normal 

divisions, delivering copies of the genome to both daughter cells. 

Otherwise, the lesicn would be lethal. Minicell-prcrlucing mutants also 

exhibit a reduced capacity for the division process. As Mendelson 

points out, the decision process with respect to division placement 

must be indeed complex. The option of producing either normal or 

abnormal divisio~s probably exists for all cells. 
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Representations of the divV category of division mutations 

include divB (van Alstyne and Simon 1971) and rod~ (Boylan and Mendel

son 1969, Boylan et. al. 1973, Rogers et. al. 1974) mutants. The divB 

mutants have been described as "twisted filaments" possessing infre

quent and irregularly located septa that "protrude from the membrane at 

various angles .•.• " Mutants of the Rod- phenotype exhibit a number of 

pleiotropic properties. The first involves the morphological meta

morphosis of the normal rod-shaped Bacillus to spherically-shaped cells 

when incubated at nonperrnissive temperature. During analysis of the 

Rod- mutant, tag-l, misorientation of the division plane was 

discovered. Because of this observation the rod- mutations have been 

placed in the divV category. Other pleiotrophic effects include the 

thickening of the cell wall, immediate dramatic increase in the 

synthesis of peptidoglycan, and the lack of teichoic acid upon 

incubation at nonperrnissive temperature. The correlation of the Rcd

phenotype to the eli vV Phenotype has not 'been established. 

DivB mutants also qualify as representatives of the divVI 

category (van Alstyne and Simon 1971). Cross-walls appear complete, 

however, daughter cell separation seems to be inhibited. Other 

examples of this defect include the BAO mutant of Fan and Beckman 

(1971), the Lyt- mutants of Forsberg and Rogers (1971), and the 

autolytic-deficient mut.ants of Fein and Rog~rs (1976). This last set 

of mutants is particularly significant with respect to this stUdy. 

Most of the experimental strains utilized in this laboratory are 

derived from one of these mutants, FJ7, which contains the lyt-2 
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lesion. Shown to be a critical factor in the separation of the 

products of division (Brown 1977), N-acetylmuramic acid L-alanine 

amidase is present at significantly reduced levels in eaCh of the above 

mutants, divB excepted. Mutants that possess a reduced level of 

amidase also have been shown to be reduced in the level of teichoic 

acid (Herbold and Glaser 1975). 1he lyt-4 and lyt-5 mutants of 

Bacillus licheniformis, phosphoglucomutase-deficient, are also 

representatives of the daughter cell separation defect (Forsberg et. 

al. 1973). The lack of teichoic acid, amidase, and the divVI defect 

all seem to be the result of a single lesion. 

There have been 00 mutations assigned to the divIII and divVII 

categories. Saxe (1979) has suggested divD mutants may be severe forms 

of clock defective rather than inititation defective mutants. lbwever, 

no conclusive evidence has been presented for this assignment. 



Description of the Bacillus subtilis 

Helical Macrofiber System 
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The cell surface, once postulated a "rigid bag", is a dynamic 

macromolecule responsible not only for. shape maintenance and osmotic 

balance but also a host of essential processes. The cell surface 

seemingly responds to cellular age and location and environmental 

stimuli. Ibwever, the forces and regulatory mechanisms responsible for 

shape determination, maintenance and their relationship to growth and 

division remain elusive. The emanation of shape determination directly 

from the mclecular architecture of the cell surface has not yet been 

substantiated (Mendelson 1976). Thus, new and unique approaches to 

these problems must be explored. One novel approach that possesses the 

capacity to amplify, with a high degree of sensitivity, the behavior of 

the individual cell surface (Mendelson et. ale 1984) is the helical 

macro fiber system fourrl in Bacillus subtilis. 

Helical growth in Bacillus subtilis was first reported by 

Mendelson (Mendelson 1976). Since the initial report other examples 

have been published. These include the Triton X-IOO resistant heli

cally coiled mutant of Tilby (1977), revertants of the tag-2 mutant 

(Shiflett, Brooks and Young 1977), a novobiocin resistant mutant of 

~acillus licheniformis (Robson and Baddiley 1977), and a lyt- rod

double mutant (Rogers and Thurman 1978). A penicillinase-negative 

mutant of Bacillus licheniformis (Highton and Hobbs 1971), a 

temperature-sensitive autolytic-deficient mutant (Fan and Beckman 

1971), and the lyt-4 and lyt-5 mutants of Bacillus licheniformis 
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(Forsberg et. al. 1973) also have been reported. Mendelson and 

Karamata (1982) have described the isolation in various genetic 

backgrounds of a number of helical macro fiber-producing strains of 

Bacillus subtilis. It should be noted that helical growth is not 

confined to Bacillus species. Other examples include the mycoplasma 

plant pathogen, spiroplasma (Patel, Mayberry-carson and Smith 1978), 

the spirochete Leptospira interrogens (Carleton et. al. 1979), 

Aquaspirillum and Oceanspirillum (Krieg 1976). The helical con

struction of the papilla and helical movement of Dictyostelium 

discoideum (Clark and Steck 1979), helical growth of Nitella axillaris 

(Green 1954), an:1 the outgrowth of neurites frem explants of goldfish 

(Heacock and Agranoff 1977) are eukaryotic examples. 

Under conditions in whiCh the cellular autolysin concentration 

of Bacillus subtilis is significantly reduced, e.g. autolytic-deficient 

mutants (Fein 1980), altered cell wall mutants (Mendelscn and Karamata 

1982), or low cell density (Zaritsky and MacNab 1981), long filaments 

of separation-suppressed cells arise. In static (unaerated) cultures, 

these filaments complete a complex sequence of events that results in 

a helical fold. This process is reiterated until a large helical array 

(termed macro fiber because of its macroscopic dimension) is 

constructed. These macrofibers eXhibit a remarkable consistency with 

respect to the hand of folding. Provided environmental conditions are 

kept constant, the hand of any fold will always be identical to that of 

the preceding one (Mendelson 1978). Defined as the reduction of 
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macrofiber length, a fold is· prOduced as the consequence of " ... whip

like motions •.. ". Termed writhing, these motions cause the eventual 

touch of the fiber upon itself (Mendelson 1982). The consistency of 

folding is a ramification and evidence for the non-randomness of 

writhing. Two hypotheses have been forwarded. Mendelson has discussed 

writhing as a result of tension build-up due to fiber rotation. 

Thwaites (personal communication) has explained writhing as the 

consequence of nonsynchronous growth, i.e. as simply the motions etched 

out by a bent roo rotating upon its axis. 

Macrofibers have been found to exist in a spectrum of twisted 

states fran tight left-hand, through neutral, to tight right-hand.. The 

state of any macro fiber is dependent upon both environmental and 

genetic canponents (Mendelscn 1982, Mendelscn and Karamata 1982). The 

environmental factors include growth medium, culture temperature, and 

concentration of divalent cations. For any given strain, under any 

given condition set, structures grow with constant twist. Interpreted 

as indicative of a constant helical cell wall geometry for all cells 

within a given structure, this observation supports the hypothesis that 

macrofibers may be an amplified model of single cell surface phenanena 

(Mendelson et.al. 1984). If this contention be true, then the 

macrofiber system should be uniquely suited to investigations 

concerning the geometry, dynamics and regulation of cell wall fOlymers. 

Manipulation of environmental factors has been demonstrated to 

cause an established macrofiber to invert its helix hand. Termed 

helix-hand inversicn, this phenanencn has been studied in detail with 



19 

respect to temperature manipulation. However, if triggered by one of 

the other factors (e.g. manipulation via nutrition), there is no reason 

to believe the process to be essentially different from a phenotypic 

viewpoint. FJ7, [the basic hand-invertable strain containing the lyt-2 

mutation (Fein 1980)], when cultured in the complete medium, TB 

supplemented with Mg2+, is right-handed at 200 C and left-handed when 

grown at 48oC. If cultured at 20oC, then shifted up to 48oC, the 

sequence of events always follows the same course. The low 

temperature, right-handed fibers stop rotating in the clockwise 

direction (when viewed from tail to loop) and reverse their rotational 

direction, causing the fiber to unravel and disorganize before wrapping 

up in the opposite hand. A similar sequence of events occurs when a 

temperature-downshift (left to right) is utilized (Favre 1984). 

The temperature-induced helix hand inversion in either direc

tion has been shown to require the insertion of nascent wall material 

(Favre 1984) ~ Thus~ growth is a necessary condition for helix hand 

reorientation~ Inversion in either direction is delayed following 

growth at the new temperature. In the temperature up-shift case (right 

to left), it appears the process is not driven by the newly inserted 

cell wall conformation, nor by the rate of cell wall assembly. A 

maturation period has been proposed, driven by either the upwelling of 

nascent cell wall material or the achievement of the cell division rate 

characteristic of the new steady-state growth rate. Favre (1984) 

suggests the kinetics of inversion to be a reflection of the 
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interaction of two cell watl layers: an upper layer produced during 

steady-state growth at the original (pre-shift) temperature and the 

layer inserted below at the post-shift temperature and, thus of 

different twist than that above. The up-shift (right to left) inversion 

demonstrates a correlation between the tim~ of inversion onset (lag) 

and both the pre- and post-shift twists. The introduction of left-hand 

twisted material will cause a more rapid inversion in structures of 

lower right-hand twist than of higher twist. Given a constant steady

state right-hand twisted structure, introduction of nascent left-hand 

wall material of high twist will effect inversion more quickly than 

that of low twist. Mendelson et. ale (1984) propose a simple averaging 

model to explain this phenomenon. " ... Wall material of both hands c0-

exists durin:J the inversicn process, in chan:Jin:J proporticn, according 

to the dynamics of new (left-hand) wall material insertion. The 

effective twist (N) of the wall is then some average, depending upon 

this p:r.oport_ion, of the twist at the growth temperature and the twist 

at 48oC." In contrast, the temperature down-shift (left to right) 

inversion demonstrates a correlation not to the twisted states of pre

and post-shift wall material, but rather to a predetennined amount. of 

nascent wall, regardless of its twisted state. A requirement £Or 60-

70% new (right-hand twisted) wall replacement has been demonstrated. 

The helix hand inversion phenomenon occurs whether the high 

temperature conditions are sustained or whether the macro fiber in 

question is subsequently returned to low temperature, given the high 

temperature pulse lasts for at least -0.15 generations (Favre 1984). 
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. Temperature shifts (shift-up, shift-down, and temperature pulse) in 

coordination with inhibitory studies utilizing D-cycloserine and 

chloramphenicol as well as exogenously added trypsin, has enabled Favre 

to demonstrate both newly synthesized protein [left-twist protein(s)] 

~ peptidoglycan insertion are required for the right- to left-hand 

inversion. The left- to right-hand inversion has been demonstrated 

independent of protein synthesis. 

Utilizing exogenously added lysozyme and lithium chloride 

extracted Bacillus subtilis autolysins (N-acetylmuramic acid L-alanine 

amidase and glucosaminidase), Favre (1984) also has shown that 1) 

peptidoglycan has a major role in determination of helicity; 2) extreme 

right-handedness is the lowest energy state; 3) left handed structures 

are constrained in the left-hand; and 4) even right-handed structures 

are held from the lowest energy state. The protein(s) described above 

may have either a direct or indirect role in the process of constraint. 

The fact that this protein(s) is expressed only at high temperature in 

FJ7 suggests its activity might be regulated with respect to 

temperature. One possibility would be a heat shock protein. However, 

studies on mutants fixed in either hand have yet to prove or disprove 

this possibility. The observation that left-handed structures are 

significantly more sensitive, with respect to right-handed structures, 

to the action of lysozyme may indicate major structural differences 

between the two species (Mendelson et. al. 1984). 
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It has been shown that growth in either magnesium and calcium 

cations has the effect of tightening structures in the right-hand 

sense. It has been suggested that divalent cations play a role in the 

packing of macrofibers. They may " .•• provide cell surface charge and 

hydration layers required for close cell packing ... ". Another role 

envisioned involves individual cell surface organization, possibly 

regulating the interaction between peptidoglycan and teichoic acid 

(Mendelson and Karamata 1982). 

The original macro fiber-producing strains were isolated in a 

divIVB-I background. From these strains it·was possible to determine 

that three distinct classes of helical species were possible: 1) those 

that remain right-handed, regardless of environmental manipulation; 2) 

those that remain left-handed, irrespective of environment; and 3) 

·those that retain the capacity for inversion (Mendelson 1978). 

Saxe and Mendelson (1984) identified two genes involved in the 

pra:1ucticn of macro fibers in the original background. FibA exhibited a 

delayed division-separation phenotype. 'Ibis mutation resulted in the 

production of long, division-suppressed filaments that began to ini

tiate septa at approximately twelve hours and decay between fifteen and 

eighteen hours (at 20o C). The decay products of these mutants were 

normal length rods. FibB mutants produced long, open persistent (-30 

hours at 20oC) macrofibers, whiCh upon decay yielded filaments several 

times longer than wild-type Bacillus subtilis rods. Saxe found 

divIVB-l exhibited an additive role in the formation and longevity of 
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macrofibers produced by strains carrying either fibA or fibB. These 

structures lasted several hours longer than structures produced by 

strains carrying fibA or fibB alone. Strains carrying both fibA and 

fibB persisted for eight to ten hours less than BIS (the original 

macro fiber-producing strain). Strains constructed to carry divIVB-I in 

addition to both fib genes produced macrofibers indistinguishable from 

BIS. The authors concluded 1) the three genes were d;i.stinct; 2) fibA 

and fibB were located in previously unknown loci; and 3) BIS and its 

derivatives carried all three. 

Saxe and Mendelson also investigated a previously isolated 

phage resistant mutant of C6D, a derivative of BIS believed to be fixed 

in the left-hand (Mendelson 1978). This mutant, C6¢r4, resistant to 

infecticn by the bacteriophage SPOl, exhibited a distorted and twisted 

morphology. The genetic lesion £Or this bizarre, morphology was traced 

to or near the gtaC locus. Due to the demonstration of gtaA mutants 

with normal macrofiber morphology, the lack of teichoic acid 

glucosylaticn, for which the gta gene products are responsible (Young 

1967), has been ruled out as a cause of the distorted morphology. The 

gene product of~, phosphoglucomutase, has been shown to possess a 

role in cell morphogenesis as supported by the observations that the 

gtaC5l strain, BC7, grows as short, comma-shaped cells (Saxe and 

Mendelson 1984) and that lyt-3 and lyt-5 mutants of Bacillus licheni

formis, also deficient in phosphoglucomut.ase, grow in a distorted 

fashion reminiscent of C6¢r4 (Forsberg et. al. 1973). Phosphate 

starvaticn causes these mutants to become spherical presumably due to 
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their inability to synthesize the glucuronic acid-containing teichur

onic acid (due to the lack of functional phosphoglucomutase) in 

replacement of teichoic acid (Lang, Glassey and Archibald 1982). 

Subsequent studies have utilized the Lyt- strains of Fein and 

Rogers (1976) to eliminate interference and confusion stemming from the 

cell division defect in the original strains. Also, these strains ~ake 

macro fibers of remarkable quality, thus making manipulations easier. 

In more recent studies, Favre (1984) has isolated more mutants that 

fall into the first and second categories, as well as mutants that have 

uncoupled magnesium sensitivity from the temperature induced switching 

capacity. In the process of mapping the mutations responsible for the 

inability to invert the helix hand, genes involved in magnesium 

sensitivity, helical structure organization, switChing capability, and 

regulation of folding threshold have been identified. Present mapping 

investigations have tentatively placed two genes linked to mete and two 

genes linked to gltA (Favre, personal cornmtmication). 
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The growth rate of a bacterium is strongly influenced by its 

nutritional, Chemical, and physical environment. A number of factors 

are involved in the establishment of a characteristic growth rate for 

any given set of environmental conditions. These include nutrient 

transport and distribution, synthesis of specific proteins, regulation 

of synthesis of the protein-forming system and control of cell wall 

growth, division and genomal replication (Nierlich 1978). Rapidly 

growing cells, Le. with a doubling time less than or equal to ninety 

minutes, regulate their growth by exerting control over the RNA 

components of the protein-synthesizing system. In growth rate 

transitions, either a shift up or down, although rRNA accumulation may 

increase or decrease' within a fraction of a minute, the protein 

synthetic rate varies only with alterations in ribosomal concentration 

(Maal«;6e and Kjeldgaard 1966). Although not substantiated by direct 

evidence, it is widely assumed that ribosome concentration limits 

growth rate (Neirlich 1978). It has been noted that slowly growing 

cells contain an excess of ribosomes, some nonfunctioning, that 

immediately respond to medium enrichment by increasing the protein 

synthetic rate and the rate of total RNA synthesis. It supports the 

contention that the rate of protein synthesis is dictated at the 

transcriptional level. Indeed, Maal¢e (1978) suggests it might be most 
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appropriate to consider growth ~egulation's central mechanism to be the 

control of the entire protein-forming system rather than any single 

canponent. 

A number of small nucleotides have been implicated in the 

control of growth. The level of (p)ppGpp has been correlated with the 

physiological state of cellsj its concentration being inversely 

proportional to growth rate. The concentration of (p)ppGpp is 

suggested to be the primary signal for cell composition control with 

the ribosome as its sensory organelle. Adenine analogs of (p)ppGpp 

have been discovered in Bacillus subtilis during sporulation (Rhaese 

and Groscurth 1976) and cAMP levels are found to be elevated following 

nutritional shift-down. '!he concentrations of ATP, GI'P, urP, and CI'P 

are positi.vely correlated with growth rate and have been found to be 

well maintained during growth rate trans! tions. 

Differences in culture medium composition have been manipulated 

in studies designed to investigate the mode of cell elongation 

(Woldringh et. al. 1980a, 1980b), and DNA replication transition 

kinetics (Zaritsky and Zabrovitz 1981) following nutritional shift-up 

in Escherichia coli. Similar strategies have been used to establish the 

principles of cell wall turnover by a pulse of phosphate-limiting. 

condi tions (Anderson et. al. 1978), and to determine the effect of 

nutritional-limiting environments upon the regulation of cell wall 

composition within numerous bacterium, including Bacillus subtilis 

(Ellwoood and Tempe~t 1972). A more recent study (Schlaeppi, Pooley 

and Karamata 1982) utilized media of different richness in an effort to 
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prove their previously stated (Pooley et. al. 1978) contention -that the 

insertion of nascent cell wall material is comp::>sed a limited number of 

large blocks dependent upcn the richness of the medium. Once complete, 

these blocks segregate, eventually migrating into the po~ar regions 

without mixing with newly synthesized material. Cells grown under 

conditions where the doubling time is 20 minutes (rich medium) are 

twice as long as cells grown with a doubling time of 40 minutes 

(minimal medium). '!he number of insertion zones -in cells grown in rich 

medium is also double that of cells grown in minimal medium, suggesting 

the insertion zone number determines both cell length and growth rate. 
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Scope and Nature of This Investigation 

The nutrition-induced helix hand inversion has been known for 

sane time (Mendelson 1978). Structures grown in Sl, a minimal salts

glucose medium supplemented with 0.2% (wt/vol) Casamino acids, were 

found to be left-handed, whereas those prcrluced in the rich medium, TB, 

were right-handed. When shifted from one medium to the other, an 

inversion process initiated such that the eventual structures were of 

the hand characteristic of the new medium (Mendelson and Karamata 

1982). It was also discovered that the temperature-induced inversion 

was from right to left with increasing temperature in TB, yet left to 

right in 51 under the same regime. Thus, the phenotypic description of 

any given macrofiber-prcrlucing strain may be expanded over a matrix of 

both temperature and nutritional environments. Mutants restricted in 

their ability to exist over the entire conformational range have been 

ca.tegorized within the context of this matrix. Several of these 

mutants were utilized as a source of donor DNA in crosses with A734. 

An FJ7 derivative, A734, possesses the widest range of static twist 

values over the entire matrix. A select subset of both original 

background (FJ7) and subsequently constructed isogenic mutants were 

phenotypically described with respect to static twist, temperature and 

nutri tion. The contribution of each mutation to the restriction of 

attainable twist values was assessed. 

In an attempt to verify observations made under the 

temperature-induced inversion system, kinetic studies were carried out 

utilizing the nutrition-induced inversion regime at 20oC. Experiments 
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were designed to explore both similarities to and differences from the 

previously investigated temperature-induced inversion. A number of 

major questions arose with respect to the existence and nature of the 

lag period prior to initiation of inversion, the requirement of protein 

synthesis in the construction of left-hand structures, the existence of 

a nutritional "memory", the asymmetry of left to right and right to 

left inversions, and the differential lysozyme sensitivities of both 

left- and right-hand structures • 

. In the course of this investigation it seemed proper to ask if 

any other environmental variations, previously unknown, had a similar 

effect upon the hand and twist of macrofibers. Both a pH and D-alanine 

effect were discovered. These effects are described and the nature of 

the D-alanine effect explored. 

This study was designed to define the role of nutrition in the 

organization of helical macrofibers and by extrapolation, individual 

cell surfaces. '!he work described below is intended as a broad basis 

for future investigations into the biochemichl and molecular nature of 

cell surface organization. 



CHAPI'ER 'IWO 

MATERIAlS AND MEI'HO[6 

The Bacillus subtilis 168 strains utilized in these studies are 

listed in Tables 1 and 2. 

CUlture GrCMth 

Hinimal medium (MMG) used was that of Spizizen (1958). It 

consists of the following (per liter): deionized water, 900 ml; glucose 

50% (w/v), 4 ml; and lOX salts, 100 ml. lOX salts consists of the 

following (per liter): (NH4)2S04' 2.0 g; K2HP04 , 14.0 g; KH2P04 , 6.0 g; 

sodium citrate·2H20, LO g; and MgS04·H20, 0.2 g. The glucose and lOX 

salts were sterilized separately and added aseptically. 

Semi-solid medium was prepared as above, adding 5 9 agar 

(Davis, N.Z.) before sterilization. Semi-solid rich medium, TBAB 

(nifro Laboratories, Detroit, Mich.) was supplemented by agar (Davis), 

3 g per liter. 

The rich liquid medium, TB, was composed of the following (per 

liter): tryptose (Difco), 10 g; beef extract (Difco), 3 g; NaCl, 5 g; 

and deionized water to bring volume to 1 liter. 'The enriched minimal 

medium, SP1, was composed of MMG supplemented with casein hydrolysate 

(0.02%) and yeast extract (0.1%). 

All nutritional supplements were added to 20~g/ml final 

concentration, except thymine and L-alanine, added to 40 ~g/ ml and 100 

30 
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Table 1. Bacillus subtilis 168 Strains Used in this Study 

Strain Genotype Source Conments 

FJ7 metC lyt-2 J. Fein initial source 
of lyt-2 

FJ7 mutants (NTG-treatment) 

5-3E metC lyt-2 D. Favre RH at 20°C 
5-G6 metC lyt-2 D. Favre RH at 20°C 
4-5G metC lyt-2 D. Favre RH at 20°C 
4-SA metC ~ D. Favre RH at 20°C 
8-4A metC lyt-2 D. Favre fixed RH 
6-2G metC lyt-2 D. Favre fixedRH 
peg metC lyt-2 N. Mendelson fixed RH 
8-1OA metC lyt-2 D. Favre fixed RH 
PS6)lL metC gltA lyt-2 D. Favre fixed IE 
PS6).lB metC gltA lyt-2 D. Favre fixed ill 
PS5 metC lyt-2 D. Favre fix~ IE 
2-41\ metC lyt-2 D. Favre fixed ill 
3-5B metC lyt-2 D. Favre fixed ill 
l-SA metC lyt-2 D. Favre fixe::l ill 
6-9D metC lyt-2 D. Favre fixed ill 

Mapping Kit Constructions 

I-DS purA cys ~ lyt-2 D. Favre invertible 
2-c8 dal1 aroI906 purB33 1yt-2 D. Favre invertible 
3-1 metC ~ tre12 lyt-2 D. Favre invertible 
4-E3 ~ ilvA thyA thyB lyt-2 D. Favre fixe::l ill 
7-A2 leuA ard3 ald-l lyt-2 D. Favre invertible 
7-H3 leuA ard3 ald-l lyt-2 D. Favre invertible 
8-84 hisAl thr-5 D. Favre invertible --

Non-Lyt - Strains 

HLL3g purB6 leuAB rretBS thr-S hisAl 
lys-21 trpC2 nonA! SPIO(~ 

BGSCl 

IBacillus Genetic Stock Center 
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Table 2. Strains constructed for use in this studr 

Strain Genotype IXlnor Recipient Selection 

A734 purB6~ HLL3g 5-3E Met+ 

P2-B4 lyt-2 PS6pL A734 Pur+ 

P2-B5 lyt-2 PS6).lL A734 Pur+ 

14-A3 lyt-2 P2-B5 A734 Pur+ 

P2-D5 lyt-2 PS6).lL A734 Pur+ 

K2-C2 lyt-2 P2-DS A734 Pur+ 

X4-C4 ~ 4-8A. A734 Pur+ 

X3-B5 lyt-2 4-8A. A734 Pur+ 

X3-Al lyt-2 4-8A. A734 Pur+ 

Xl-C4-1 lyt-2 4-8A. A734 Pur+ 

Xl-AS lyt-2 4-8A. A734 Pur+ 

X9-Al lyt-2 4-BA A734 Pur+ 

M6-c6 lyt-2 6-9D A734 Pur+ 

A734rL lyt-2 N.A. 2 N.A. Pur+ revertant 

IThe macrofiber phenotypes of these strains are complex. Those pheno
typic traits that are pertinent will be revealed in the results 
(Chapter 3). 

2Not applicable. 
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~g/ml, respectively. RiCh media were supplemented with D-alanine and 

thymine, as required. To maintain selection for the dal-l marker in 

minimal media, L-alanine was added in addition to D-alanine (R. Lipsky, 

personal comtmication). 

Macrofibers were cultured as previously described (Mendelson 

1978). Two media were used for the prcrluction of macrofibers, TB and 

SP1. Cultures were routinely transferred every day by seeding small 

fibers into fresh medium pre-warmed to 20oC. 

Transfonnation 

Intrcrluction of Chromosomal DNA by genetic transformation was 

achieved by a modification of the procedure described by Boylan et. ale 

(1972). A small inoculum of fresh cells was placed in 10 ml SPI. For 

the purpose of transformation, SPI was supplemented with 1.3 }lg/ml 

MnC1 2 ·H20 (D. Favre, personal communication) and nutritional 

requirements as defined above. The suspension was vigorously vortexed 

am let to stand at roan temperature OITernight. The next morning, the 

optical density at ~60 (red filter) was determined on a Spectronic 20 

colorimeter (Bausch and Lomb, Inc., Rochester, N.Y.) and the cells 

incUbated at 370 C with aeration. The optical density was monitored at 

half-hour intervals and plotted as a function of the natural logarithm 

of cell growth. 90 minutes after the cell growth departed from the 

linear phase, the culture was diluted lOX into SP2. 

SPI supplemented with 0.5 mM CaC12 and 12.5 mM MgC12• 

SP2 consists of 

The cells in SP2 

were incubated one hundred twenty minutes with aeration (D. Favre, 
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personal co~unication). The concentration of magnesium chloride used 

was five times normal and the incubation two times normal. This 

adjustment to the procedure was to ensure the Lyt- recipients were 

fully competent. Tb these competent cells was added either isolated 

DNA or·protoplast donors as described below. Upon completion of DNA 

incubation, the culture was serially diluted lOX and 100X in minimal 

medium or lOX salts. 0.2 ml samples of the undiluted and 1:oth diluted 

cell suspensions were plated upon selective semi-solid medium. 

Isolation of Deoxyri1:onucleic Acid 

Donor DNA was prepared by two methods. The first was a 

modification of the Young and Spizizen technique (1961). A fresh 

inoculum of donor cells was added to 100 ml 'lB and left sitting at rCX)m 

temperature overnight. In the morning, the culture was aerated at 370 C 

-to an optical density of %60 0.2-0.4. '!he culture was centrifuged and 

the cells resuspended in 4 ml SSC IX (0.15 M sodium chloride, 0.05 M 

sodium citrate). 'lb the cell suspension was added lysozyme (100 )lg/ml) 

and the cells gently aerated (c. 50 rpm) at 37°C for 60 minutes. 0.5 

ml 10% SDS was added and the mixture incubated 5 minutes at 37oC, 

without aeraticn. 1 ml 5 M NaCl04 and 6 ml. chloroforrn-isoamylalcohol 

(24:1) were added and the mixture'gentlY shaken (c. 50 rpm) for 10 

minutes at roan temperature. The mixture was centrifuged at 4000 x g 

for 10 minutes. The upper (aqueous) phase was withdrawn and the 

procedure repeated, without NaCl04, until the aqueous phase was clear. 

40 ml ice-cold 95% ethanol was added (to precipitate the proteins and 
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nucleic acids) and the mixture placed at -20oC overnight. The mixture 

was centrifuged at 10000 x'g for 20 minutes, the pellet air-dried, 

resuspended in 2 ml sse lX, chloroform added to ensure sterility, and 

the solution refrigerated. To 0.9 ml competent recipient cells was 

added 0.1 ml DNA solution. Gentle aeration proceeded for 15 to 45 

minutes. In experiments involving high concentrations of DNA 

(congression) (Nester, Shafer and Lederberg 1963), the concentration 

was adjusted to 3-6 )1g/108 cells. 

The second technique involved a modification of the Bettinger 

and Young procedure (1975). This method utilizes gentle lysis of 

protoplasts to deliver DNA in a near-native form to competent recipient 

cells. Bettinger and Young demonstrated exceedingly high linkage 

values between ordinarily unlinked genes. '!his technique was utilized 

for constructions. Protoplasts were prepared as described by Chang and 

Cohen (1979). '!his involved the addition of lysozyme (50 mg/ml) to the 

mid-lCX] phase donor cells cultured as above, and incubaticn with gentle 

aeration (c. 50 rpm) until >90% of the cells were protoplasted as 

determined by microscopic observation. The culture was centrifuged at 

4000 x g, washed in SMMP, and resuspended in 4 ml 1M. SMMP consists 

of equal volumes of 4X Penassay broth (Difco) and 2X SMM buffer. SMM 

buffer (Wyrick and Rogers 1973) consists of 0.5 M sucrose, 0.02 M 

maleate and 0.02 M MgC12, pH 6.5 adjusted with NaOH. LM (L-form 

medium) consists of the following (per liter): casein hydrolysate, 200 

mg: MgS04 , 5 mgi tryptophan, lysine, methionine, 50 mg each; NaCl, 70 

gi and glucose, 5 gi adjusted to pH·6.8 (Bettinger and Young 1975). 
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To one volume of protoplasts was gently added one volume of lX salts 

(1/10 dilution with gentle aeration (c. 50 rpm) for 15 to 45 minutes. 

Determination of Macrofiber 

Helix Hand and Degree of Twist 

Determination of Helix Hand 

The determination of helix hand has been previously described 

(Mendelson 1978). Two methods are available. The first, a rapid 

method, required direct observation of macrofibers via a binocular 

dissection microscope. Live structures, retained wi thin the culture 

medium, were directly examined for the direction of angular rotation of 

a loop or other discernible marker. Rotation in the clockwise 

direction (when viewing tail to loop) is indicative of a right-handed 

macrofiber~ rotation in the counter-clockwise directicn, a left-handed 

fiber. The second technique requires observation of a selected 

macrofiber by phase contrast light microscopy. The structure is 

examined with focus on both its uppermost and lowermost planes. When 

viewing the uppermost plane of a right-handed structure, the helically 

wrapped strands will be observed to cross the plane from lower left to 

upper right. When the same structure is viewed through its entirety to 

a view of the bottommost plane of focus, the strands are found to cross 

from bottom right to upper left. A left-handed structure will yield 

results exactly opposite to those described for a right-handed 

structure. 
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Determination of Degree of Twist 

The determination of the degree of twist was performed by both 

qualitative and quantitative methcrls. The first methcrl was used when 

the scoring of a large population of fibers was required, or when a 

rough estimate of the degree of twist was desired. Using the phase 

contrast microscopy methodology described above, classes of 

organization were established. Thus, each subsequently observed 

structure could be placed into one of these classes. '!he second method 

utilized the measurement of static twist. Static twist (N), measured 

in turns per unit length, has been defined as the function of the 

surface helix angle (0<.) and fiber diameter (2R): 2rrRN=tano< (Mendelson, 

Favre and '!hwaites 1984). 

It has been previously established that macrofibers grow at 

constant twist in any given set of conditions (Mendelson et. ale 1984). 

Thus, it was possible to obtain the characteristic twist for any set of 

conditions by plotting 2R vs. tan 0(. A slope of unity was drawn 

through the center of the point distribution. Twist was determined by 

noting the diameter at which the angle ~ equalled unity. An 

al ternati ve to this method involved the actual calculation of the twist 

for each data set, followed by a statistical evaluation of all 

pertinent data. 

Temperature Versus Nutrition Studies 

'Ib determine the characteristic hand and twist at any given set. 

of temperature and nutrition conditions, macrofibers W8re first 
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cultured overnight at 20oC, under the nutritional conditions desired .. 

The next morning, the structures were transferred by seed to the 

desired temperature. Young macro fibers prcduced under these conditions 

were then utilized as seed for a second passage through the same 

condit~ons. Macrofibers formed within this culture were used for 

determination of hand and organization. When attempting to establish 

the contribution of macrofiber seed origin to the resultant level of 

organization, the first passage structures were also scored. 

Structures from the second passage were used as seed when required to 

utilize those conditions of production for a shift of temperature, 

nutrition or both. 

Studies of Steady-State Effects 

of Exogenously Added Factors 

To investigate the effects of numerous exogenous factors, 

macro fibers were seeded into either SPl or TB at 200 C in the presence 

or absence of these factors. The next morning, the resul tant 

structures were utilized as seed into medium of the same composition. 

The resultant second passage structures were either qualitatively 

scored or photographed for static twist measurement. Among the 

exogenous factors investigated were most of the L-amino acids, 

nucleotide bases, some amino acid precursors, e.g. shikimic acid and 

anthranilic acid, selected components of the cell wall, the cations, 

Mg2+, Na +, and K+, and the proteases, trypsin (from Porcine Pancreas, 

EC 3.4.21.4, .crystallized, dialyzed and lyophilized), O('-chymotrypsin 
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(from Bovine Pancreas, EC 3.4.21.1, ·3X crystallized and lyophilized, 

Sigma) and pronase (Calbiochem), as well as trypsin inhibitor 

(lyophilized from soybean, type l-S, Sigma). 

Nutrition-Induced Inversion Studies 

Studies of the kinetics of hand inversion as induced by 

nutrition were performed in a manner similar to those done in the 

temperature context (Mendelson et. a1. 1984). Macrofibers passed twice 

through a given condition set were fragmented by toothpick such that. no 

loops remained. These fragments were then permitted 1 to 2 hours to 

''heal II before being used in any experiment. At the conclusion of this 

interval, the fragments were washed once with the medium to which they 

would be transferred and then suspended in that medium. Since all 

these experiments were performed at 200 C and room temperature was 

maintained at approximately 230 C, the manipulations required outside 

the incubator could not have caused significant perturbation. 

Structures were periodically removed and either ~ored qualitatively or 

photographed for future static twist measurements. During time course 

experiments, samples were taken at numerous time intervals. It was not 

deemed necessary, nor possible, to sample and score more than three 

structures per condition per sampling time. An average of two 

structures were sampled. In parallel, a control was performed 

consisting of fragments transferred from the medium of production back 

into itself. The twist values calculated from the control were used 

to establish the steady-~ate baseline twist. 
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Nutrition-Pulse Studies 

Pulse experiments were performed using nutrition as the inducer 

of transient inversion. Second passage structures fonned in one medium 

were fragmented, allowed to "heal", harvested and washed by serial 

transfer of 100 pI containing the fragments into 3-5 ml of the pulse' 

medium. The fragments were then reharvested in 100).11 and resuspended 

in 2 ml of fresh medium of the same composition for some given 

interval. At the completion of the pulse, the structures were washed 

and suspended in the original medium. Structures were periodically 

removed and either qualitatively scored or photographed for future 

measurement of static twist. Parallel to all pulse experiments, two 

controls were also performed. '!he first involved the simple transfer 

of fragments frem the original medium back into fresh media of the same 

composition. '!he second involved the transfer of fragments from the 

initial medium to the pulse medium, but without a subsequent chase in 

the medium of original composition. Unless otherwise noted, all 

experiments were carried out at 20oC. 

Antibiotic Inhibition Studies 

Chloramphenicol (Sigma, St. louis, Mo.) was utilized at a final 

concentration of lOO)lg/ml to inhibit protein synthesis. D-cycloserine 

(Sigma) was used at a final concentration of 100 pg/ml to inhibit 

peptidoglycan synthesis. 
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Continuous Chloramphenicol in the Basic Inversion Regime 

Chloramphenicol was added at varying times throughout 

inversions of either direction. The antibiotic was added from 20 

minutes prior to the medium shift to approximately two generations 

post-shift. An interval of time equivalent to several generations 

(sufficient to cause complete cessation of all synthetic processes, 

including that of peptidoglycan) was allowed before sampling. 

Structures, to be treated with the antibiotic after at least a 75 

minute chloramphenicol-free interval post-shift, were sampled just 

prior to the treatment and scored to permit comparison of organization 

before am after chloramphenicol treatment. 

Dissection of the Left to Right Initiation lag 

Chloramphenicol and D-cycloserine was added to inversions in 

the left to right direction (SPl to·m at 200 C) either separately or in 

combination. Two treatments were performed for each experiment: 

antibiotic was added either during the first 25 minutes FOst-shift or 

during the second 25 minute interval FOst-shift. Controls included a 

transfer from SPl into SPl and a transfer from SPl to TB without the 

addition of antibiotic. The methoos described above for proouctic:n and 

transfer of fragments were followed. Structures were periodically 

removed and photographed for measurement of static twist. 
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Antibiotic Inhibited Pulse Experiments 

Pulse experiments were conducted as described above. 

Chloramphenicol and D-cycloserine were added during the pulse either 

separately or in combination. Unless otherwise noted a 15 minute pre-

pulse treatment of the antibiotic was utilized to ensure a complete 

cessation of protein synthesis by chloramphenicol and peptidoglcan 

synthesis by D-cycloserine. The qualitative method of scoring 

structures was utilized. 

Measurements of Cell GrCMth in Static Culture 

Macrofibers produced by overnight incubation at 200 C in the 

desired medium composition were harvested with a micropipette, 

fragmented by toothpick, and then vigorously vortexed in the presence 

of sterile glass beads (3 mm diameter). The cell breakage was found 

not to be extensive. This praiuced a "pseudo-homogeneous" suspension 

of short chains ranging in length from approximately four to ten cells. 

1his suspension was diluted 1:1 and incubated at 200 C for one hour, 

whereupon it was diluted to OD660nm 0.02. At each step of the 

procedure, large unfragmentErl structures were removed by micropipette. 

Two milliliter aliquots were dispensed into tissue culture plate wells. 

Measurement of optical density required the harvesting of the entire 

volume from a well. The cells were either vigorously pipetted, 

vortexed or both and the optical density read. Readings were taken at 

intervals ranging from 30 to 45 minutes. The results of studies 

utilizing optical density as a measure of culture growth were compared 



43 

to radioisotope experiments. The basic experimental design of these 

studies were of a similar nature to the one just described, however I 

instead of measuring cell growth by spectrophotanetry, measurement of 

label incorporation was used. These experiments will be discussed 

below. 

Radioisotope Studies 

Radioisotopes were utilized in a variety of ways, among them 

measurement of cell growth, measurement of upwelling time, the timing 

of chloramphenicol inhibition with respect to protein and peptidoglycan 

syntheses, and Park-Hancock fractionation. 

Cell Growth Studies 

Macrofibers, produced overnight in the desired medium at 20oC, 

were incubated in the presence of 0.4)lCi/ml L-[4,5-3H]leucine (sp. 

act. = 50.0 Ci/mmol) and/or 0.4)lCi/ml D-[1-14C]glucosamine 

hydrochloride (sp. act. = 56.7 mCi/ mmol). The resultant structures 

were fragmented, dispensed and sampled as described above. Each sample 

was added to 4 ml cold 5% TCA. The well was washed with 2 ml cold 

deionized water and the wash liquid added to the '1X:A. '!he sample was 

let stand at 40 C for at least 30 minutes, filtered through a Millipore 

25mm, 0.45)lll1 membrane, the sampled tube washed with 5 ml cold TCA, and 

the filter washed twice with 5 ml cold TCA. The amount of 

radioactivity retained by the filter was determined with a Packard Tri

Carb 460C liquid scintillation system. The liquid scintillation 

cocktail used was Aquasol (New England Nuclear, Boston, MA.). 
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Studies of Upwelling Time in Static CUlture 

These studies were performed in SPI supplemented with 50 urn D

alanine at 200 C. The cultures, grown overnight in the absence of 

radioactivity, were prepared as described above. The final dilution, 

however, was not dispensed into the tissue culture wells. Instead, the 

suspension was incubated as a whole in a petri dish. When exp::mential 

growth was established as determined, in parallel, by spectrophoto

metry, the cells were filtered through a Millipore 25 mm, 0.45 ,urn 

membrane, washed once with SPI (no supplemented D-alanine), and 

resuspended in twice the original volume of SPI supplemented with 0.4 

flCi/ml D-[1-14C]alanine (sp. act. = 56.6 )lCi/m!). The cells were 

incubated with label for 25 to 30 minutes (0.25-0.30 generations),' 

whereupon they were filtered through a Millipore 25 rom, 0.45 ~ mem

brane. The filter was washed with unlabeled SPI supplemented with 

excess D-alanine and the cells resuspended in the same volume of SPI 

supplemented with excess D-alanine and either I or 3 )J.g/ ml lysozyme 

(Egg-white lysozyme, EC 3.2.1.17, three times crystallized obtained 

from Sigma). The suspension was then dispensed into tissue culture 

wells and sampled at either 30 or 45 minute intervals. Each sample was 

fil tered through a Mil~ipore 25 rom, 0.45.,urn membrane, the well washed 

with 2 ml of cold deionized water and the filter washed twice with 2 ml 

cold deionized water. The filtrate was collected and the amount of 

radioactivity retained upon the filter as well as that in the filtrate 

was determined as described above. '!he elapsed time between the start 

of the labeling pulse and the appearance of label in the filtrate is 
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considered to be the migration time required for nascent peptidoglycan 

to upwell to the outer cell wall surface. 

Chloramphenicol Studies 

To determine the timing of cessation and reinitiation of 

protein synthesis in response to a pulse of chloramphenicol, cultures 

were prepared as described fOr growth measurement. Unlabeled cultures 

prepared in precisely the same fashion were followed, in parallel, by 

spectrophotometry. When exponential growth had been extablished, the 

culture was divided into two portions. One portion was dispensed into 

tissue culture wells. To the second, 100--1}g/ml of chloramphenicol was 

administered. This culture was divided into two portions. The first 

was dispensed fOr sampling during the pulse interval. '!he second was 

retained as a whole. At the conclusion of a 50 minute pulse, the 

remaining culture was passed through a Millipore 25 mm, 0.45.Jlm 

membrane, washed twice with medium of the original composition, the 

cells resuspended in fresh medium. of that composition, and dispensed. 

Samples were processed as in the growth measurement studies. 

Park-Hancock Fractionation 

Macrofibers were seeded overnight in SPI supplemented with 

either 50.JlM or 5mM unlaheled D-alanine or 50 mM magnesium sulfate and 

50)lM D-alanine. In addition, 0.4 )lCi/ml D-[1_14C]alanine and L-[3,4-

3-H]leucine wer~ present. In the morning, the resultant structures 

were fragmented and resuspended in a 1/10 dilution of the medium of 
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prcxiuction. Five generations of growth (500 minutes) were permitted 

beDore sampling the cultures. The cells were fractionated by a modi

fication of the method of Park and Hancock (1960). Each well was 

sampled and washed with cold water. The cells harvested were washed 

with SP1, suspended in 5 ml of 5% TeA, an::1 incubated at 40 C overnight. 

The precipitate was resuspended and the sample centrifuged at 12,000 x 

g for 10 minutes in a Sorvall RC-2B centrifuge. The supernatant fliud 

was removed and the radioactivity determined (cold'ICA-soluble frac

tion). The precipitate was extracted with 2.5 ml of 75% ethanol for 10 

minutes, the solution centrifuged at 12,000 x g for 10 minutes, the 

supernatant fluid removed and the radioactivity determined (EtOH

soluble fraction). The supernatant fluid was suspended in 2.5 ml of 

0.1 N NaOH, incubated for 30 minutes at 4SoC, and 2.5 ml of 10% cold 

TCA added. '!he solution was incubated for 10 minutes to 4oC, centri

fuged at 12,000 x g for 10 minutes, the supernatant removed and the 

radioactivity determined (NaOH soluble-fraction). '!he precipitate was 

resuspended in 2.5 ml 5% TeA, incubated at 900 C for 30 minutes, cooled 

to 40 C for 30 minutes, centrifuged at 12,000 x g for 10 minutes, the 

supernatant fluid removed an::1 the radioactivity determined (hot TCA

soluble fraction). '!he precipitate was washed with water and resus

pended in Tris buffer, pH 8.3, containing 100..ug/ml trypsin. After a 2 

hour incubation at 37oC, the solution was centrifuged at 12,000 x g for 

10 minutes, the supernatant fluid removed an::1 the radioactivity deter

mined (trypsin-soluble fraction). '!he precipitate was suspended in 0.5 

ml deionized water and the radioactivity determined (residue fraction). 



CHAPl'ER THREE 

RESULTS 

Variation of culture temperature and medium comfOsition permits 

the construction of macro fibers of both helix hands. In the rich 

medium, TB, invertible strains such as FJ7 exist as RH-structures at 

the low end of the temperature spectrum, yet as LH-structures at the 

high end. In the enriched minimal medium, SPI, the opposite is true. 

Thus, if one views the extreme corners (TB and SPI at both 200 C and 

480 C) of a temperature versus nutrition matrix, it becomes obvious that 

helix hand inversion might be triggered by altering the conditions 

along either of the four axes (low to high temperature in TB, low to 

high temperature in SPI, TB to SPI at constant low temperature, ani TB 

to SPI at constant high temperature). Although numerous mutants have 

been isolated in this lab, most have been characterized only with 

respect to the temperature-TB axis. Thus, a survey of all available 

mutants was corrlucted. Each mutant was cultured first in both media at 

20oC. After two passages, a seed was transferred to each of the other 

three corner conditions. Two passages were deemed necessary to 

establish the characteristic steady-state helix organization. A 

contribution of the origin of seed to structure organization was 

observed. '!his phenomenon was more pronounced in some mutants than in 

others. Two passages, however, yielded structures no different in 

organization than three or more passages (data not shown). The 
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population of structures that resulted was scored by description of 

hand and organization. Representative structures were utilized as seed 

for a second passage under the same conditions. The resultant 

structures were scored as above or used as a transfer to each of the 

other three condition sets. 

Twist Conformation 

Defined ~ 5! Matrix of Temperature and Medium Canposi tion 

Four-Gorner Plots 

The hand and level of organization at each corner were 

determined over several experiments and eaCh mutant categorized by its 

four··corner pattern (Table 3). Three major classes have been 

identified based upon the ability to invert the helix hand over each of 

the four axes. Classes A and B retain the ability to exist in both the 

right- and left-hand danains. Class C includes all strains incapable 

of hand inversion with respect to temperature and nutrition. Refer to 

figure 1 for a demonstration of the Four Corner pat-tern format. The 

abscissa reflects the handedness of the structure. Thus, a tight left-

hand structure lies at the extreme left: a looser structure plots 

closer to the line of zero static twist. The same format is utilized 

for right-hand structures. The ordinate is in two parts. Two 

reference points have been assigned, one for 200 C and one for 4SoC. 

The degree of stress, Le. tight coils termed edison filaments, kinks, 

and cellular swelling, determines the positioning of the point with 

respect to the ordinate. If a 200 C structure -is unstressed, then a 



Table 3. Classification of mutants by Four Corner patterns. 1, 2 

Class Description 

A 4-axes invertible 

B 2-axes invertible 

.1 invertible axes 1,2 

.2 invertible axes 1, 3 

.3 invertible axes 1,4 

.4 invertible axes 2,3 

. 5 invertible axes 2, 4 
· a restrictErl IH 20° i REf 48°C 
· b restrictErl RH 20° i IH 48°C 

.6 invertible axes 3,4 
• a restricted IH 20° i REi 48°C 
• b restrictErl RH 20° i IH 48°C 

C Q-axes invertible 

.1 
.a 
.b 
.c 
.d 

.2 
.a 

.b 

restrictErl RH 
SP1 20°C structures N ~ 0 
SPI 20° & 48°C structures N ~ 0 
no corners N .). 0 
all corners N ~ 0 except SPI 48°C 

restricted IH 
structures unstressed 

structures stressed 

Representative 
strains 

A734, 5-3E, FJ7 

X3-Al 

5-G6 

4-5G 

4-BA3, Xl-C4-1 

N.R. 4 

4-8A3 

N.R. 
X4-C4, P2-D5 

PC9 
8-10A 
6:"2G, 8-4A 
Xl-B3 

2-4A, PS5, PS6pL, 
PS6~ 
1-8A, 6-9D, 4E-3, 
3-5B 
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IThe axes of inversion are numberErl as follows: :fI:l} SPliTS at 200 Ci #2) 
temperature in 'lB; #3) SPl/'lB at 480 Ci and #4} tempe;rature in SP!. 

2Each subclass of class B, with the exception of B.2, may exist in two 
forms. Refer to Figure 3. 

34-BA possesses a disorganizErl phenotype at its SP1 48°C corner that 
terns to drift back and forth from slightly IH to slightly RH. There
fore, this strain cannot be conclusively placed in either the 8.4 or 
B.5.b classes. 

~.R. = no representative. 
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Coordinate represents extreme right-hand 

Coordinate represents extreme stress 

TB at 4Boc 

SPl at 200C 
(-S.0,6.SI (0 .0,6.':>1 

Static Twist zero Line 

Figure 1. Demonstration of Four Corner Pattern Format. 

A734 is used to illustrate the Four Corner format. Circles 
represent 200C; triangles 480C. Closed symbols irdicate the 
medium used was SP1; open symbols indicate the medium was TB. 
Structures were classified -by hand, degree of organization, 
and degree of stress. Each class was given a numerical value. 
The bars represent the mean plus/minus one standard de-
viation. ____ , axis #1; - ··-··-, axis #2; __ , axis lt3; and 
_ __ _ , axis #4. 
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point is placed on the 200 C line. If the structure is stressed, its 

value is negative. Thus, a structure that contains a high degree of 

edison filaments would plot in the bottom third of the Four Corner 

plot. '!he same holds true for structures produced at 48oC. Stress in 

these structures yields a point placed in the upper third of the plot. 

EaCh pattern is the average plot of numerous experiments. 

Four-Axes Invertible Class. Class A contains four-axes invertible 

strains, i.e. inversion from left to right and right to left may be 

triggered both by nutrition at either 200 C or 48oC, and by temperature 

within either medium, TB and SP1. Representatives of this class 

include FJ7, 5-3E and A734. FJ7 is the original parent of all strains 

utilized in this work. 5-3E is a NTG-produced derivative of FJ7 

selected for its ability to make good right-hand structures in TB at 

200 C independent of magnesium. A734 is a transformant of 5-3E. 

Capable of the tightest structural organization with respect to all 

four comers, A734 was chosen as the standard for all qualitative and 

quantitative studies. Each of these strains possess distinct 

characteristics (Figure 2) that define one from the other, yet their 

vast similarities (invertibility along all foUr axes and the crossing 

of axes 2 and 4) precludes placing them in separate categories. 

Two-Axes Invertible Class. Class B contains those strains with the 

capacity to invert the hand along two axes. There are eight basic 

configurations (Figure 3). Seven of these configrations may exist in 

two distinct forms, Le. either the axes cross or they do not. Of the 



Class A (Four-axes Invertible) 

FJ7 

5-3E 

A734 

r,T, 
I I : _:I!.' 
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:·: t :.:~ · .. 
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Class B (Two-axes Invertible) 

5-G6 

4-5G 

4-8A 

,.-,.-:.:_.·_.-: ::-::-:::: :.-_ .. _ .. -... 

• ·.::··:\·{.:_... .·:!.:/·.:_:·, :>: ·o 1 

-r 

t~ 
.f;;; ;. 

ti !/"X· .. 
r-!4··. ; yz;,f:Lf 

-

_._ I!:/!! .. !::: 

H~!!f!i f 

Figure 2. Four Corner Patterns: Classes ."A. and B (Invertible) 

The symbols are as defined in fig. 1. 



Figure 3. Hypothetical Four Corner Patterns: Class B. 

Symbols are as defined in Figure 1. Refer to Table 3 for 
definition of classes. ----I axis lfli-.. -.·_ .. , axis !f2i __ , 
axis Bi and _._._, axis Jt4. 
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Figure 3. Hypothetical Four Corner Patterns: Class B. 
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eight hypothetical subclasses, three were found to be represented among 

the mutant collection of Favre (1984) and three more among the isogenic 

transformants describerl below. Compare the two-axes invertible strains 

found in figure 2 with those of figure 3. Subclass B.2 (5-G6) inverts 

along axes 1 and 3. Thus, it is deficient in the ability to induce 

inversion via nutrition at either high or low temperature, but retains 

temperature as a means of inversion in both nutritional media. 

Subclass B.3 (4-5G) constructs only right-handed structures at high 

temperature. It inverts along axes 1 and 4 and is, therefore, 

incapable of inversion by either temperature in TB or nutrition at high 

temperature. There are two possible configurations characteristic of 

nutrition-induced inversion-deficient mutants (blocked along axes 1 and 

3), one in which the structures are left-handed at low temperature and 

right-handed at high temperature (B.5.a), and one in which the opposite 

is true (B.S.b). Of these two possibilities, the latter is 

represented. In this case, strain 4-8A produces well-formed right

handed structures at 200 C and disorganized left-handed structures at 

48oC. 

Non-Invertible Class. Class C has two major subdivisions: subclass 

C.I, restricted to the right-hand danain~ arrl subclass C.2, restricted 

to the left-hand domain. Inasmuch as inversion along axes is not 

relevant in class C, attention has been paid to the. degree of 

organization in subclass C.l and the presence or absence of stress in 

subclass C.2. Each of the representative strains of C.I possess at 
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least one corner that characteristically produces disorganized although 

distinctly right-handed structures (Table 3, Figure 4). In C.l.a this 

corner is SPI at 200 C and in C.l.b the SPI corners at both temperatures 

produce these structures. C.Lc possesses no disorganization at any 

corner, whereas in C.l.d all corners except SPI at 4So C are 

disorganized. Class C.2.a consists of those strains insensitive to 

stress at high temperature. Class C.2.b ·contains strains of a stressed 

nature at high temperature. The stress is manifested as kinks, Edison 

filaments, i.e. structures similar to Tilby's tight coils (1977), and 

cellular swellings. Both classes were found to be represented (Table 

3, Figure 5). 

Isogenic Set Construction 

The above list clearly is not exhaustive. It is hoped that 

future mutant hunts will produce strains that fill the unrepresented 

divisions. The ability to identify phenotypically distinct mutants 

supports a genetic role in the capacity to invert the helix hand. To 

further examine the genetic basis for this property, an isogenic set of 

mutants was constructed. Characterized to possess the widest range of 

twist states at p~Ch of the four corner conditions, A734 was utilized 

as the isogenic background. Donor DNA from selected mutants was 

transformed into A734 followed by an initial selection for Pur+ 

prototrophy. Subsequent screening was carried out in 24-well tissue 

culture plates (Falcon 3047, Becton-Dickinson). Each transformant 

colony was used as seed into 1 ml of the appropriate medium. Care was 
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8-4A PC9 

F=J==r1 
~?, 

6-2(; 8-10A 

r-i-l 

~iS· 

Figure 4. Four Corner Patterns: Class C.I (Right-hand Non-invertible) 

The symbols are as defined in fig. 1. 



Class C.2.a (Unstressed) 

PS6u8 PS6pL 2-41>. ps5 

+.1" 

4 
I-

Class C.2.b (Stressed) 

1-81\ 6-90 4E 3 .- - 3-58 

r 
I 

I 

r-t: ~ ~ 

Figure 5. Four Corner Pattern: Class C.2 (Left-hand Non-invertible) 

The symbols are as defined in figure 1. 
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taken to limit the size of the seed. Following sufficient growth, 

young structures were utilized as seed for a second passage into the 

same conditions. The resultant structures were then scored, selecting 

those struc'tures atypical of the recipient, A734. Screening was 

performed at, those conditions deemed most capable of distinquishing 

donor from recipient. PS~uL is Characteristically left-hand at 200 C in 

TB, whereas A734 is right-handed. Thus, the initial screening was 

performed under these conditions. Those transformants that seemingly 

possessed non-recipient structure were further screened at the other 

three corner conditions. A simplified four-corner plot was constructed 

for eaCh and the number of transformant classes established. 

PS6pL ~ A734. Five types of transformants were found following 

trans formation of PS6)lL DNA into A 734 (Figure 6). Type R (90.7%) 

contained those Pur+ transformants that resembled the recipient. A 

second t~, D (3.5%), contained those that resembled the donor. Type, 

LR-l (3.1%) differed from the recipient by one corner. At 200 C in TB 

the structures were less tightly organized in the right-hand sense. 

Unlike type D which is a representative of class C.2.a, types R and IR-

1 are invertible along all four axes and are, therefore, examples of 

class A. 

Type LR-2 (1.9%) differed from LR-l representatives by one 

corner (two corners different fran class R) i 480c SPI structures were 

disorganized rather than loose right-hand. The final type, SS (0.8%), 

differed from the donor by one corner (SPI 48oC) and the recipient by 
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Type R (90.7%) 

Type SS '(0.8%) 

A ... :.: ...... .;".:::, · .. · .. ··.· .. · .. ·.· .. 1. '::"«:\:\:' ,,' 
'"..,:" I 

Type LR-l (3.1%) 
Gal 

Type D (3.5%) 

.,:::",:.: ""':'0 

Type LR-2 (1.9%) 

o 

Figure 6. Four Corner Patterns: PS6uL ~ A734 

Symbols are as defined in fi0. 1. Type R includes trans
formants that resemble the recipient parent, A734. Type 0 
includes transEormants that resemble the donor parent, PSGuL. 
A total of 259 trimsformants were screened. 
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the other three. Types IR-2 and 88 are examples of two-axes invertible 

mutants. IR-2 (class B.l) inverts in resp:>nse to temperature in TB and 

to nutrition at 20oC. Inversion of type SS (class B.6) is triggered by 

temperature in 8Pl and by nutrition at 48°C. 

'Ib determine whether the four-corner phenotype of type LR-l was 

due to the presence of one or multiple gene differences from the 

recipient parent (A734), one representative (P2-B5) was backcrossed to 

A734 (Table 4). Only two types of transformants were observed as a 

result of this transformation, type R (97.5%) and type LR-l (2.5%). 

These results suggest a one gene difference between A734 and P2-B5. 

One type IR-l backcross trans formant, I4-A3, was chosen as the isogenic 

representative. 

A type 88 representative, P2-D5, was chosen for a similar 

investigation. The results of this backcross were considerably 

different (Table 4). 'lbree distinct phenotypes were observed among the 

resultant transfonnants. No donor-like transforrnants were observed, 

however, types R (94.3%) and LR-l (4.5%) were represented. Three 

transformants (1.2%) J.X>ssessed a severely stressed phenotype at three 

corner conditions. Only at 200 C in 8Pl was a tight left-handed 

structure formed. Under the other three conditions disorganized, 

kinked and corkscrew-like (Edison filaments) structures were produced. 

Thus, it seems most probable that P2-D5 contains two genes different 

from A734. 
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Table 4. Isogenic constructions utilizing A734 as recipient. 1 

Relevant Pur+ transf. Trans formant 
Donor Phenotype 108 cells Phenotype(s) 

P2-BS LR-12 2.4 x 104 LR-1 3/118 (2.S%) 

R l1S/118 (97.S%) 

P2-DS SS 2.0 x 104 SS 0/260 (0.0%) 

LR-1 11/260 (4.S%) 

STR 3/260 (1. 2%) 

R 246/260 (94.3%) 

X3-BS IR-I 3.1 x 104 IR-l 4/118 (3.4%) 

R 114/118 (96.6%) 

X9-Al R 1.2 x 104 R 118/118 (100.0%) 

A734rL rL S.6 x·104 rL 7/494 (1.4%) 

IR-I 0/494 (0.0%) . 

R 487/494 (98.6%) 

lA734 possesses the lyt-2 and .furB6 markers. All transformants were 
selected on the basis of Pur prototrophy. 

2The phenotypes are describerl in the pertinent text (Chapter 3). 
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4-8A':'~. A class B.5.b representative, 4-8A, was utilized as the 

DNA donor for a transformation into A734. Tne experimental design was 

as described above. Nine distinct phenotypes resulted from this 

transformation (Figure 7). Four class A phenotypes were observed, 

including types R (91.0%), LR-l (1.2%), TDL-l (0.6%), and TDL-2 (0.6%). 

TDL-l differs from type R at the 480 C TB corner. The structure is 

considerably less organized than that of type R. TDL-2 differs from 

TDL-l at the TB 200 C corner. The difference is one of less 

organization in TDL-2 structures. Four class B patterns were observed, 

including the donor pattern (0.6%)' LR-2 (2.4%), SR (2.4%), and TD 

(0.6%). Type LR-2 is representative of class B.l, type SR of class 

B.4, type TD of class B.6, and the donor is representative of class 

B.5.b. The ninth pattern observed, DO (0.6%), is representative of 

class C.l.d, i.e. characteristic disorganization at all corners, except 

SPl at 48oC. 

In an attempt to verify whether the LR-l type of the 4-8A 

transformation is indeed identical to that produced by the PS6uL 

transformation, one representative (X3-B5) was backcrossed to A734 

(Table 4). The result was two transformant phenotypes, that of the 

recipient and that of the donor (3.4%). The four corner patterns of 

these transformants were identical to the donor and to that of the 

PS6uL-derived isogenic LR-l strain, I4-A3. 

As a control, one type R transformant (X9-Al) was used as a 

source of donor DNA. Only type R transformants resulted from the 

transfonnation into A734 (Table 4). 
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Type R (91.0%) Type TDL-l (0.6%) Type D (0.6%) 

ok 
I· . 

t.lJ 0 

Type [R-l (1. 2%) Type TDL-2 (0.6%) Type SR (2.4%) 

A <::.;:/ ..... 

• :://,;>;:0 

I I-~ 

Type [R-2 (2.4 %) Type TO (0.6%) Type DO (0.6%) 

A. A .• 1 ..... 

~-:··I 
j. 

I:· 
cJo· 

Figure 7. Four Corner Patterns: 4-SA 7 A734. 

Symbols are as defined in figure 1. Type R includes transfor
mants that resemble the recipient parent, A734. Type D in
cludes transformants that resemble the donor parent, 4-SA. A 
total of 169 transformants were screened. 
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6-9D ~ A734. 6-9D is a class C.2.b.1 representativ~. It is fixed left 

at all four corners and possesses a severely stressed morphology in TB 

at high temperature. The structures contain numerous kinks and Edison 

filaments, sometimes to the exclusion of any observable handedness. 

The cells themselves possess an aberrant morphology. The normally rod-

shaped cells tend to be more square and the septa are positioned at 

lesser intervals than normal. To determine whether there exists a 

genetic connection between the stressed and left-hand natures of this 

strain, a transformation into A734 was performed. 

Three class A phenotypes resulted (Figure 8), R (94.8%), LR-l 

(0.8%) and M9 (0.8%). Type M9 differs from R at the 480 C TB corner; 

the structure is tighter left-hand. One class B.l type was observed, 

LR-2 (0.8%). Examples of the C.2.a class included types M5 (1.2%) and 

M6 (0.4%). The type M6 representatives closely resembled 6-9D with 

its characteristic stressed morphology removed. No donor-like 

transformants were found, however, the stressed phenotype was observed 

in three variants (1.2%) of class A. These strains closely resembled 

those of type M9 except at high temperature in 'IE; the structures were 

tight left-handed containing numerous kinks and Edison filaments. 

Thus, the stressed nature of 6-9D is perhaps due to one gene which is 

distinct from those responsible for the stuck left-handed phenotype. 

The presence of at least four classes of unstressed transformants 

suggests the left-hande? nature must be due to the presence of at 

least two mutations. 
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Type R (94.8%) Type M9 (0.8%) Type M9-S (1. 2%) 
I 

Type LR-1 (0.8%) Type LR-2 (0.8%) 

6-90 

I 
I 
I 

Type MS (1.2%) Type M6 (0.4 %) 
eo 

A · ..... ....... .. t:..-.: A 

Figure 8. Four Oorner Patterns: 6-90 ~ A734 

Symbols are as defined in fig. 1. Type R includes trans
formants that resemble the recipient parent, A734. No type D 
transformants were observed, thus type D is the pattern 
generated by the donor, 6-9D. A total of 259 transformants 
were screened. 
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A734rL ~ A734. In the course of the experiments mentioned above, the 

Pur+ revertants of A734 were utilized as a control up:m transformant 

macrofiber structure. The vast majority of these revertants closely 

resembled the parental morphology. However, one revertant did not. 

Designated A734rL (revertant Left), it was found to be the most extreme 

fixed left-hand strain to date. At 20oC, the structures produced in 

either media had static tv.rist values 2 to 3 times greater than ar..y 

other strain. At 4SoC, the structures were equally tight. However, 

these structures were also stressed, Le. kinks and Edison filaments 

were ubiquitous. In an attempt to again separate a fixed left-hand 

character from a stressed character, a transformation into A734 was 

performed. '!he results (Table 4) indicate one gene is responsible for 

both the extreme left-handedness and the high temperature stress of 

A734rL. 

Isotwist Evaluation of Selected Mutants 

The complete phenotypic description of any given strain over 

the matrix of nutritional compositions (TB-SPI mixtures) and 

temperatures (ISO to 4SoC) may be constructed. Termed an isotwist 

plot, a two-dimensional projection of static twist in the danain of the 

nutrition-temperature matrix was constructed by cuI turing the strain at 

selected points in that matrix. Only second passage structures were 

scored. Several structures were removed, photographed and their 

characteristic static twist values determined. The data for each 

culture condition was either statistically evaluated or plotted as log 
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D vs. log(tanC() and the inferrej static twist establishej as described 

by·Mendelson et. al. (1984). The twist values were then plotted and 

contour lines drawn such that points of equivalent value were 

connectej. A representative plot of A734 is demonstratej (Figure 9). 

The plot exhibits both the diversity of twist conformations this strain 

may assume as well as the ability to invert along anyone of the four 

axes. The characteristic right to left inversion with increasing 

temperature in 'IE studied by Favre (1984) is most prominent. Its range 

is considerably larger (> 30 to < -40) than either that of the other 

three axes. It is significant that inversion regimes also may be 

establishej at non-axis coordinates by controlling both temperature and 

nutritional composition simultaneously. This might be done to achieve 

the same degree of twist in both the left- and right-hands. It is also 

possible to prcduce, under differing culture conditions, structures of 

equivalent hand and twist. Thus, it is possible to ask whether 

structures of equal twist behave identically to any given treatment. 

Several salient features of the isotwist plot should be 

emphasized. The majority of the matrix supports the production of 

right-handerl structures. This right-hand domain is contiguous. Two 

left-hand domains exist. One of these domains is the result of the 

higher temperatures (34-500 C) in merlia composerl mainly of TB «= 12.5% 

SP1). The second domain exists under high SPl composition (>= 50% SP1) 

at low temperature «250 C). A rather large disorganized domain 

persists between the right-hand domain and the higher SPl composition 

left-hand domain; a very thin disorganized region lies between the 
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right-hand danain and the left-hand danain prcrluced under high 'ill-high 

temperature conditions. A finger-like projection of higher valued 

right-hand twists may be observed in the lower left of the plot. The 

projection seems to be a boundary between two foci, one emanating from 

a relative minimum in the upper left of the plot and one centered about 

the large disorganized domain. The existence of such a boundary 

suggests the possible presence of two distinct processes operatill9 in 

coordination to prcrluce the phenotype Characteristic of A734. 

The isotwist phenotypes of seven strains were compared. To 

control the composition of the media utilized, large batches of both 

SPl and TB were prepared. Media of mixed constitution, i.e. 12.5%, 

25%, 50%, 75% SPl, were made exclusively from these t.wo batches. 

A734 was utilized as a control. A comparison between the 

isotwist plot produced in this investigation (Figure 10) and the one 

described above (Figure 9) demonstrates that the basic nature of the 

phenotype is not altered by utilization of different batches of media. 

Little variation exists between experiments in the danain of high SPI 

content. In media composed mainly of TB «= 12.5% SP1), a slight 

distortion of the original plot is observed. The degree of left-hand 

t'tlist achieved at high temperature in 'ill was considerably lower (c. -10 

vs. c. -40). Also, the fill9er-like projection of relatively high value 

right-hand twist is of greater extent than the original. '!he degree of 

twist is, however, identical. 



48 

44 

40 

U 
£.. 36 
(!J 

'" ::l 
.w 
OJ 

/ 
'" 8- 32 E 
eS 

0 
28 

24 

20 II! ( .( C; C C .c;- ---::;: c 

o 25 50 75 

Medium composition (% SP1) 

Figure 1 O. Isotwist plot of A734. Refer to the text for experimental 
design. ... , <-5 turns/nun; :::::: , >+5 turns/nun. 0 % SPI = 100 % TB. 

100 

-..J 
o 



71 

FJ7 (Figure 11) is the parent of all the strains in this study. 

It is an invertible strain of minimal range. Its SPI axis to 420 C is 

virtually identical to that of A734. Above that temperature, FJ7 

remains at zero twist in comparison to A734 which at the higher 

temperatures produces right-handed str'lctures greater than +20 

turns/mm. The disorganized band- (-5 to +5 turns/mm) is narrowed in the 

high SPl content domain and extends into the low temperature TB 

domain. The high SP1-low temperature left-hand domain is somewhat 

expanded with respect to that characteristic of A734. The right-hand 

ridge has been reduced and is present only between 320 and 440 C. The 

high temperature-TB region demonstrates the same drop in twist toward 

left-hand, but in this experiment the structures produced are of zero 

twist. The right-hand ridge has been reduced to a smaller range. 

Thus, the major differences are the capability of A734 to exist in

right-handed conformation at high temperature in SPI and at low 

temperature in TB. A734 was initially characterized as an extended 

range variant of FJ7. It was constructed by transformation of an 

tmknown marker concerned with twist range into a mutant of FJ7 (5-3E). 

5-3E was isolated after treatment with NTG. It varies from FJ7 by its 

capacity to exist as a right-hand structure in TB at 200 C. The 

transformed marker of A734 seemingly increases its range of possible 

twist conformations. Thus, A734 differs from FJ7 by at least two 

genes, both of which exhibit a range-increase effect upon the original 

FJ7 phenotype. 
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I4-A3 was constructed as an A734-isogenic transformant of 

PS6pL. Evidence for a single gene difference between itself and A734 

has been presented. Thus, the phenotypic variations as demonstrated by 

a comparison of isotwist plots (Figure 12) are due entirely to the 

action of one gene. The plots of A 734 and I4-A3 are almost identical 

at high temperature in TB (upper left) and at low temperature in SPI 

(lower right). The disorganized band is of intermediate proportions to 

those of FJ7 and A734. The upper expanse of the A734 band is missing 

in I4-A3. I4-A3, in contrast to FJ7, produces right"';'hand structures in 

TB at low temperature. These structures are of considerably lesser 

twist than those produced by A734 under the same conditions. The 

relative maximum centered at 400 C between 12.5 and 25% SPI is analogous 

to the ridge formed by A734 and the focus located at approximately the 

same location in FJ7. Its degree of twist is greater than both and it 

is of a wider expanse. At high temperature in high SPI content, the 

increasing right~hand twist focus £ound in A734 has been stretched. 

14-A3 demonstrates a phenotype intermediate to A 734 and FJ7. 

This intermediacy is most apparent in the positioning and degree of the 

disorganized band and the low temperature-high TB content domain. 

14-A3 is a representative of type LR-l transformants. Type LR-l 

transformants appeared in every iSCXJ~c constructicn that utilized an 

FJ7 mutant as the source of donor DNA. In coordination with the 

. apparent intermediate nature of I4-A3, this observation supports the 

contention that I4-A3 differs from both FJ7 and A734 by one gene. 

Thus, it is likely that FJ7 and A734 do, indeed, differ by two genes. 
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Xl-AS was constructed from a transformation into A734 using as 

a source of donor INA the FJ7 mutant, 4-8A. Numerous similarities to 

A734 exist (Figure 13). The relative mimimum located in the upper left 

closely resembles that of A734. The right-hand ridge begins in the 

lower left corner am extends through the 12.5% SPl region toward the 

higher temperature range. In Xl-AS, this feature is more discontinuous 

than in A734. The right-hand focus of high SPl content is positioned 

at a slightly lower temperature than tnat of A734. Two major 

variations upon the A734 theme exist. Xl-AS has been shifted to the 

right by approximately +10 turns/rom. 'rhus, the disorganized band of 

A734 :lS replaced by a similarly shaped region with the values +5 to +15 

turns/rom. '!he second variation is the seemingly stretched appearance 

of Xl-AS with respect to A734. The low temperature ends of the contour 

lines are directed toward the right instead of the left and the 

distances between these lines have been extended. Thus, Xl-AS is a 

mutant whose range of possible twist conformations has been moderately 

shifted to the right (+10) throughout the entire matrix with an 

increased bias in the region of lowest temperatures. This bias is 

centered around the 50% SPl point. Since Xl-AS has not been subjected 

to further backcrossing into A734, the number of genes responsible for 

its characteristic behavior can not be established. 

8-4A, isolated following NTG mutagenesis, was initially 

characterized in the TB system as stuck right-handed. Further 

characterization by the four. corner plot method supports this 

contention (refer to Figure 4). Al though this strain is capable of 
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existing only in right-hande:i conformations, it does not violate the 

basic axes pattern (Figure 14). Except in the high temperature-high 'IE 

content domain the polarity of each axis is the same as that of the 

invertible strains. The right-hand relative maximum is located in .its 

usual position, however, the downward slope to the upper left is 

truncated by the matrix boundary. If one adds 30 turns/mm to the plot 

of FJ7, an isotwist pattern similar to that of 8-4A results. The 

disorganize:i region of FJ7 becomes the band between +25 and +35 and the 

right-harrl maximum is +50 instead of +20. Thus, 8-4A is a stuck right

hande:i mutant due primarily to a major shift in twist conformation. 

6-9D was initially characterize:i as a stuck left-hande:i mutant 

following NTG-mutagenesis. It is significantly different from its 

parent, FJ7 (Figure 15). However, there are a number of features 

similar to FJ7 and A734. The basic polarity of the corners is not 

significantly violate:i. Only in the high temperature-high SPl content 

region is there a major variation. The relati ve maximum is located 

similarly to FJ7 (high temperature in 12.5% SPl) arrl the leftward slope 

in the upper left-hand corner is present. The rest of the isotwist 

pattern is vastly different. The stresse:i morphology exhibite:i by 6-9D 

at high temperature in 'IB has been confirmed. 

6-9D was used as the source of donor DNA for a transformation 

into A734. One transformant, M6-C6, that did not fOssess the stressed 

character of its parent was chosen for further study. As demonstrate:i 

by its isotwist pattern (Figure 16), M6-C6 is truly a comfOsite of 6-9D 

and A734. The low temperature and high SPl content domains closely 
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resemble those of 6-9D. The high temperature-high TB content domain 

resembles that of A734. This domain contains a relative maximum 

located similarly to that of A734 and FJ7. The leftward depression 

characteristic of the invertible strains is also present. Thus, M6-C6 

carries a gene(s) responsible for both a leftward shift of 

approximately -40 turns/mm and the complicated pattern Characteristic 

of the high SPI content danain. 



48 

44 

-~5\'\.~-----lS./·L ...•. -20. 

·\~ ____ u"~ ••••••••••••••••• ,.",.",,., 25 H

UU 

••• •• 

' ..• ,...30 .....• . - '. - . ••.. .' ....•....... ' "i> .. '. ". .. .'. . -:.' . 

r -25~,.~-3J[;!. 
40 

u .' 
~ 36 
CJ .... 
::s 
kJ 
to 

~ 32 

~ 

28 

24 

... -::307 .... 
/ ..... 
. _35~~:.: .. :'7.7 .. u::'":.·. F~~2:;;.;:..:.:······ 

_4{}~u . 

20 I ' \, \ = .JU ==-- > ----........ ...........----I 
o 25 50 75 

Medium composi tion (% SPl) 

Figure 16. Isotwist plot of M6-<:6. Refer to the text for experimental 
design •• ( , <-5 turns/nun; rr, >+5 turns/mm. 0% SPl = 100% TB. 

100 

CD 
t-' 



82 

Kinetics of the Nutrition-Induced 

Helix Hand Inversion 

Helix hand inversion may be induced by numerous alterations in 

culture conditions. As may be seen from the isotwist data, induction 

of inversion in either direction is possible via numerous distinct 

routes. One can induce the inversion by alter~tion of the culture 

temperature in constant medium, by a change in the culture medium at 

constant temperature, and by various combinations of nutrition and 

temperature. Other known inducers of inversion include divalent 

cations (Mg2+ and Ca2+), proteases (trypsin, chymotrypsin, and 

pronase), variation of medium pH, and D-alanine, a major component of 

the cell wall itself. The widely differing natures of these inducers 

suggests a multi-tiered apparatus for the production and maintenance of 

cell wall structural organization. In combination with the knowledge 

of a genetic basis for the capability to exist in any conformational 

state, helix hand organization represents an extremely complex example 

of the regulation of cell wall organization. 

Disadvantages of Utilizing Temperature to Effect Inversion 

The induction of helix hand inversion via temperature in the 

rich medium, TB, has been extensively investigated. The conclusions 

deriVed from these studies represent a strong foundation for the 

comprehension of the structural and organizational nature of the gram-

positive cell wall. There are, however, numerous disadvantages to 



83 

utilizing temperature as a means to study the kinetics of helix hand 

inversion and cell wall organization, in general. The relationship of 

growth rate to temperature is extremely complex. An Arrhenius plot of 

this relationship demonstrates the existence of three temperature 

ranges: the normal, throughout which a linear relationship between 

growth rate and normal chemical kinetics applies; the low range, 

throughout which the slope of the plot increases; and the high range, 

wherein the slope decreases to vertical at the maximum temperature for 

growth. If a culture is shifted between two temperatures within the 

normal range, the rate of growth continues at the exponential rate 

characteristic of the new temperature. However, if the temperature 

shift crosses the boundaries between any two of the three ranges, 

transient growth rates ensue. A downshift often causes a cessation of 

growth for a significantly long time interval. A shift from the normal 

to high raDJes prcx:1uces similar results. Thus, the suggestion has been 

made that throughout the normal range cellular reactions remain 

coordinated by simple mcx:1ification of enzymatic activity. Full growth 

at high or low temperature, however, requires cell composition to be 

altered (Herendeen 1979). These include massive chaDJes in the steady

state level of a number of proteins. Inasmuch as the helix hand 

inversion induced by temperature variation requires a dramatic shift 

from 200 C to 480 C and vice versa, it is assumed major alterations occur 

in the composition of the cell, including the cell wall. Another 

problem in utilizing temperature £Or the induction of the inversion is 

the presence of the phenanenon known as the heat shock response. Cells 
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sUbjec:terl to a rapid increase in the environemntal temperature above· 

the normal range exhibit a ~ansient, almost exclusive high synthetic 

rate of approximately one dozen proteins (Neidhardt and VanBogelen 

1981, Yamamori and Yura 1982). Also, it should be noted that the fatty 

acid composition of phospholipids varies with temperature. At high 

temperature, fatty acids are predominately saturated. It is suggested 

the change in fatty acid composition acts as a homeostatic control 

mechanism with respect to membrane fluidity (Marr, Nilson, and Clark 

1963) . 

Wi thin the context of the macrofiber system, there is a vast 

differen~~ in generation time. This parameter at 200 C has been found 

to be 100 minutes; at 4SoC it has been found to be approximately 20 

minutes. Thus, the interpretation of kinetics data with respect to 

temperature-indueed left to right and right to left inversion events 

may be difficult. 

Thus, it was deemed necessary to investigate each of the major 

points discovered within the context of the temperature-invertible 

system under a regime that would control much if not all of the 

variables described above. The use of nutrition to control the 

inversion at a constant low temperature (200 C) was chosen. The problem 

of the heat shock response is eliminated, as well as that of fatty acid 

composition. The media utilized in these studies, TB and SPl, have 

been shown to support growth rates that do not appreciably differ at 

20oC. Mixtures of both media also support a similar rate of growth. 

To determine the doubling time of macro fiber-producing strains in 
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static culture, young fibers were fragmented into short chains. The 

optical density and uptake of L-[3H]leucine were measured. Both 

methods yielded doubling times of approximately 100 minutes for A734 at 

200 C in TB, SP1, and mixtures of both (refer to Figure 17 for a 

representative experiment performed in SP1). The value for TB is 

nearly identical to that of FJ7 grown in TB at 200 C as measured by 

length extension (Favre 1984). Thus by utilizing medium comfOsition, 

differences in growth rate may be eliminated as a parameter in studies 

of the helix hand inversion. Although the shift in medium comfOsi tion 

has been shown to induce Changes in gene expression, these alterations 

generally have been correlated to differences in growth rate. 

It is believed, therefore, that the nutrition-induced inversion regime 

yields more easily interpreted data than those culled from temperature

induced inversion experiments. 

Kinetics of Nutrition-Irrluced Helix Hand Inversion 

The asymmetry of the inver~ion processes in the temperature

inducible system led to an investigation of a similar nature in the 

context of the nutrition-induced regime. Fragments were transferred 

fran the medium of production to a medium of differing comfOsi tion and 

resulting structures, periodically removed and photographed. As a 

control, structures were also transferred directly from the medium of 

production into fresh medium of the same comfOsition. 'lhe static twist 

obtained from this control represented the base or characteristic 



Figure 17. Growth Curves. 

A734 fibers grown overnight at 200C in SPl were fragmented 
into short chains as previously described. Growth was mea
sured by 00660 (0) and by the incorporation of L-[3H]leu
cine. The bars represent a 95% confidence interval. Both 
lines were drawn by eye to approximate the best fit. 
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steady-state twist of the original culture condition. Figure 18 

demonstrates the results of a representative experiment. In this case, 

the pre-shift medium was TB in which a characteristic steady-state 

twist of +39 turns/mm is produced. Growth in the :pJst-shift medium, 

SPl, results in a characteristic steady-state twist of -15 turns/mItt. as 

determined by static twist measurements of the resultant overnight 

structures. The point of departure from the base line is defined as 

the time of inversion initiation [T(int)]. It is im:pJrtant to note the 

difference between this event and the inversion lag. The inversion lag 

is defined as the time required for dynamic twist to reach zero, Le. 

the time at which the angular rotation of the fiber stops in the pre

shift direction and begins to rotate in the post-·shift direction. 

Inversion initiation is most probably due to the slowing of rotation in 

the pre-shift direction, and thus necessarily occurs before the 

canpletion of the inversion lag. The second event worth noting is the 

time at which static twist reaches zero, i.e. total disorganization. 

To determine the relationship of pre- and post-shift twist to the 

timing of events for both the left to right and right to left 

inversions, structures over a wide range of steady-state twists were 

produced utilizing combinations of 'IB and SPl. 

Right to Left Inversion. A correlation (r=O.88, df=13, p<O.OOl) 

between pre-shift (initial) twist and initiation time was found with 

respect to the right to left inversion (Figure 19). This was true 

whether the structures were produced at a common twist and transferred 

to conditions of varying characteristic twists (closed circles), or 
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when the initial structures were produced at varying twists and 

transferred to a common culture condition and thus, a common 

characteristic twist (open circles). The effect of post-shift twist 

ufOn inversion in this direction is demonstrated in figure 20. Despite 

vast differences in characteristic twist of the p:>st-shift conditions 

(c. +5, -10 and -20), inversions effected by these culture conditions 

initiate at approximately the same time. Thus, the effect of post

shift twist UfOn inversion initiation time is considerably less than 

that of the left-hand pre-shift twist. A comparison of data 

accumulated in the temperature-induced inversion experiments (open 

triangles) and those arove can be seen in figure 19. The times-to-the

event-scored are standardized to generation time. 'Ihe difference in 

these times is significant. Indeed, even the time to static twist zero 

(closed squares) occurs before completion of the temperature-induced 

inversion lag. 'Ihus, it is fOssible to suggest that the events scored 

are distinct • 

. There exists a significant difference in the inversion 

initiation times of path the temperature- and nutrition-induced 

. inversions in experiments performed under similar quantitative regimens 

(Data not shown). Nevertheless, the qualitative nature of these two 

inversions are, however, highly similar. 1wo p:>ints require emphasis. 

In both in:1ucing regimes, there exists a correlation between increasing 

time to inversion (however measured) and the degree of pre-shift twist: 

the greater the initial twist, the longer the delay before the 

initiation of inversion commences. Also, the point of no delay of 



Figure 19. Comparison of right to left inversion events as induced by 
temperature and nutrition. 

Temperature data (a) were extracted from figure 4 of Mendel
son et. ale (1984) and figures 6 and 10 of Favre (1984). The 
event measured was the time to dynamic twist equals zero. 
Macrofibers grown at 200C in a RH producing medium were 
transferred to a LH producing medium at 20oc. Two events 
were measured; the time at which the static twist began its 
descent toward zero [T (int)]; and the ti me at which the 
static twist reached zero (A).' T(int) data were collected 
from inversions in which the RH medium was TB (It) and from 
those in which the RH medium was a 'lB-SP1 mixture (0). 



90 

2.0 

1.8 

1.6 

Ul 
1.4 

c 
0 ...... 
.u 
!U 1.2 ~ 
ClJ 
C 
ClJ 

~ 
.u 1.0 c 
ClJ 
:> 
ClJ 

.s 0.8 
ClJ 
E ...... 

E-< 

0.6 

0.4 

0.2 

0-+--,..--"'""1"'--""--"'""1"'--_ 

110 30 20 10 O' -10 

Initial twist (turns/mm) . 

Figure 19. Comparison of right to left inversion events 



Figure 20. Effect of post-shift twist upon the timing of the right to 
left inversion. 

Right to left inversions were initiated by shifting frag
ments of macrofibers producErl in TB at 200 C into three 
TBiSPl mixtures: #1) 50% SPli lf2) 67% SPli and #3) 100% SP1. 
A control in TB (#4) was also performed. The lines represent 
the best fit curves drawn by eye. The points have been 
removErl for clarity. 
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inversion is found to be at or very near to the point of zero twist. 

This lends support fo!;' the contention that the temperature and 

nutrition systems of inversion are of the same fundamental nature. 

Left to Right Inversion. A distinctly different pattern is realized 

when the direction of inversion is toward the right. There is no 

correlation observed between the degree of pre-shift twist (r=0.063, 

df=7, 0.50<p<0.70) or post-shift twist (r=0.149, df=7, p=0.70) and the 

time of inversion initiation (Figure 2lA). This is true regardless of 

whether it is the pre-shift conditions that are controlled, or post

shift conditions (Figure 21B). A constant fifty minute (0.5 

. generations) interval is required before inversion initiation occurs, 

even when the lXlst-shift twist is not of the right hand. 

In contrast, the temperature-induced inversion in the same 

direction does demonstrate a correlation between lXlst-shift twist and 

the time of inversion lag. Structures transferred to conditions of 

characteristically higher twist require a longer interval to com?lete 

the inversion lag than those of lower twist. 

Comparison of Inversion Kinetics of Both Directions. The comparison of 

the temperature-induced inversion kinetics previously performed (Favre 

1984) yielded an apparent asymmetry. The timing of left to right 

inversions is highly dependent upon the degree of pre-shift twist, 

whereas the left to right inversion is independent of this parameter. 

It has been suggested the right-directed inversion is, rather, a growth 

dependent phenomenon. 



Figure 21. Timing of Left to Right Inversion Events 

Temperature data were extracted from figures 6, 10 and 11 of 
Favre (1984). The event measured was the time to dynamic 
twist equals zero (e). Macrofiber fragments produced at 200C 
in LH-producing medium were transferred to a RH-producing 
medium at 20oC. The event measured was T(int) (0). 
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The nutrition-induced inversion demonstrates a similar pattern. 

The timing of the right to left inversion depends heavily upon the 

degree of pre-shift twist and to a lesser degree, post-shift twist. 

The left to right inversion, however, is independent of the degree of 

pre- and post-shift twist. This observation suggests the initiation of 

inversion is controlled not by the conformational state of the wall, 

but rather the amount of nascent cell wall material inserted. 

Dissection of the Left to Right Inversion Initiation Interval 

The left to right inversion induced by nutrition possesses a 

strict requirement for a fifty minute interval prior to initiation of 

inversion. This interval corresponds to one-half a generation 

following transfer to a medium that produces right-hand structures. 

Regardless of specific parametric values, this holds true for all left 

to right inversions. Dle to this strict definition, an investigation 

into the nature of the left to right inversion Was performed. 

Structures were produced in SPl and transferred to either SPl (control) 

or TB. Structures transferred into TB were subjected to three distinct 

treatments: 1) no added antibiotic; 2) antibiotic present during the 

first twenty-five minutes post-shift; or 3) antibiotic present during 

the second twenty-five minutes post-shift. 

Inhibition of Protein Synthesis. Chloramphenicol was added to 100 

jlg./ml. final concentration. The results of a representative 

experiment are shown in figure 22. 'The inversion initiation time of 

the control (treatment #1: no antibiotic added) was 55 minutes. The 



Figure 22. Effect of chloramphenicol upon the 50 minute initiation 
period of the left to right inversion. A734 \vas subjected to 
the regime described in Chapter 2. The points have been 
removed for the sake of clarity. A, SPI to SPI (Control); S, 
SPI to TS (Control); C, SPI to TB with CAM added durinJ first 
25 minute interval; and D, SPI to TB with CA~ added during 
second 25 minute interval. 
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inititiation time of treatment #2, Le., addition of chloramphenicol 

during the first twenty-five minutes, was found to be 46 minutes. 

However, the initiation time of treatment #3, Le. addition of 

chloramphenicol during the second twenty-five minutes, was 73 minutes. 

Table 5 presents the mean and standard deviations of two such 

experiments. The times of initiation were 47.5 +/- 10.6, 42.0 +/- 5.7, 

and 71.5 +/- 1.5, respectively. Thus, there is a significant delay in 

the initiation time of treatment #3 approximately equivalent to the 

duration of the chloramphenicol pulse. 

Inhibition of Peptidoglycan Synthesis. D-cycloserine was added to 100 

jUg./ml. final concentration within the same experimental design 

utilized for the above chloramphenicol experiments (Table 5). For 

treatment #3, D-cylcoserine effects a delay of approximately the 

equivalent of the antibiotic pulse. 

Inhibiotion of Both Protein and Peptidoglycan Syntheses. When 

chloramphenicol and D-cycloserine were added to a final concentration 

of 100yg./ml., dramatically different results ensued •. There was no 

significant difference between the initiation times effecte:1 for either 

treatment #2 or #3 (Table 5). Also, the delay of inversion initiation 

times under these conditions was equivalent to approximately one and 

one-half times the duration of the antibiotic pulse. 



Table 5. Dissection of the 50 minute interval prior to the left to 
right (SPl to 'IB) inversion initiation) 

Inversion 
Regime 

control 

antibiotic added 
first 25 minutes 

antibiotic added 
second 25 minutes 

Antibiotic Treatment (100 ).lg/ml) 

CAM2 DCS3 CAM & DCS4 

47.5 +/- 10.6 50.8 +/- 5.3 46.8 +/- 6.7 

42.0 +/- 5.7 92.0 +/- 17.0 83.0 +/- 7.1 

71.5 +/- 1.5 71.5 +/- 9.2 85.0 +/- 0 

97 

lThe times of initiation were determined by the quanti tati ve method of 
static twist determination. The values represent the mean and 
standard deviation of two experiments. 

2CAM = experiments utilizing chloramphenicol to inhibit protein 
synthesis. 

3DCS = experiments utilizing D-cycloserine to inhibit peptidoglycan 
synthesis. 

4CAM & DCS = experiments utilizing chloramFi'lenicol and D-cycloserine to 
inhibit both protein and peptidoglycan syntheses. 
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Nutrition-Pulsed "Merrory" 

The studies previously described were performed under 

conditions that produced a cell wall of two distinct layers. An inner 

layer of conformation characteristic of post-shift conditions was· 

overlaid by material with twist and hand characteristic of the pre

shift conditions. These investigations have permitted confirmation of 

the contention that inversion, regardless of the nature of the inducer, 

is direction-specific. The right to left inversion is dependent up::>n 

the degree of twist, Le. an averaging function of the amount and twist 

of the two layers is the determining factor in the timing of inversion 

events. The left· to right inversion, however, is twist independent. 

Tb initiate an inversion in this direction, a critical time p::>st-shift 

is required. This time must be proportiohal to the replacement of 

original left-hand cell wall polymer by nascent right-hand materiaL 

This experimental design does not, however, permit one to determine 

whether 1) the entire replacement amount, or 2) a smaller fraction 

positioned at a critical location in the cell wall is required to 

effect the inversion. 

Tb discriminate between these two p::>ssibilities, a nutrition

pulse experimental design was utilized. Right-hand structures produced 

in TB were washed and resuspended in an SPI pulse for a given 

interval, then washed and resuspended in a TB chase. Given that 1) 

cell wall material assembled during a pulse is of the characteristic 

conformation produced }.lI1der steady-state conditions, 2) the amount of 
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material inserted during a pulse is proportipnal to the duration of 

that pulse, and 3) nascent cell wall material inserted at the membrane

cell wall in~rface upwells to the outer cell wall surface according to 

the rules postulated by Pooley (1976a, 1976b), a sandwich of three 

layers must result. The inner and outermost layers must consist of 

material with a conformation characteristic of TB at 200 C (c. +33 

turns/mm.). The middle layer must be composed of material with a 

conformation characteristic of the 200 C SPI pulse condition (c. -20 

turns/mm.). One may vary the thickness of this middle layer by 

controlling the duration of the pulse. Pulses of 6, 14, 36, and 70 

minutes were utilized. Two controls were also performed: 1) TB 

structures transferred to TB to establish the steady-state helix hand 

and degree of twist in the pre-pulse condition~ and 2) TB structures 

shifted to SPl but not chased in TB, i.e. a basic nutrition-induced 

inversion in the left-ward direction. 

The result of an SPl pulse upon TB-produced structures is a 

transient inversion. At some critical time, the structures enter a 

phase of disorganization followed by one of reorganization back toward 

the initial hand and degree of twist. The degree and duration of 

disorganization is dependent upon the length of the pulse interval. 

lDnger pulsed structures disorganize to a greater extent than shorter 

pulsed structures. '!he same is true of the duration of the transient 

inversion. 
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The results of a representative experiment are demonstrated in 

figure 23. The time to inversion initiation in this experiment was 67 

minutes, a value that fits well the previously defined relationship 

between initiation time and post-shift twist for the right to left 

inversion. A negative correlation between the duration of the pulse 

and both the time of inversion initiation was established. The longer 

the pulse the shorter the interval before inversion initiates. Pulses 

of 70, 36, and 14 minutes yielded initiation at 67, 80, and 112 

minutes, respectively. A pulse of 6 minutes appears incapable of 

effecting an observable transient inversion initiation. A value of 14 

minutes (0.14 generations) in the nutrition system fits exceptionally 

well with results found in the temperature system. Favre (1984) 

demonstrated three minutes to be the minimum pulse interval required 

for the commencement of a transient inversion. With a generation time 

of 20 minutes, this corresponds to 0.15 generations. A positive 

correlation between pulse duration and extent of the transient 

inversion was also established. Pulses of 70, 36, and 14 minutes 

produced structures of the least organization within a narrow range of 

time (150-170 minutes from the beginning of the pulse). These 

structures had static twist values of 12, 19 and 23 turns/mm, 

respectively. Thus, the "memory" first described within the context of 

the temperature-induced inversion system seems to perform similarly 

when effected by a nutrition pulse. 



Figure 23. Effect of pulse duration upon the right to left transient 
inversion. 

Fragments produced in TB at 200C were shifted to SPI at 
200C for III, 6 minutes; 0, 14 minutes; 4., 36 minutes; and 
b., 70 minutes. Two controls were performed: 0, no shift 
in conditions (TB to TB)i am., an infinite pulse (TB to 
SPl). '!he static twist of representative structures vlere 
de term ined statistically and the lines drawn to the best 
fit by eye. 
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Involvement of Left-Specific Protein(s) 

in the Establishment of Nutrition-Pulsed Memory 

Favre (1984) has demonstrated the requirement of left-twist 

protein(s) in the development of left-hand structures. Evidence to 

support this claim includes 1) the inhibition of establishment of 

memory associated with right to left inversion by the addition of 

chloramphenicol during a temperature pulse; 2) mutants fixed as left

hand structures when deprived of protein synthesis convert to the 

right-hand; 3) protease digestion of killed macrofibers results in 

rightward turning motions; and 4) incubation of live fibers in the 

presence of protease results in structures shifted farther to the right 

in the twist spectrum. The accessibility to protease digestion has 

been attributed to the location of left-twist protein(s) upon the cell 

surface. Since the inversion from left to right is triggered by a 

temperature shift-up it is reasonable to ask whether this protein(s) is 

temperature- or left-specific. 

The two basic strains, FJ7 and A734, were incubated in the 

presence of increasing concentration of trypsin (Figure 24). 

Chymotrypsin and pronase yielded similar results (data not shown). 

Each of these proteases yielded qualitatively similar twist profiles 

across the range of concentrations utilized, regardless of cuture 

medium. A steep increase in the value of twist is observed at lower 

concentrations £ollowed by a progressive decrease in rightward effect 

per microgram of protease until a slow rate of increase is reached. It 

should be noted the concentrations utilized in this stUdy demonstrate 



Figure24. Twist vs. trypsin concentration 

Macrofibers were incubated in the presence of trypsin over
night at 200C. 0, FJ7 in TBi ., FJ7 in SPli A, A734 in SPl. 
2500 ug/ml trypsin inhibitor was added to an SPl culture of 
A734-in the presence of 1000 pg/ml of trypsin. The bars 
represent a 95% confidence interval. In addition, A734 was 
incubated in SP1 in the presence of trypsin inhibi tor (m). 
Static twist was determined by the method of Mendelson et. 
ale (1984), except when trypsin and trypsin inhibitor were 
incubated simultaneously. This point was established sta
tistically. The lines were drawn by eye to approximate the 
best fit. 
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no observable effect upon growth rate. To rule out the fXJssibility of a 

self-digestion product(s) to be the causal factor of the rightward 

shift of twist, trypsin inhibitor was added to pre-digested protease. 

The inhibitor demonstrated no twist effect itself and although pre

digested proteases yielded a rightward effect, the presence of trypsin 

inhibitor to each had a nUllifying effect UfXJn the resfXJnse to protease 

digestion. Thus, the effect seems to be enzymatic in nature. No 

significant difference in the effect was observed when either medium 

was used. A study of the effect of a constant concentration of trypsin 

ufXJn macrofibers produced in either medium was undertaken (Figure 25). 

Macrofibers from strains of varying genetic background, spanning the 

entire twist spectrum, were produced in both media with and without the 

presence of trypsin. Due to its location within the uppermost reaches 

of the linear portion of the concentration versus twist graph, 250 

)lg/ml of trypsin was utilized. The results indicate a constant effect 

per microgram of trypsin regardless of growth condition, genetic 

background, or the characteristic twist in the absence of trypsin. 

Even at the maximum right-hand twist, an identical trypsin effect was 

observed. Thus, the trypsin effect is concentration dependent and 

twist independent. This findi!-'lg supports the suggestion left-factor 

protein(s) is present even in the most right-handed of macrofibers and 

may control macrofiber geometry throughout the entire twist spectrum. 

These observations also suggest the protease-sensitive factor(s) to be 

left- rather than temperature-specific. 



Figure 25. Trypsin Effect 

Macrofibers produced by strains having an FJ7 genetic 
background were seeded into either TB (0) or SP1 (e) +/- 250 
pg/ml trypsin at 200C. Structures produced by strains 
possessing a backgro und other than FJ 7 were trea ted 
similarly; ~, TB and A, SP1. Representative structures were 
photographed aM the static twist determined by the method 
of. Mendelson eta ala (1984). Line A represents the line 
upon which the points would fall if trypsin had no effect. 
Line B was drawn by eye to approximate the best fit. 
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Bacillus subtilis produces and secretes proteases into its 

environment. Thus, a correlation between the degree of protease 

secretion and twist was thought possible. A screening of protease 

secretion by strains across the entire twist spectrum was undertaken. 

A single fresh colony of each strain was stabbed into protease 

indicator medium. After 48 hours, the diameters of the resulting 

colony, zone of digestion, and zone of precipitation were determined. 

No apparent difference was observed with respect to handedness (data 

not shown). 

To verify the requirement of protein synthesis in the 

production of the right to left inversion, a media shift regime was 

utilized. . Structures produced in one medium were transferred to the 

second medium for an interval equivalent to less than a generation, 

whereupon they were returned to their original culture environment. 

Thus, a left to right inversion required production of structures in 

SPI, a pulse in TB, and a chase period back in SPl. The opposite was 

true of a right to left inversion. During the pulse either 

chloramphenicol and/or D-cycloserine were added to determine whether 

protein synthesis or cell wall synthesis were necessary conditions for 

inversions of either direction. Tb ensure the synthetic processes had 

indeed ceased before the pulse, a pre-incubation of fifteen minutes in 

the appropriate antibiotic was utilized (for 'IE at 200 C see Favre 1984; 

for SPl at 20°C see Figure 26). 

The results of a representative right to left to right pulse 

experiment are presented in Table 6. Chloramphenicol completely blocks 

the transient inversion characteristic of a seventy minute SPl pulse. 



Figure 26. Effect of a 50 minute pulse of chloramphenicol upon L
[3H) leucine incorpor.ation. 

A734 was pre-labeled with 0.6 ~Ci/ml L-[3H) leucine overnight 
in SPI at 20oC. The resultant macrofibers were fragmented 
into short chains and treated with a 50 minute pulse of 100 
~g/ml chloramphenicol as described. 0, control; and 8, 
treated with chloramphenicol. 
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Table 6. Memory experiment - Right to left to right transient 
inversion (TB ~ SP1 ~ TB).l 

Duration Time 
Treatment of Pulse Post-shift LL2 VLL VLR ill ill~R R R~TR 

(min) (min) 

TB ~ SPI inf 50 1 5 
83 4 2 1 

114 1 6 
140 6 
204 3 4 

'IE ~ SPI ~ 'IE 
(no antibiotics) 69 50 1 5 

75 1 6 2 
111 3 3 
139 7 1 
181 8 6 

'IE ~ SPI ~ 'IE 
(+100 )lg/ml CAM) 70 39 3 3 

111 2 5 
185 1 3 
228 1 1 6 

TB ~ SPI ~ 'IE 
(+100 )lg/ml DCS) 70 41 5 1 

100 1 3 3 
136 1 2 2 
171 2 8 4 
218 6 3 

'IE ~ SPI ~ TB 
(+100 }lg/ml CAM 
+100 )lg/ml OCS) 70 43 2 4 

lOB 1 4 1 
180 6 1 
222 2 7 

lAntibiotics were added 15 min before the media shift to ensure ces-
sation of synthetic processes. 

2LL = loose LH: VLL = very loose LH: VLR = very loose RH: LR = loose 
RH: R = RH: TRH = tight RH. 
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The addition of D-cycloserine, however, seems to yield a small shift 

toward the left. Swellings appear in parallel with this leftward shift 

in helical twist. Swellings caused by the temperature-conditional tag

..!. mutation (Rogers and Thurman 1978) have been postulated to playa 

disruptive role in the maintenance of well-constructed macrofibers. 

This is the suggested nature of the observed shift toward 

disorganizaticn, i.e. the progressive increase in the size am number 

of swellings themselves interfere with the organization of right-handed 

structures. 

The left to right to left pulse experiment demonstrates 

dramatically different results (Table 7). Chloramphenicol does not 

permanently inhibit the t:r::ansient rightward inversion. It does, 

however, significantly delay the event. A chloramphenicol pulse 

administered under constant left-hand growth condit;ions (SPl, 200 C) 

also yields a transient rightward inversion (Table 8). The 

characteristic delay of the chloramphenicol-induced inversion is 

significantly lorger than that demonstrat.ed by a dual chlorarnphenicol

TB pulse. In constrast to chloramphenicol, the inhibition of 

peptidoglycan synthesis by treatment with D-cycloserine does result in 

a significant blockage of the rightward transient inversion. 

Thus, further support exists for the presence in the cell wall 

of a left-factor(s) of protein nature required for the production and 

maintenance of left-handed structures. Furthermore, either 

peptidoglycan produced under right-handed conditions is structurally 

different from that produced under left-handed conditions, or left

factor protein(s) cannot be stored in a pool for future activity upon 
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Table 7. Memory experiment -Left to right to left transient 
inversion (SPl ~ TB ~ SP1).1 

Duration Time 
Treatment of Pulse : Post-shift L2 ~LL IL VLL D VLR LR LR~R 

(min) (min) 

SPl ~ TB inf 5 2 6 1 
60 1 2 2 2 
92 2 1 

122 1 2 2 

SPl ~ TB ~ SPl 
(no antibiotics) 50 5 2 6 1 

65 1 4 
97 1 0 3 

126 1 2 2 

SPl ~ TB ~ SPl 
( +100 ,llg/ml CAM) 50 26 5 1 

90 1 3 
132 3 2 
147 1 3 2 
257 3 

SPl ~ 'IB ~ SPI 
(+100 .ug/m1 res) 50 25 1 2 

87 1 5 
120 3 1 
148 4 
247 1 3 

SP1 ~ TB ~ SP1 
(+100 .ug/ml CAM 
+100 ).lg/ml res) 50 24 3 2 

85 1 3 
120 2 3 
146 1 1 2 
250 2 1 

lAntibiotics were added 15 min before the media shift to ensure ces-
sation of synthetic processes. 

2L = LH: LL = loose LH; VLL = very loose LH: VLR = very loose RH; LR = 
loose RH; R = RH. 



Table 8. Left to right to left transient inversion induced by the 
addition of Chloramphenicol (100 pg/ml) to A734 in SPI at 
20C. 

111 

Duration Time Hand and organization of structures 
L2 LHL LL VLL D VLR Treatment of Pulse Post-shift 

(min) (min) 

-CAM 36 5 1 
45 4 :), 

85 2 
93 6 2 

257 4 
352 4 

50 41 3 6 
55 1 5 
74 1 7 
87 3 3 
96 6 

132 1 6 2 
247 7 1 
349 1 5 

lA734 was cultured in SPl at 200 C. The resultant structures were lB. 

2L = LH~ LL = loose LL~ VLL = very loose LH~ D= disorganized~ and VLR = 
very loose RH. 
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nascent peptidoglycan. In an attempt to delineate thEse possibilities, 

chloramphenicol was added at various intervals from twenty minutes pre

shift to some time after the first observation of inversion. 

Structures were sampled both at the time of antibiotic addition and 

after all synthetic processes had ceased. Tables 9 and 10 demonstrates 

the distinct asymmetry with respect to the inversion process in both 

directions. The right to left inversion is dramatically inhibited 

immediately upon treatment with the antibiotic. Left to right 

inversion, however, proceeds unperturbed for a significant interval 

post-addition of chloramphenicol A similar experiment was performed 

utilizing temperature to trigger the inversion process. Structures 

were produced in TB at either 200 C (right-hand) or 4SoC (left-hand), 

shifted to 4So C and 20o C, respectively, and treated with 

chloramphenicol at the appropriate intervals. Results similar to those 

performed at constant low temperature were observed (Tables 11 and 12). 

These results suggest although the.left to right inversion does not 

require the proposed left-factor protein(s), the right to left 

inversion process is totally dependent upon the continued synthesis of 

a protein(s) that does not possess the capacity for long-term activity. 

Thus, 1eft·-factor protein(s) must be supplied simultaneously with 

nascent peptidoglycan in order to effect the leftward inversion. 
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Table 9. Nutrition-induced right to left inversion response to chloram
phenicol (100 pg/ml) by A734.1 

Time of CAM Hand and organization of structures 
addition (min) LL~L2 LL VLL D VLR LR LR~R R R~TR 

Controls (TB ~ TB) 

NA3 84 
0 2 3 

TB~ SPl 

-21 7 4 
-14 1 8 

0 3 5 2 
10 1 11 
19 3 8 
30 1 5 4 
50 6 7 
75 3 7 

(2)5 
104 10 3 

(3) 
131 8 

(2) 
157 7 0 4 

(2) (1) 
185 7 2 1 

(2) 
212 6 5 ·5 

(2) 
NA 10 

lChloramphenicol was added at varying inter.vals 1x:>th before and after a 
'IB ~ SPI media shift. Structures were qualitatively classified by 
hand and organizational state 1x:>th just prior to addition of Chloram
phenicol and after cessation of growth. 

2L = LH; LL = loose LH; VLL = very loose LH; D = disorganized: VLR = 
very loose RH; LR = loose RH; R = RH; and TR = tight RH. 

3NA = none added 

~on-parenthesized values represent those structures scored after 
cessation of g~. 

5parenthesized values represent those structures scored just prior to 
Chloramphenicol addition. 



114 

Table 10. Nutrition-induced left to right inversion response to chlor-
amphenicol (100 pg/ml) by A734.1 

Time of CAM Hand and organization of structures 
addition (min) LL~L2 LL VLL D VLR LR LR~R R 

Controls (SPl ~"SP1) 

NA3 74 

0 13 

SPl ~TB 

-21 12 2" 
-13 2 5 

0 6 3 
11 3 9 
20 1 2 3 
29 3 4 2 
49 2 2 7 1 
75 

(4)5 
13 3 

97 1 4 8 
(4) (1) 

119 1 12 6 
(2) 

146 2 5 8 
(1) 

170 2 8 5 
(2) (2) (2) 

206 5 9 
( 2) 

NA 15 

lChloramphenicol was added at varying intervals roth before and after a 
SPI ~ TB media shift. Structures were qualitatively classified by 
hand and organizational state roth just prior to addition of Chloram
phenicol and after cessation of growth. 

2L = LH~ LL ;", loose lli~ VLL = very loose lli~ D = disorganized~ VLR = 
very loose RH: LR = loose RH~ R = RH: and TR = tight RH. 

3NA = none added 

4Non-parenthesized values represent those structures scored after 
cessation of growth. 

5parenthesized values represent those structures scored just prior to 
Chloramphenicol addition. 
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Table .11. Temperature-induced right to lett ~nversion response to 
chloramphenicol (100 )lg/ml) by A734 in TB.l 

Time of CAM 
addition (min) 

200 :;.. 4BoC 

-10 
-6 
o 
5 

10 
15 
20 
25 

30 

35 
40 

45 
50 

60 

75 

Hand and organization of structures 
LL2 VLL 0 VLR LR LR:;..R R R:;..TR 

1 94 

1 7 
3 6 
6 1 
5 3 
7 2 

10 
1 10 

(6)5 
3. 10 3 

(2) (3) 
1 0 4 

13 1 
(5) (1) 

2 0 3 
6 8 3 

(1) (6) 
2 3 2 

(5) (3) 
2 0 2 4 9 

(8) 
3 4 0 1 

(3) 
6 2 

lChloramphenicol was added at varying intervals both before and after a 
temperature up-shift. Structures were qualitatively classified by 
hand and organizational state both just prior to addition of chloram
phenicol and after cessation of growth. 

2L = LH: LL = loose LH: VLL = very loose LH: ,0 = disorganized: VLR = 
very loose RH: LR = loose RH: R = RH: and TR = tight RH. 

3m = none added 

~on-parenthesized values represent those structures scored after 
cessation of growth. 

Sparenthesized values represent those structures scored just prior to 
chloramphenicol addition. 



Table 12. Temperature-induced left to right inversion response to 
chloramPhenicol (100 ).lg/ml) by A734 in TB.l 

Time of CAM 
addition (min) 

-10 
a 

10 
20 
30 
40 
50 

75 

100 

125 
150 

Hand and organization of structures 
LL2 VLL D VLR LR LR~R 

4 4 
5 2 
2 3 
1 1 
1 3 
1 4 
1 a 

(2) (3) (2)4 
6 

(1) (3) (3) 
2 

(2) (1) 
1 

(5) 

13 

2 
4 
5 
6 
6 
4 

2 

4 

2 
4 

(2) 

1 

4 
5 

5 
1 
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lChloramphenicol was added at varying intervals both before and after a 
temperature down-shift. Structures were qualitatively classified by 
hand and organizational state both just prior to addition of chloram
phenicol and after cessation of growth. 

2L = IH~ LL = loose IH~ VLL = very loose LH: D = disorganized: VLR = 
very loose RH: LR = loose RH~ and R = RH. . 

~on-parenthesized values represent those structures scored after 
cessation of growth. 

4parenthesized values represent those structures scored just prior to 
Chloramphenicol addition. 



The Effect of D-Alanine 

Upon Twist Conformation 
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If twist conformation were affected by the exogenous addition 

of one or more cell wall components, a direct route to the biochemical 

mechanisms involved in the regulation of that structure might be 

possible. A variety of compounds were selected to test for effects 

upon m~crofiber structure. Each compound was added to the culture 

medium (either 'lB or SPl) at a final concentration of 167.5 ,ug/ml. To 

these cultures, A734 was seeded and incubated overnight at 20oC. The 

results (Table 13) indicate D-alanine to be the only component that 

exhibits a significant effect upon twist. At a final concentration of 

167.5 )lg/ml, D-alanine causes a rightward shift of +38 and +48 turns/mm 

in SPI and TB, respectively. No other component demonstrated a 

significant departure from the control. The effect is dependent upon 

concentration (Figure 27). Regardless of culture medium, the initial 

rise in twist is proportional to the concent....YC.tion of exogenously added 

D-alanine. The response to D-alanine is constant over the entire 

twist spectrum tested (Figure 28). It is dependent upon neither the 

characteristic twist of the growth condition nor the composition of the 

culture medium itself. The addition of D-alanine to the medium does 

not effect a significant alteration in doubling time as measured by 

optical density (data not shown). 
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Table 13. The effect of cell wall camponen~ upon twist conformation. l 

Canponent SPl TB 

Control -27.3 +19.8 

D-alanine +10.9 +68.1 

L-alanine -28.0 +21.1 

D-glutamic acid -22.1 +25.9 

I::li\P -16.9 +24.0 

Glucosamine -24.7 +31.9 

N-acetylglucosamine -23.5 +35.6 

Galactosamine -22.3 +30.6 

N-acetylgalactosamine ND +23.5 

Glucuronic acid NO +18.4 

Muramic acid ND +25.3 

1A734 was incubated in either SPl or 'IB at 20°C overnight in the 
presence of each of the above components at a final concentration of 
167.5 pg/ml. Structures were photographed and the static twist 
determined as described in Chapter 2. NO indicates the component was 
not done. 



Figure 27. Static twist vs. D-alanine concentration 

A734 (tI) and 2-C8 (.6.) were incubated overnight in TB at 200C 
in varying concentrations of D-alanine. Growth of 2-C8 was 
not observed below 30 /ug/ml of D-alanine. Between 30 and 40 
~g/ml the structures exhibited stress. Static twist was 
determined statistically. The bars represent a 95% confi
dence interval. 
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Figure28. D-alanine Effect 

Second pass macro fibers were seeded into the appropriate 
medium plus/minus 20 )Jg/ml D-alanine at 200C for two 
passages. Representative structures were photographed and 
the static twist determ ined by the method of Mendelson et. 
al. (1984). 0, TB; CD, SPli 6, A734 in TB-SPl mixtures. 
Line A represents no effect of D-alanine. Line B was drawn 
by eye to approximate the best-fit. 
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D-alanine uptake and incorporation into peptidoglycan are 

inhibited by D-cycloserine. However, no evidence exists for D

cycloserine irihibition of D-alanine incorporation by ester-linkage to 

teichoic acid. Tb test whether the D-alanine effect is D-cycloserine 

irihibite:1, a D-alanine racemase-deficient mutant (2-c8) was utilize:1. 

When 2-C8 was incubated with enough D-alanine to support limited 

growth, the resultant left-hand fibers were poorly constructed 2-4 

strand structures. This was true regar.dless of medium composition. 

The dimerization of D-alanine, an essential step in the production of 

peptidoglycan, is reversibly inhibited by the action of ~cycloserine. 

The exogenous addition of D-alanine to the culture me:1ium completely 

reverses inhibition. The antibiotic does not, however, demonstrate any 

known irihibitory effect upon incorporation of ester-linked D-alanin~ 

into teichoic acid. Thus, aD-cycloserine vs. D-alanine titration 

experiment, measured by static twist, might indicate whether the D

alanine effect was of peptidoglycan or teichoic acid nature. The 

results obtained (Figures 29 and 30) were inconclusive. A number of 

factors contributed, specifically regional overlap of zero static twist 

wi th that of poor growth. Experiments performed both in SPl and TB 

exhibited a static twist decrease in response to increasing 

concentration of D-cycloserine titrated against a constant 

concentration (characteristic of tight right-handed structures) of D

alanine. However, in TB the structures of minimum twist were left

handed and in SP1, they were right-handed. The structures were fOOrly 

constructe:1, thus it was often difficult to Siistinquish the ham. 



Figure 29. Effect of O-cycloserine in a O-alanine racemase deficient 
mutant in TI3 

2-C8, a Oal- mutant, was incubated in TB at 200C in the 
presence or 100 pg/ml D-alanine plus varyiIY:J concentrations 
of D-cycloserine. The static twist of representative struc
tures was determined statistically. The bars represent a 95% 
confidence interval. The curve was drawn by eye to approx
imate the best fit. 
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Figure 29. Effect of D-cycloserine upon a D-alanine racemase deficient 
mutant. 



Figure 30. Effect of D-cycloserine upon a D-alanine racemase deficient 
mutant in SP1. 

Refer to figure 29 for the experimental design. The concen
tration of D-alanine was 250 )lg/ml. 
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If the response to D-alanine were due to differential 

incorporation into one of its cell wall locations, then this difference 

might be detected by a Park-Hancock fractionation procedure. A734 was 

incubated at 200 C overnight in low (50 pM) and high (5mM) 

concentrations of D-alanine, plus 0.4 )lCi/ml of both D-C 14C]-alanine 

and L-C 3H]-leucine. A third culture was incubated containing 50 "uM D

alanine and 50 mM Mg2+, as well as labelled D-alanine and leucine. The 

latter two conditions produce tight right-handed structures, whereas 

the former characteristically produces left-handed structures. The 

vast majority of D-alanine label was found in the NaOH soluble (ester

linked D-alanine), trypsin soluble (protein) and residue 

(peptidoglycan) fractions (Table 14). The high percentage of label in 

the trypsin soluble fraction may be due to conversion by the alanine 

racemase of D-alanine to L-alanine a~d its subsequent incorporation 

into protein. Two other features should be noted. No apparent 

difference in location of label was observed. Also, there was no 

significant differenre in total radioactivity incorporated between the 

cultures treated with low and high concentrations of unlabeled D

alanine, even though the specific activity of the first was lOOX 

greater than that of the latter. No explanation for this result has 

been forwarded. Thus, it is impossible at this time to reach any 

conclusion concerning the location of the D-alanine effect. 

The addition of D-alanine prcrluces an inversion process closely 

resembling that induced by nutrition. The timing of events is 

equivalent, provided the pre- and post-shift twist conformations are 
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Table 14. Fractionation of D-[14C]alanine labeled cells.1 

dpm [14C]/sample 

50 pM D-alanine 50 rrM M9'S04 50).lM D-alanine 
+50 rrM M9'SO 4 

Cold TCA 3156 (9.3) 7303 (14.1) 3319 (5.9) 

EtOH 151 (0.4) 245 (0.5) 286 (0.5) 

NaCE 12493 (36.8) 18217 (35.3) 18848 (33.3) 

Hot TCA 1285 (3.8) 1244 (2.4) 2374 (4.2) 

Trypsin 9817 (28.9) 15724 (30.4) 18947 (33.5) 

Residue 7030 (20.7) 8923 (17.3) 12805 (22.6) 

Total 33932 51656 56579 

lA73i was grown at 200 C in SPI for 5 generations plus 0.4)lCi/ml 
D-[ 4C]alanine. Cells were harvested by centrifugation at 12,000 x g 
for 10 min, washed with water, and suspended in 5% cold TeA. Samples 
were fractionated by the procedure describe:i in Chapter 2. The non
parenthesized values represent the average of either two or three 
replications. Numbers in parentheses indicate percentages of total 
disintegrations per minute per sample. 
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comparable between inversion regimes. An asymmetrical effect of 

protein synthesis inhibition has been demonstrated to be characteristic 

of both the temperature- and nutrition-induced inver,sion processes. 

The right to left transient inversion is blocked by the addition of 

chloramphenicol during the pulse intervali the left to right process is 

not. The same asymmetry was observed with respect to the inversion 

induced by either the addition (left to right) or removal (right to 

left) of D-alanine (Tables 15 and 16). 

The D-alanine system provides an ideal opportunity to 

investigate the relationship of the chloramphenicol-induced transient 

inversion to one induced by non-antibiotic means. The design of 

chloramphenicol-inhibited pulse experiments in the left to right 

direction necessarily -requires incubation of left-hand structures in 

the presence of two rightward inversion inducers. Thus, it had been 

difficult to ascertain the contribution of either inducer. The effects 

were separated by parallel experiments that utilized as the inducing 

agent either D-alanine, chloramphenicol or both (Table 17). When D

alanine was utilized as the sole inducer, the transient inversion 

commenced earlier and its extent was greater than if chloramphenicol 

was also added. Chloramphenicol by itself yielded a delayed transient 

inversion with respect to that induced by D-alanine in either the 

presence or absence of chloramphenicol. 



Table 15. Memory experiment - Right to left to right transient 
inversion induced by removal of D-alanine. l ,2 
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Duration Time Hand and organization of structures 
VLL 3 VLR LR LR->R R Treatment of Pulse Post-shift 

(min) (min) 

+Dala -> -Dala 
(no CAM) inf 

+Dala -> -Dala -> +Dala 
(no CAM) 70 

+Da1a -> -Dala -> +Dala 
(+100,ug/ml CAM) 70 

11 
43 
92 

119 
158 
204 

11 
43 
75 

108 
135 
207 

-10 
34 
73 
98 

124 
194 

7 

+4 
5 

5 
6 

3 
1 

10 

1 
1 

1 
9 

8 
4 

8 
4 
1 

11 
6 
9 
7 
4 
9 

lA734 was cultured in SPl +500 ).lg/ml D-alanine at 20C?C. The resultant 
structures were RH. 

2Chloramphenicol was added 15 min before the media shift to ensure 
cessation of synthetic processes. 

3VLL = very loose LH; VLR = very loose RH; LR = loose 
RH; and R = RH. 

4+ = structures present but not amenable to the counting of individual 
structures • 
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Table 16. .Memory experiment - Left to right to left transient inversion 
induced by the addition of D-a1anine (500 ,ug/m1).l,2 

Duration Time Hand and organization of structures 
Treatment of Pulse Post-shift L3 IP>-LL LL VLL D VLR 

(min) (min) 

-Dala ~ -Dala 
(no CAM) 135 6 3 

239 6 4 

-Dala ~ +Dala ~ -Da1a 
(no CAM) 71 5 2 9 

65 9 1 
96 5 4 

127 6 
184 2 

;4 
3 

247 

-Dala ~ +Dala ~ -Da1a 
(+100 ).lg/ml CAM) 70 4 1 10 

60 8 3 
90 6 1 

121 3 4 1 
173 6 
221 1 7 1 
269 6 
334 1 1 0 1 

lA734 was cultured in SPl at 200 C. The resultant structures were LH. 

2Ch1oramphenicol was added 15 min before the media shift to ensure 
cessation of synthetic processes. 

3L = LH; LL = loose LL; VLL = very loose LH; D= disorganized; and VLR = 
very loose RH. 

4* = structures present as mix of VLL, D, VLR but not amenable to the 
counting of individual structures. 



. Table 17. Memory experiment - Comparison of left to right to left 
transient inversions induced by the addition of D-alanine 
(500 )lg/ml) and/or chloramphenicol (100ug/ml).l,2 
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Treatment 
Duration 
of Pulse 

(min) 

Time 
Post-shift 

(min) 

Ha~d and organization of structures 
L ~LL LL VLL VLR 

-Dala ~ -Dala ~ -Dala 
(+ CAM) 62 

-Dala ~ +Dala ~ -Dala 
(+CAM) 58 

-Dala ~ +Da1a ~ -Dala 
(no CAM) 59 

17 
78 

120 
165 
218 
266 
292 

21 
79 

123 
167 
221 
266 
297 

21 
82 

135 
167 
220 
265 

4 

11 
9 
3 
7 
2 

6 
10 

1 
2 

10 
6 

6 
10 

4 
2 
4 

8 

1 
9 
8 

4 
9 
5 
1 

2 
7 
1 

6 
5 
1 

5 

1 
1 

lA734 was cultured in SPl at 20oC. The resultant structures were LH. 

2In contrast to other antibiotic inhibitory studies, chloramphenicol 
was not added 15 min before the shift of culture conditions. Thus, 
the additions of both D-alanine and chloramphenicol were simultaneous. 

3L = LH; LL = loose LL; VLL = very loose LH; D= disorganized; and VLR = 
very loose RH. 
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Other Inducers of the Helix Hand Inversion - -- --- -- ----
In the course of -this investigation, other alterations in the 

culture environment were found to effect a shift in twist conformation. 

Among these was medium pH (Figure 31). Four strains (8-4A, X4-C4, 

A734, and 6-9D) were incubated in either TB or SPI at 20oC. A range of 

medium pH was produced by adjustment with either IDH or HCl. The SPI 

pattern demonstrates a pH optimum-like effect. All four strains 

exhibited a maximum right-hand conformation between pH 5.75 and 6.50. 

The profiles of each are positioned with 8-4A as the most right-handed 

strain, A734 and X4-C4 intermediate, and 6-9D the most left-handed. It 

is significa'lt that 8-4A may exist in a left-ham conformation at pH 8. 

The 'IB pattern is dramatically different. The two fixed strains (8-4A 

and 6-9D) do not vary with increasin:J pH. The two invertible strains 

(A734 ,and X4-C4) exhibit profiles that are opposite to each other. 

A734 is right-handed at high pH and left-handed at low pH~ X4-C4 is 

left-handed at high pH and right-handed at low pH. 

Other components that exhibit an effect upon the conformational 

twist of macro fibers (data not shown) are cytidine (leftward), ammonium 

sulfate (leftward), shikimic acid (rightward), and L-serine 

(rightward). Monovalent cations seemingly . affect conformational twist 

as well. Both Na+ and K+ demonstrate a rightward effect in TB and 

their effects are additive. 



Figure 31. Medium pH versus twist. 

Macrofibers of selected strains were incubated in either SP1 
(A) or TB (B) adjusted to varying pH. Representative struc
tures were photographed and the static twist determined. 



80 "1 A 

60 

40 / 
~ ~ Ul 20 c 
I-< 
:J 
+J 

+J °rr"-- '~-
Ul .... 
~ 
+J 

U .... 
+J -20 ~ 
to 
+J 
Ul 

-40-1 / k-Qf) \ 

::J \ 
i I I i 

5 6 7 8 

Mediun pH 

Figure 31. Medium pH versus twist. 

80 I 
60 

40 

~ 
Ul 
C 
I-< 20 :J 
+J 

+J 
Ul .... 

0 ~ 
+J 

U .... 
+J 

.B -20 
Ul 

-40 

-60 

I -80 

9 

B 

8-4A 

5 6 7 

Mediun pH 

8 9 

I-' 
W 
I-' 



CHAPl'ER 4 

DISCUSSION' 

The cell wall plays the major role in both shape determination 

and cell division. It is within the contex't of these two cellular 

processes that the study of the cell wall and the cell surface in 

general stands prominent. Extensive investigations have identified 

the role of the cell surface in the processes of division, DNA 

segregati:n, and sha:r;:e detennination. Its biochemical nature in terms 

of the structural comJ:X)nents and their relative amount and location has 

been established and the complexity of its regulation demonstrated. 

Although initially considered inert, the cell wall has 'been shown to 'be 

quite dynamic with an elaborate maturation process as nascent wall 

material progresses from the membrane interface where it is inserted to 

the outer surface. The cell has been fourrl to alter the COI11J:X)siticn of 

its wall in response to environmental conditions such as availability 

of nutrients, culture pHi and temperature of incubation. However, the 

most salient questions have not been satisfactorily answered. What is 

the role of the cell surface in shape detennination? How does the wall 

influence the division process? 'Ib address these questions one must 

undertake an extensive study of the dynamic nature of the cell wall and 

its response to a changing environment. In this fashion one may 

develop a perception that will permit a deeper comprehension of the 

cell surfac~ and its roles in essential cellular processes. 

132 
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The macrofiber system of . Bacil·lus subtilis amplifies the 

behavior of the individual cell surface (Mendelson 1982). It is an 

eJC;tremely FOwerful am sensitive tool that has been utilized in this 

and previous studies to investigate phenomena previously unrecognized 

in the wild-type single cell. This investigation was an attempt to 

utilize the sensitivity of this bioassay to fully define the effect of 

medium comFOsition upon the structural conformation of the cell wall. 

Static twist was used to place a numerical value UFOn structures that 

resulted from manipulations of a varied nature. 

A syst.em of mutant classification has been established that 

permits the distinction not only between mutants that differ in a gross 

fashion, e.g. invertible versus non-invertible, but also between 

strains that vary more subtly. At least two single mutations have been 

identified that manifest an effect up::m conformational twist state. It 

has been demonstrated that the mutation found in A734rL govern~ the 

construction of extremely tight left-hand structures. This mutation 

also causes high temperature structures to be stressed. Thus, a 

connection between the tightly coiled Edison filaments and extreme 

left-handedness has been made. Whether Edison filaments, produced 

under some conditions, are the direct result of extreme left-handedness 

or simply a pleiotrophic effect produced in an indirect fashion has not 

been determined. The second mutation is the LR-1 gene of I4-A3, 

responsible for the reduction in extent of the large disorganized 

domain. It also produces right-hand structures of less twist than A734 

at 200 C in TB. 
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A basic pattern has been demonstrate::l within the context of the 

temr:erature-nutrition matrix. This fundamental pattern appears to be 

relatively stable. The polarity of the axes remains virtually 

constant. No mutant has been identified that inverts left to right 

with increasing temperature in TB or right to left in BPl and none have 

been found with reversed pola~ity with respect to nutrition. Only 

minor alterations have been observed. Also, most mutants only tern. to 

be shifted in this pattern to the left or the right. No massive 

alterations of the pattern were seen. 8-4A is an excellent example of 

this phenomenon. It retains the basic plot of its parent, FJ7, yet is 

shifted 30 turns/mm to the right. No mutant has yet been identified 

that does not exist in a variety of conformational states. The range 

of possible twist states does not appear to be significantly reduced in 

any of the strains studied under the isotwist format. There is no 

correlation between invertibility and range. The strain with the 

maximum range (60 turns/mm), 6-9D, is fixed left. '!he strain with the 

next widest, range of conformational twists, I4-A3, exists from -20 to 

+35 turns/mm (a range of 55 turns/mm). 8-4A is fixed in the right-hand 

with a range of 40 turns/mm. FJ7 lies in the range between -20 and +20 

turns/mm. Fixed right-hand strains such as 8-4A may exist as left-hand 

structures under selected conditions. Fixed left-hand strains may 

produce disorganized or right-hand structures in response to rightward 

agents, e.g. Mg+ am trypsin (Favre 1984). These observations suggest 

that the point of zero static twist is important not as a biochemical 

or biophysical event, but rather as a most convenient reference point. 
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The data is supportive of a regulatory system similar to a rheostat 

that governs the domain within which the conformational twist states 

may lay. The rheostat may have its domain of possible states shift 

either to the left or the right, but in all known instances a gradient 

of state positions is available. 

The potential for the genetic separation of the system that 

responds to medium composition alteration from the system that acts in 

response to temperature variation is demonstrated by the class B.2 

representative, 5-6G. This mutant does not invert its harrl in response 

to variation in medium composition. Its capacity to change hand due to 

a shift in temperature, however, is unimpaired. Thus, the nutrition

induced inversion works through at least one gene that the temperature 

system does not utilize. Every other invertible strain studied, 

however, has retained the capacity to use both temperature and 

nutrition to invert its hand. Also, the kinetics of both nutrition

and temperature-induced inversions are fundamentally identical; only 

the details vary. Thus, the two systems of inversion must utilize a 

mostly common inversion machinery. 

The kinetics of the inversion process have been studied in 

detail by Favre (1984) in the context of the temperature system in TB. 

During his investigations he found an asymmetry with regards to the 

timing of events dependent upon the direction of inversion. This 

asymmetry has been confirmed. The timing of right to left inversion 

initiation is highly dependent upon the degree of twist proo.uced under 

the pre-shift conditions. A lesser dependence has been demonstrated 
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with regards to the degree of post-shift twist. In contrast, left to 

right inversions require a constant 0.5 generation interval before 

inversion initiation occurs. This is true even when the post-shift 

twist is not right-handed but rather only less left-handed. Nei ther 

the degree of pre- nor post-shift twist influences the duration of this 

interval. There is no dependence upon the composition of tl1e medium of 

production. Thus, the hypothesis that the timing of the right to left 

inversion is controlled by an averaging function (Mendelson eta al. 

1984) has been supported in the context of the nutrition-induced 

inversion. Favre (1984) has suggested the left to right inversion is 

governed not by the degree of twist, but instead by the amount of 

nascent material of differing twist. The existence of the constant 

initiation interval within the context of the nutrition experiments 

conclusively supports ti1at hypothesis. 

The quantitative method of static twist measurement permitted 

detection of inversion initiation at an early stage in the process. 

Initiation of the right to left inversion was found to begin as early 

as 0.2 generations post-shift. Favre (1984) suggests that 60-70% of 

the cell wall must be of post-shift composition before inversion 

begins. This may be true for the event scored in his studies, Le. the 

time at which the dynamic twist reaches zero. However, this is 

obviously not the commencement of inversion. During an ongoing 

inversion, the angle of torsion is equal to 2SNdL (Mendelson eta al. 

1984). The value of this parameter must first reduce its positive 
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value before approaching zero, i.e. dynamic twist zero. If the 

initiation of inversion is defined as the time at which the angle of 

torsion begins to decrease its positive value, then the inversion 

process must necessarily begin when the dynamic twist starts to 

decelerate in the pre-shift direction. This is most probably the event 

scored as initiation of inversion. In both the temperature and 

nutrition sy?tems, extrapolation of the curve that represents the time 

to inversion commencement leads to the conclusion that inversion should 

begin immediately upon shift from conditions of zero twist to those 

that produce left-hand structures. If the process is identical 

regardless of pre-shift twist, as the data suggest, then the process of 

right to left inversion must begin immediately upon insertion of the 

first nascent chain of more left-hand twist. 

"Memory" in the form of a transient inversion has been shown to 

exist in response to media manipulation. If the major factor in the 

determination of inversion initiation time was the location of pulsed 

material within the cell wall, then one might expect pulse duration to 

have a relatively insignificant role. If the major parameter was the 

amount of pulsed material, then pulse duration could be expected to be 

of great significance. A correlation between pulse duration and the 

timin:r and extent of transient inversions has been established. Thus, 

one might assume that the amount of material inserted during the pulse 

to be the most significant contributor to the process. Indeed, a pulse 

of duration approximately equivalent to the time of the basic inversion 

initiation produces a transient inversion that begins simultaneously 
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with that of the basic inversion. However, a fourteen minute pulse 

(0.15 generations) effects an inversion as well, albeit significantly 

delaye::i. From upwellirg experiments (data not shown), it is krnwn that 

a pulse of such short duration could not possibly permit insertion of 

s~fficient material to cause an inversion, if the amount of inserted 

material was the only consideration. It is possible that a pulse of 

short duration could result in a small transient inversion due to a 

simple reduction of angular rotation in the original direction without 

ever passing through neutral, i.e. dynamic twist zero. This would 

require an averaging function to be the determining factor of 

inversion. Thus, it seems quite likely that the timirg arrl degree of 

transient inversions are controlled by both the amount of material 

inserted during the pulse and the location in the cell wall of that 

pulse-inserted material. 

A left-twist protein(s) has been postulated (Favre 1984). This 

investigaticn has confirmErl its existence. The trypsin studies supp::>rt 

the contention that this protein(s) controls conformational state 

throughout the twist spectrum. The mOst right-hande::i structures are as 

equaHy affected by a given concentration of trypsin as the most left

hande::i of structures. The effect seems to be universal. Variations in 

me::iium concentration and genetic background do not affect the degree of 

increased twist in response to exogenously added trypsin. Thus, the 

left-twist protein(s) is left-specific. It cannot be a protein 

prcduce::i by the cell solely in response to high temperature. 
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When trypsin inhibitor is added to the culture medium in the 

absence of exogenously added protease, it does not produce an effect of 

its own upon conformational twist. This observation coupled witl( the 

lack of evidence of a correlation between handedness and the level of 

secreted endogenous protease suggests that the proteases produced by 

the cells and secreted into their environment do not play a significant 

role in the determination of twist. 

Further evidence for the presence of a left-twist protein(s) 

has been found by inhibiting the synthesis of protein during a pulse by 

chloramphenicol. The right to left inversion is inhibited by the 

presence of chloramphenicol; the left to right inversion is not. The 

experiments in which the antibiotic was added at intervals roth prior 

to and after the shift of either medium or temperature indicate that 

significant momentum occurs when the inversion is in the rightward 

directicn. Little or 00 manentum, Le. continuation of the inversion 

process after the addition of chloramPhenicol, occurs in the leftward 

direction. Therefore, the left-twis~ protein(s) must possess an 

activity that is either of short-lived enzymatic nature or is 

structural and must be continuously supplied with nascent 

peptidoglycan. Supportive evidence may be found in the chloramphenicol 

pulse experiments. Inhibiting protein synthesis in continuous left

hand conditions yields a delayed, but significant left to right 

transient inversicn. This rightward effect must be due entirely to the 

transient removal of the left-twist protein(s) from the cell wall. 
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The constancy of the 0.5 generation initiation interval 

displayed by left to right inversions led to questions concerning 

critical timing. Chloramphenicol and D-cycloserine were used to 

inhibit protein and peptidoglycan syntheses, respectively. The 

interval was di vide:'l into two 25 minute intervals and the effect qf the 

antibiotics upon initiation time was determined. Each of the 

treatments barring one yielded a delay approximately equal to the 

length of the antibiotic pulse. When ChloramPhenicol was added to the 

first interval no effect upon the initiation time was observed 

suggesting that protein synthesis in the first 25 minutes post-shift is 

not essential for inversion from left to right. If interpreted in 

terms of the left-twist protein, these results suggest that a 

protein(s) responsible for the degradation of the left-twist protein 

might be produced that requires a critical time to affect the inversion 

process. This is supported by the fact that, although continuous 

chloramphenicol treatment elicits an inversion that initiates at 

approximately the same time as the pulse:i sample, the inversion process 

proceeds at a significantly reduced level eventually stopping 

completely as growth ceases. Thus, this protein(s) does not initiate 

the process, yet does participate in assisting the process in which the 

wall .becanes right-hande:i. The constancy of the period is supportive 

of this hypothesis. A critical time is necessary for left-hand wall to 

elicit an observable initiation. During this interval the left-twist 

factor would not be synthesized at its previous level and some of the 

old protein(s) would be turne:i-over. Given that left-twist protein(s) 
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possesses its greatest effect at the surface of the cell wall as 

suggested by Favre (1984) and supported by this investigation, then 

this scenario should not yield constant inversion initiation times 

without regard to the pre-shift twist. After fifty minutes the outer 

surface material would still be left-handed and thus the conformational 

state of the cell wall still should be highly influenced by the twist 

of its outer shell. Therefore, wall of lesser pre-shift twist should 

have a smaller contribution to the effective twist and the initiation 

time should be shorter than that of wall with a higher pre-shift twist. 

However, if a degradative or inactivating enzyme were to be produced 

at some critical interval following a shift in medium and it 

inactivated left-twist protein at a rapid rate, then the initiation of 

inversion would be constant, regardless of the pre-shift twist. 

That D-alanine alone among cell wall components elicits a 

strong rightward response is highly significant. D-alanine is 

incorporated into only two locations in the wall: the peptide 

crossbridges and as ester-linked residues on the teichoic acid. The 

inversion processes induced by either the addition of D-alanine (left 

to right) or the removal of.D-alanine (right to left) have been 

demonstrated to be virtually identical to those induced by the 

manipulation of medium composition. The timing D-alanine-indced 

inversion ~vents is virtually identical to those induced by medium 

composition and the right to left process alone is dependent upon 

continued protein synthesis. The D-alanine inversion regime has been 
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utilized to separate the rightward effect of Chloramphenicol from that 

of a non-protein synthesis-inhibiting inducer. Thus, the inversion 

processes (both left to right and right to left) respond to D-alanine 

similarly to those induced by both nutrition and temperature. In 

addition, the effect of constant concentration upon strains that lay at 

all intervals along the twist spectrum is universal. As with trypsin, 

the tightest right structures react equally to those of the tightest 

left-hand conformation. 'lhus, no mutant has yet been found that cannot 

be made forced to the right by the addition of D-alanine. As the 

comparison of A734 to the D-alanine racemase deficient mutant (2-CS) 

indicates, once enough D-alanine has been provided to support normal 

growth the conformational state of either strain is virtually 

identical. Thus, the pool of D-alanine required to effect an inversion 

must be similar regardless of whether any endogenous D-alanine is 

prcduced. 

There are many observations that indirectly point to teichoic 

acid as a candidate for regulation of conformational twist. Effects 

upon twist conformation have been identified for D-alanine, monovalent 

and divalent cations, cytidine, and pH. Each of these has a direct 

relationship to teichoic acid. As mentioned above, D-alanine is 

present as an ester-linked residue that competes with glucose for the 

same binding site (Rogers, Perkins and Ward 19S0). Cytidine is 

involved in subunit assembly as CDP-glycerol (Burger and Glaser 1964). 

ThE;: authors demonstrated that CDP-glycerol was the only substxa"':.e 

required by poly(glycerol-phosphate) polymerase, an enzyme that 
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utilizes either Ca+ or Mg+ for optimum activity. Decreasing pH was 

found by Ellwood and Tempest (1972) to correspond to increasing ester

linked D-alanine content. Finally, teichoic acid has been postulated 

to possess a major role in the modulation of cation concentration, 

particularly Mg+. In addition, Doyle et. al. (1974) demonstrated an 

effect of the monovalent cation Na+ upon the conformational state of 

teichoic acid. Finally, the relative lack of teichoic acid content has 

been correlated with the tag-l coccal morphology at nonpermissive 

temperature (lbylan et. al. 1972). 

The attempt to locate the action of D-alanine, however, has met 

with little success. Utilizing D-cycloserine to titrate D-alanine was 

not satisfactory due to an overlap between the region of zero static 

twist (the region of importance) and that of poor growth due to 

peptidoglycan inhibition. It is possible that use of the recently 

discovered T (tryptose) nutrient system might alleviate these problems 

(Mendelson, personnal communication). T medium produces structures 

considerably more left-handed than those grown in TB. Thus, it is 

possible to produce left-handed structures in 2-C8 outside the region 

of poor growth. The Park-Hancock fractionation yielded confusing 

results due to the fact that radioisotope was incorporated at equal 

levels regardless of specific activity. Repeating the experiment using 

2-C8 to significantly increase the level of incorporation may result in 

more reliable data. 
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Teichoic acid and peptidoglycan are co-assembled at the 

membrane-inner cell wall surface interface (Rogers et. al. 1980). 

Therefore the physical relationship between these two polymers must be 

finely regulated. The culture ~nvironment has been shown to 

dramatically influence the composition of the cell wall, particularly 

that of teichoic acid and teichuronic acid. If compJsition is altered 

in response to nutrient availability, limitation of selected ions, and 

medium pH, then it is not difficult to envision a similar effect upon 

the orientation of these polymers. The spectrum of twist states may be 

due to variation in Chemical identity of the cell wall and its Charge 

status. Utilizing a mechanical engineering approach, Thwaites and 

Mendelson (1985) have recently exploited a unique aspect of the 

macrofiber system, termed bacterial thread. The authors have proposed 

approximately 98% of all cell wall Charges to be neutralized. 'Ihe cell 

wall is known to be highly substituted by D-alanyl, N-acetyl, and 

glucosyl-residues. Although never demonstrated in Bacillus subtilis, 

other sUbstitutions reported include o-acetylation of N-acetylmuramic 

acid and amidation of the D-glutamic acid residue of the peptide 

crossbridge. These substitutions represent a potentially sensitive 

method of regulation of cell wall orientation through the 

neutralization of charge, the manifestation of whiCh is a spectrum of 

conformational twist. Observations of conformational alteration due to 

pH, D-alanine, mono- an:i divalent cations all suggest a pJssible role 

of co-assembly in setting the orientation of the surface polymers 

resulting in the wide range of pJssible twist states. 
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'I'he involvement of a left-twist protein(s) in the determination 

of structural states of the cell wall over the entire twist spectrum 

has been confirmerl. Little is knJwn, however, atout its nature. Is it 

structural or enzymatic? How is its activity regulated? In what way 

does this protein(s) affect surface orientation? Studies are currently 

underway to identify this protein and establish its role in cell 

surface orientation. This protein(s) may be involved in the 

regulation of D-alanine entry into the wall-related synthesis or 

assembly pathways. 

Investigations utilizing this system ultimately must relate 

back to the individual cells that comfOse the macrofibers. The cells 

obviously fOssess an elaborate system of cell wall structure regulation 

manifesterl in a gradient of conformational twist states. Why should 

the individual cell wall require such a vast array of possible 

conformational states? It is possible that the cell wall must 

respond to variations in its environment by altering its orientation. 

Moreover, the chCtnJing of the orientation of surface polymers may be an 

imfOrtant step in the regulation of cellular events. A cyclic change 

in surface orientation has been assigned a fundamental role prior to 

compartmentalization of daughter INA molecules and the temfOral control 

of the cell cycle (Mendelson 1982, 1984, 1985). The macrofiber system 

may provide the means to test such a hYfOthesis. 
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