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Introduction 

CHAPTER 1 

Introduction and Literature Review 

Strains of Escherichia coli K-12 carrying the 

recently identified sfi-25 mutation do not exhibit the 

transient inhibition of cell division normally observed in 

response to DNA damage (94). In normal strains the 

division delay is caused by induction of an unstable 

division inhibitor encoded by the sulA gene (61, 62). The 

sulA gene is one of several genes negatively controlled by 

the LexA repressor and expressed as part of a DNA repair 

system (38, 61, 104, 112, 139, 150, 152). The purpose of 

this thesis is to determine whether the expression of the 

SulA inhibitor or other proteins involved in cell division 

control are affected by the sfi-25 mutation. This chapter 

will report the experimental findings that have led to 

current views on regulation of cell division. It will 

emphasize (a) the relation of DNA metabolism to cell 

division and (b) the 2-minute genes whose expression is 

associated with regulation of cell division. 

1 



Physiological Studies of Cell Division 

Initial models of cell division were based on 

physiological and growth studies. A link between cell 

division control and DNA synthesis was recognized early. 

The bacterial chromosome, by 1963, was found to be 

a circular, single molecule of double-stranded DNA, 1100 

2 

in length, folded compactly in the cell (14). Duplication 

occurred at a replication fork (15). DNA synthesis was 

found to begin at a particular site on the circumference 

and to proceed sequentially along the length in two 

directions (93). Multiple replication forks had also been 

found (79). Helmstetter and Cooper (49) showed that the 

time for a complete round of DNA replication is constant 

and that the cell age at the time DNA synthesis begins 

varies with the rate of growth. The amount of DNA per cell 

had been found to vary continuously with the growth rate 

(120). Rounds of replication were shown to begin at 

different intervals at different growth rates; in slow

growing cells DNA synthesis was reported to be 

discontinuous (48). 

Cooper and Helmstetter (26) proposed a model 

specifying the relationship between chromosome replication 

and cell division. At growth rates between 20 and 60 

minutes there are two constants: C, the time for a 

replication point to traverse the length of the DNA 
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molecule; and D, the time between the end of a round of DNA 

replication and cell division. The values of these 

constants were experimentally determined to be consistently 

40 and 20 minutes, respectively. Their model presented the 

probable state of DNA replication and the number of 

replication forks during various growth rates. At a 60-

minute doubling time, DNA synthesis began after new cells 

had formed, completed 40 minutes later and then did not 

recommence until 20 minutes had passed and the cell had 

divided. At a 40-minute doubling time, chromosome 

replication occurred continuously. When the cell divided 

the chromosome was half-way through a round of replication. 

This round ended 20 minutes later, which was also 20 

minutes before the next cell division took place. As the 

round of chromosome replication ended simultaneously the 

two daughter DNA molecules began replication. Cells 

growing with doubling times of 20 minutes had multiple 

replication forks during the division cycle. It was 

concluded that the interval between DNA replication 

initiations corresponds to the doubling time of the 

culture. 

Chromosome segregation was studied in detail in 

Bacillus subtilis. Jacob et al. (67) proposed a hypothesis 

for a possible mechanism of chromosome separation based on 

two propositions: (a) the bacterial chromosome was 
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attached to the membrane; (b) the synthesis of fresh 

membrane material between the two points of attachment of 

the replicating chromosomes brought about the separation of 

the two strands after each round of replication. Morpholo

gical studies by Ryter and Jacob (116) showed that DNA 

molecules were attached to the cell's inner membrane. 

Electron micrographs of serial sections of B. subtilis 

spores were used by Ryter to examine separation of two 

chromosomes (117). This work suggested that membrane 

synthesis, at the period of the cell cycle after which the 

two daughter molecules had attached to the membrane, 

occurred primarily in the inter-nuclear region between the 

two points of attachment; very little membrane synthesis 

occurred between these locations and the poles of the 

bacteria. 

In order that each new cell receive a complete 

strand of DNA, the timing of chromosome separation and 

compartmentalization of the cytoplasm was recognized as an 

important process in the cell cycle. Septum formation was 

known to take place near the equatorial plane so that the 

two new cells each contained half of the DNA of the 

original cell (52). It was shown to begin 20 minutes 

before the separation of the cells (23) with the start of 

the D period (26). The septum was shown to consist of an 

ingrowth of the cytoplasmic membrane and the mucopeptide 
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layer; the outer membrane was shown to be excluded from the 

septum until the cells began to separate (12). Further

more, it was also shown that septation in E. coli began at 

the time cells reached a certain critical length (32). 

This length, 2.8 lliD (later estimated as 3.5 to 4.5 J.IIl1), was 

constant in all growth conditions and equal to twice the 

minimum cell length ( 28, 32). 

Evidence that DNA synthesis and cell division were 

closely linked came from observations that a wide variety 

of chemical treatments or mutations which inhibited DNA 

synthesis also inhibited cell division. Mitomycin C treat

ment caused cells to grow into very long filaments (128). 

Thymine-requiring mutants deprived of thymine continued to 

grow in length but did not divide (31). It was shown by 

Clark (24) that the final stages of cell division could 

occur in the absence of DNA synthesis, yet cell division 

was completely blocked if the termination of a round of DNA 

synthesis was inhibited with nalidixic acid. Helmstetter 

and Pierucci (50) found that exposure of~ coli cultures 

to ultraviolet light, mitomycin Cor nalidixic acid caused 

DNA synthesis to stop but cell division continued for at 

least 20 minutes. The dividing cells were those in which 

chromosome replication had been completed prior to inhibi

tion (50). They concluded that completion of a round of 

replication was necessary for cell division. Walker and 
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Pardee (141) showed that UV light inhibits septum formation 

as a result of alteration in DNA rather than damage to a 

septum-forming site on the membrane. 

Initial studies of the relationship between DNA 

synthesis and cell division were physiological studies in 

which DNA synthesis was inhibited by some means and the 

effects of DNA synthesis inhibition on cell division were 

followed. This approach involved the use of agents that 

were later found to induce processes (called the SOS 

functions) that promote DNA repair and cell survival (112). 

The discovery of the SOS system and the temporary 

inhibition of cell division observed during the SOS 

response complicated the models published with these 

initial studies. 

Additional studies indicated a less direct 

relationship between cell division and DNA replication. 

Incubation of thermosensitive chromosome initiation or 

elongation-defective mutants of ~coli at restrictive 

temperatures resulted in continued cell division and the 

formation of chromosomeless cells (130). Hirota et al. 

(52) reported that a mutation in dnaA allowed ~£Qli T46, 

a thermosensitive DNA synthesis mutant, to form septa and 

divide at the restrictive temperature. Tang and 

Helmstetter (130) reported that incubation of~ coli B/r 

DNA synthesis mutants at nonpermissive temperatures 
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resulted in the production of cells approximately normal in 

size which lacked chromosomal DNA. These findings 

questioned whether chromosome replication was a necessity 

for cell division. 

Pierucci and Helmstetter found that at doubling 

times between 27 and 45 minutes a fixed period of protein 

synthesis, which normally occurred concurrently with 

chromosome replication but could be uncoupled from it, was 

required for cell division (111 ). 

Jones and Donachie (72) proposed a model in which 

cell division depended on two independent parallel path

ways. Experiments in which chloramphenicol and rifampicin 

were added at various times after initiation of chromosome 

replication showed a requirement for a 5- to 10-minute 

period of RNA and protein synthesis between termination of 

chromosome rounds and cell division. They referred to the 

proteins synthesized during this brief period as 

termi nation protein ( s ). 

In a model they proposed, chromosome replication 

began after cells reached a critical ratio of cell mass to 

replication forks, which was constant for a given growth 

rate~ After 40 minutes termination occurred and the 

synthesis of the termination proteins began. Five minutes 

later there was sufficient termination protein in the cell 

for division, but division occurred only after completion 
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of a parallel sequence of events. This parallel sequence 

was the period of protein synthesis that determined the 

timing of cell division established by Pierucci and 

Helmstetter. This sequence began at the same critical mass 

to replication fork ratio as chromosome replication, but 

completion did not depend on chromosome replication. 

Division proteins were synthesized for 40 minutes followed 

by a 20-minute interval in which DNA, RNA and protein were 

not made. Accumulated termination protein then triggered 

cell division at the end of the final 20-minute period. 

Other factors also have been shown to regulate cell 

division. These include: cell size, in which the attain

ment of a critical cell mass is essential for division of a 

cell (32, 76); ratio of enzymes involved in peptidoglycan 

biosynthesis (101, 102); and negative regulation of 

septation by cyclic AMP (134, 135, 136). 

Effect of Mutations on Cell Division 

Experiments designed for identifying cell division 

genes resulted in the isolation of a series of mutants with 

altered capacity to form septa and divide normally (53). 

Small doses of radiation (1, 56, 140) or temperature shifts 

(137) prevented septum formation in mutants. A 

temperature-sensitive mutant, PAT84, isolated by Hirota et 

al. (53), exhibited normal synthesis of macromolecules 
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(DNA, RNA and protein) when shifted from 30° to 40°C but 

did not form septa; cells grew into very long filaments 

when incubation was continued. Upon return to 30°C, PAT84 

reverted to forming septa. The mutation present in PAT84, 

as well as several similar mutations isoalted by van de 

Putte (137), mapped by conjugation near leu, at 1.6 minutes 

on the ~coli linkage map (4, 53, 137). These mutations 

were classified as ftsA by Hirota (54) to distinguish them 

from other temperature-sensitive filamenting mutant loci 

found in other areas of the ~coli chromosome. Two other 

cell division mutants, 2158(Ts) and 1882(Ts), isolated by 

Allen et al. (2), mapped very close to leu. Fletcher et 

al. (35) identified the 2158(Ts) mutant as distinct from 

those at the ftsA gene and renamed it sep. The ~ gene 

was shown to be identical to~ (also called ftsi) which 

codes for a penicillin-binding protein (65, 126, 129). The 

identifications of Fletcher et al. (35) were facilitated by 

using a defective specialized transducing bacteriophage 

(123) that had integrated next to leu and carried the 

wildtype 2158(Ts) and 1882(Ts) genes. Fletcher et al. 

confirmed the order of several genes located near the 2-

minute region and the sequence was as follows: leuA, sep, 

murE, murF, murc, ddl, ftsA, envA. Mutations in the envA 

gene increased cell wall permeability and caused cells to 

form chains rather than separate normally (107). Wijsman 
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(148, 149) had characterized peptidoglycan biosynthetic 

genes murE, murF and murc, and had mapped the genes in the 

order: leu, murE, murF, murc, ftsA. The 1882(Ts) mutation 

was shown to be an allele of ftsA (35). The ddl gene had 

been identified in a temperature-sensitive mutant with an 

impaired D-alanyl-D-alanine ligase (83). The thermosensi

tive division mutant, E. coli PAT84, exhibited low activity 

of D-alanine carboxypeptidase at the restrictive 

temperature (102). 

Lutkenhaus and coworkers (84, 86), using phages 

carrying varying portions of a 10.5 Kb ~coli chromosomal 

DNA insert that contained the murc, ddl, ftsA and envA 

genes, showed that the mutation in PAT84 was distinct from 

ftsA and mapped between ftsA and envA. They renamed the 

gene ftsz. Another cell division gene, ftsQ, was shown to 

be required for normal septation by Begg et al. (7) and 

mapped between ddl and ftsA. Thus the genes in the 2-

minute region on the~ coli chromosome involved with the 

normal functioning of the cell wall consisted of cell 

division genes ftsA (84), ftsz (86), and~ (ftsi, ~) 

(35, 65); the cell permeability gene envA (107); and murein 

biosynthesis genes murE, murC, murF and ddl (83, 148). 

Using the specialized transducing bacteriophage 

constructed for identifying the location of genes in the 

ftsA region, Lutkenhaus and Wu examined protein synthesis 



directed by the transducing phages in UV-irradiated cells 

(84, 87). They determined the transcriptional units and 

products from the envA, ftsz, ftsA and ddl genes were 

identified (87). The FtsA protein was found to have a 

molecular weight of 50,000 daltons as measured by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (84). 

Using an ftsA amber mutant also carrying a temperature

sensitive suppressor, supF, it was shown that the FtsA 

protein was required during a 10- to 15-minute period 

before cell division (33). The ftsA amber mutation was 

allelic to a mutation, fts-12, isolated by van de Putte 

(84, 137). 

1 1 

Expression of the ftsA, ftsz, envA and murC genes 

was shown to occur independently (86, 87). The ftsA, ftsQ 

and ftsz genes were found to be an atypical operon (154). 

DNA sequencing by Robinson et al. (115) and Yi et al. (154) 

revealed putative promoters for each gene and, in addition, 

found that the full expression of ftsz required an element 

in ftsA (87, 127). A 90 percent reduction of ftsz 

expression resulted from a Tn5 insertion in an element -35 

basepairs upstream of ftsz. An insertion further upstream 

which reduced expression of ftsZ by 60 percent identified 

another transcription initiation signal. This latter 

promoter element was required for the biological activity 

of ftsz (127, 154). Comparison to observed codon usage 
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showed that ftsQ and ftsA were low-level expression genes a 

that ftsz was a high-level expression gene. The ftsA gene 

expression resulted form a promoter within the ftsQ gene. 

No transcription termination signals were found between the 

three genes. The translation termination codon for ftsQ 

was located downstream of the initiation codon of ftsA 

(154). The ftsQ (115) and ftsz (153) genes were shown, by 

DNA sequencing, to encode proteins with molecular weight of 

31,432 daltons and 40,294 daltons, respectively. 

Ward and Lutkenhaus (143) showed that a two- to 

seven-fold increase in the level of Ftsz protein caused 

minicells to form. Using cells containing multicopy 

plasmids that carried either the ftsQ, ftsA and ftsz gene 

or combinations of these genes, they found that minicell 

formation in the cells correlated with the presence of the 

ftsz geme on the plasmid. A plasmid carrying only ftsQ and 

ftsA did not cause minicell formation. Promoters of ftsZ 

in the ftsA and ftsQ regions were also required. When only 

the 5' end of the ftsz gene was carried by the plasmid, 

minicells did not form. The plasmid carrying the ftsA, 

ftsQ and ftsz genes stimulated minice 11 divisions 

significantly more than was to be expected from the 

increase in ftsz levels. This suggested the possibility 

that expression from a high-efficiency promoter preceding 

ftsQ could enhance Ftsz protein synthesis and minicell 



divisions. Formation of mini cells resulting from the 

presence of ftsz differed from normal minicells in that 

(a) asymmetric divisions did not occur at the expense of 

normal cell division, and (b) the average nucleated cell 

length did not increase ( 131 , 1 43 ). 
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Overproduction of the ftsz gene was shown to induce 

polar septa by a mechanism employing normal division genes 

as in the minicell strain P678-54 (75). Additional 

evidence was provided from immunoassay studies which showed 

that minicell septa could be induced by an increased level 

of Ftsz protein. Also, the septation at potential division 

sites was shown to occur earlier in the cell cycle. Their 

results indicated that increasing the level of ftsz expres

sion results in more than one division per cycle and causes 

the point in the cell cycle at which division occurs to 

fall earlier. They concluded that levels of Ftsz protein 

or activity controlled the frequency of cell division 

( 143). 

The ftsz gene product has been implicated as an 

initiator of septum formation (8, 12, 113, 142). Studies 

by Walker et al. (142) showed that defective septum initia

tion occurred with the ftsZ84(Ts) mutant (PAT84) and that 

the gene product was probably not required for completion 

of septation. 



The ftsz gene also has been thought to have an 

important role in the cell division process since sulB 

mutations map within this gene (88). These mutations 

specifically suppress the inhibition of cell division that 

occurs during SOS-mediated DNA repair (37, 38, 69). 

DNA Repair and Cell Division 

The link between DNA repair and control of cell 

division was established by studies on DNA repair systems 

following exposure of cells to ultraviolet light. Howard

Flanders and Boyce (57) described a mutation (lex-1) near 

uvrA on the ~ coli linkage .map that increased sensitivity 

to ultraviolet light. An involvement of the lex gene in 

filamentation and as a key regulatory protein in the SOS 

DNA repair system in ~ coli was established later. Other 

mutations in the SOS repair system (recA441 and others) 

were shown to affect cell divisions (19, 58, 59). 

Mount et a 1. (1 05) investigated UV-sensi ti ve 
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~ coli strains carrying the lex mutation and found that 

the lex phenotype was dominant in heterozygotes, indicating 

that radiation sensitivity was due to a diffusible product. 

The lex mutations were found to abolish UV reactivation and 

UV mutagenesis of bacteriophage lambda (30, 146). Witkin 

showed that lex (lexA) also blocked DNA repair and UV 

mutagenesis in ~ coli ( 151). 



Other~ coli mutants that were UV sensitive and 

also deficient in genetic recombination were isolated and 

their defective genes were located at~ (22, 58). The 

recA locus was shown to be required for several types of 

post-replication repair functions and necessary for 

ultraviolet mutability (103, 122). These findings 

suggested that recA and lex were necessary for UV-induced 

mutations to occur (151). Witkin reviewed UV mutagenesis 

and DNA repair in detail ( 152). 

The lexA and recA mutations severely impaired the 

normal cellular response of ~ coli to agents that inter

fere with DNA synthesis (112, 152). This response in 

~coli involved prophage induction (152), expression of 

colicinogenic plasmids (132), inhibition of cell division 

leading to filamentation, and an error-prone DNA repair 

capacity. Gudas and Pardee (43) suggested the product of 

the lexA gene was a cellular repressor that regulated 

induction of DNA repair enzymes. 
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Mount, Walker and Kosel (106) isolated derivatives 

of the lex strain DM49 (105) as UV-resistant revertant 

colonies that grew normally at 30°c but at 42°C were unable 

to produce colonies on agar. At 42°C the strain (DM511) 

formed long, multinucleated filaments lacking septa. The 

degradation of DNA was normal, in contrast to the parent 



strain (DM49, lex). The mutation was designated tsl and 

was shown to be recessive to tsl+. 
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Another mutant that exhibited filamentous growth at 

42°C was investigated by Castelazzi et a 1. in 1972 (19 ). 

First isolated as a strain that induced prophage lambda at 

elevated temperatures, this mutant (called tif) also was 

found to repair UV-irradiated bacteriophage DNA (19). Both 

mutations tif and tsl could be suppressed by lexA or recA 

mutations (20). Later, tif was shown to be an allele of 

recA (139). 

Adler and Hardigree (1) investigated an E. coli 

mutant (lon) of strain AB1157 that exhibited filamentation 

after UV irradiation. The filamentation was not temporary 

as it was in the parent strain. Conjugation mapping showed 

that the lon locus was at 9 minutes, between the lac and 

~ genes (56). The lon mutation had other phenotypic 

changes associated with it: decreased degradation of 

abnormal peptides (40) and increased production of capsular 

polysaccharide (92). Like tif and tsl, the lon phenotype 

could be reversed by mutations in lexA and recA. Adler and 

Hardigree proposed from their studies that the lon gene 

functioned in cross-wall formation and cell division; this 

function was later found to be indirect (21 ). The lon 

mutation also was found to be suppressed by either of two 

mutations: sulA, which mapped near ~ at 21 minutes; and 
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~ulB, a mutation which was located near the leu operon at 2 

minutes on the ~ coli linkage map (37). 

Leighton and Donachie (80) observed lon mutants 

after thymine starvation or UV irradiation to establish a 

connection between cessation and recommencement of DNA 

synthesis and the initiation of cell division. DNA 

synthesis and cell division resumed normally in lon and 

lon+ strains following removal of inhibition of DNA 

synthesis, but lon strains recovered more slowly than lon+ 

strains. They suggested that the initiation of cell divi

sion following recovery from inhibition of DNA synthesis 

resulted from the attainment of a critical ratio of DNA to 

cell mass and that the lon gene product was connected more 

with DNA synthesis than with crosswall formation. This 

later turned out not to be the case. 

The lon gene product was purified as a DNA-binding 

protein and shown to have a molecular weight of 94 1 000 

daltons (155). It was found to be identical in substrate 

specificity, molecular weight, and in response to substrate 

analogs to a previously described~ coli ATP-dependent 

protease named La (21, 78). Chung and Goldberg also 

confirmed this finding genetically and, in addition, 

examined the mutant lon gene product and found that it 

catalyzed proteolysis at a reduced rate but still required 

ATP (21). They suggested the defect in intracellular 



proteolysis as responsible for the phenotypic effects of 

the mutant gene. 
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Evidence supporting the idea that proteins were 

induced following DNA damage came from the findings of 

Inouye and Pardee (63). They showed that a 40,000 dalton 

protein (called protein X) was induced by the inhibition of 

DNA synthesis. This protein appeared to be involved 

indirectly in a DNA repair system as shown by experiments 

in which the protein was not induced in recA or lexA 

mutants but was induced in a recA+ strain carrying either 

the tif or tsl mutation (43, 44, 63, 64 1 147). Protein X 

was later identified as the RecA protein by Gudas and Mount 

(45). They identified the ~ gene product by comparing 

protein X molecules from wildtype ~ coli and recA mutant 

E. coli strains. Two-dimensional gel electrophoresis 

revealed that a mutant recA1 produced a protein X with a 

more acidic isoelectric point than the wildtype. 

The tif mutation was also identified as an allele 

of recA. The tif-1 mutant was mapped at the ~ locus 

(19) and produced a more basic protein X than normal 

protein X, although these proteins gave similar partial 

products upon limited proteolysis (45). 

The RecA protein was subsequently characterized in 

vitro and found to be a highly specific protease that 

cleaved LexA protein (114). (Work on the lexA gene by 
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Brent and Ptashne (11) had identified the lexA gene product 

as a protein of molecular weight of 24,000 daltons and 

suggested it was a repressor that repressed its own 

synthesis.) 

The recA and lexA gene products were shown to be 

key regulatory proteins in the sos response to DNA damage. 

The SOS response is responsible for induction of bacterio

phage, inhibition of cell division (filamentation), 

enhanced mutagenesis, and a host of other changes following 

treatment of cells with DNA-damaging agents. Models for 

the sos response and participation of recA, lexA and other 

proteins were derived from studies of the effects of muta

tions in lexA and recA on induction of bacteriophage and on 

other events associated with the SOS response. 

In the current models describing the functioning of 

the SOS system, the LexA protein is a repressor of genes 

that are transcribed following treatment with DNA-damaging 

agents. The SOS genes are turned on by inactivation of the 

LexA repressor. Inactivation occurs as a result of 

cleavage of LexA by the activated RecA protease. RecA 

normally is not proteolytic and its synthesis is repressed 

by LexA. RecA is present in small basal levels in the cell 

and is activated (converted to its proteolytic form) by 

binding to a signal molecule, such as a single-stranded 

DNA, oligonucleotides, or nucleoside triphosphates (27). 
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Once activated, it cleaves the LexA repressor, resulting in 

increased expression of the recA and other SOS genes (see 

Table 1). Following repair of the damaged DNA and the 

resulting disappearance of the signal molecules, the RecA 

protein returns to its nonproteolytic form and its 

synthesis is repressed by LexA. LexA protein is then no 

longer cleaved as it is synthesized; it is free to shut 

down expression of the SOS genes and ~' returning the 

cell to its normal state. Fine-tuning of the SOS system is 

accomplished by the self-repression of the lexA gene by 

LexA and by varying affinities of LexA for different SOS 

gene operators. Depending on the SOS-inducing agent, 

certain other genes (such as reeF) appear to be required 

for the expression or reactivation of recA (95, 118, 133). 

Genes Under sos Control 

Table 1 lists the genes controlled by the SOS 

system. The key gene linking control of cell division with 

the SOS system is sulA. This and other genes were shown to 

be under SOS control by the gene fusion technique developed 

by Casadaban (17), in which the a-galactosidase structural 

gene, lacz, lacking its own promoter, is fused to a 

promoter for a gene of interest. a-galactosidase rather 

than the product of the gene of interest is then synthe

sized when the gene is expressed. Kenyon and Walker (73) 

screened Mu d1(Ap lac) bacteriophage fusions in the~ coli 



Map 
Gene Position 

(min) a 

recA 58 

lexA 92 

sulA 22 

uvrA 92 

uvrB 18 

uvrc 42 

uvrD 85 

umuc 26 

umuD 26 

Table 1 

SOS Genes in Escherichia coli 

Molecular Weight 
of Gene Product 

(Daltons) 

40,000 

24,000b 

18,000 

114,000C 

84,000C 

70,000c 

75,000 

45,000 

16,000 

Function or Induced Physiological Response 

Specific protease; involved in SOS regulation; general 
recombination; UV mutagenesis. 

Repressor; role in SOS regulation. 

Filamentation (inhibition of cell division). 

+ + . 
uvrA~-dependent repa1r of DNA. 

+ + . 
uvrA~-dependent repa1r of DNA. 

uvrA+B+C-dependent repair of DNA. 

Helicase II: roles in excision repair and methyl
directed mismatch repair of DNA. 

UV mutagenesis of bacterial chromosome; Weigle 
reactivation mutagenesis of bacteriophage. 

UV mutagenesis of bacterial chromosome; Weigle 
reactivation mutagenesis of bacteriophage. 

aParentheses indicate approximate map location (4, 81, 139). 

bPresent in cells as dimers (139). 

cThe uvrA, uvrB, uvrc gene products are subunits of a complex endonuclease (139,). N 
1-' 



Map 
Gene Position 

ssb 

recN 

dinA 

dinB 

dinD 

dinF 

himA 

ruv 

d mucA 

d 
mucB 

1 . . ld co ~c~n E 

(min) a 

92 

56.5 

2 

(8) 

(85) 

92 

37 

41 

Molecular Weight 
of Gene Product 

(Daltons) 

18,500d 

60,000 

Table 1 (continued) 

Function or Induced Physiological Response 

Single-stand DNA binding protein. 

Repair of double-strand breaks in DNA. 

Induction of dinA locus (function unknown). 

Induction of dinB locus (function unknown). 

Induction of dinD locus (function unknown) • 

Induction of dinF locus (function unknown). 

HimA protein; part of integration host factor; role 
in site-specific recombination. 

Induction of ruv locus (unknown role in UV resistance). 

Increased susceptibility to UV and chemical 
mutagenesis; increased resistance to UV killing. 

Increased susceptibility to UV and chemical 
mutagenesis; increased resistance to UV killing. 

Colicin production. 

dGene is located in a naturally-occurring plasmid of E. coli (139). 

tv 
tv 
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chromosome by selecting for fusions which expressed 

a-galactosidase in higher levels in the presence of the 

DNA-damaging agent, mitomycin c, than in its absence. The 

din (damage-inducible) genes were first identified by this 

method (73). Other genes were also identified to be under 

the control of the SOS system with this technique, 

including: uvrA (74), uvrB (36), sulA (61), umuDC (5), 

himA (99), uvrD (125), recA (18), recN (82), and ruv (124). 

Additional methods for determining LexA control of specific 

genes included the use of maxicells (34) and immunological 

techniques (118). 

The sulA gene is currently thought to encode an 

inducible inhibitor of septation, as shown by studies on 

filamentation following treatment of cells with DNA

damaging agents. Figure 1 diagrams the inhibition of cell 

division resulting from sulA induction during the SOS 

response. Mutations identifying the sulA gene were 

originally obtained by selection for suppression of len

enhanced division inhibition after UV irradiation. The 

sulA lesions were later found to be identical to sfiA 

mutations, which suppressed filamentation in tif lon double 

mutants (38). George et al. (38) found that filamentation 

at 42°C by a tifmutant (later shown to be arecA allele in 

which RecA is much more easily activated to cleave LexA) 

was exaggerated by the additional presence of the lon 
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Figure 1. Inhibition of cell division resulting 

from induction of sulA during the SOS response. 
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mutation. They identified two mutations that suppressed 

filamentation in the tif lon double mutant, but not other 

SOS functions, and designated them sfiA (mapping near 21 

minutes) and sfiB (mapping near 2 minutes). These 

mutations were later found to be identical to sulA and 

sulB, respectively (38, 60, 68, 69). George et al. (38) 

interpreted their findings as evidence for the existence of 

a control system which responded to alterations in DNA 

synthesis. This control system imposed a delay in septa

tion to permit extensive DNA repair. They hypothesized the 

existence of a repair-associated division inhibitor which 

would exert negative control on septation when DNA repair 

was active. A similar inhibitor was proposed by Witkin 

(150) and Radman (112). George et al. suggested that a 

septation inhibitor, coded for by sfiA, sfiB or both, was 

responsible for transient filamentation in lon+ cells. 

Their model also suggested that filamentation in lon cells 

persists because proteolysis of the septum inhibitor is 

abnormally slow. 

The recA and lexA gene products regulate sulA(sfiA) 

gene expression (61). This was established by Huisman and 

D'Ari (61) using a Mu d1 (Ap lac) fusion to link the lacz 

gene to the promoter of the sfiA operon and examining the 

effects of recA and lexA mutant alleles on the expression 

of promoters of sfiA. Following thymine starvation in thy 
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strains (carrying the sfiA lacz fusion) to inhibit DNA 

synthesis, a-galactosidase levels increased 20- to 40-

fold. UV irradiation, naladixic acid, methyl 

methanesulfonate and nitrofurantoin also induced high rates 

of a-galactosidase. The recA and lexA mutations inhibited 

induction; tif and tsl allowed induction at a high rate at 

42°C. They suggested that the sfiA gene product was the 

postulated inducible division inhibitor (38, 61). 

The product of the sulA gene is a protein of 18,000 

daltons. Mizusawa and Gottesman (104) cloned the sulA gene 

in a bacteriophage lambda vector from a plasmid carrying 

the ompA region of ~ coli. While studying the ompA gene, 

which maps at 22 minutes, Beck and Bremer had sequenced the 

region and found an open reading frame encoding for a 

protein of 17,000 daltons (61). The gene was subsequently 

identified as sulA (104). A polypeptide with a molecular 

weight of 18,000 daltons was found to be the product of the 

sulA gene by using sodium dodecyl sulfate polyacrylamide 

gel electrophoresis to examine proteins synthesized by 

cells carrying the lambda vector with the sulA gene insert. 

Mizusawa and Gottesman also demonstrated that the half-life 

of the SulA protein was 1.2 minutes in lon+ cells and 19 

minutes in lon mutant cells, and they concluded that Lon 

proteolysis affects the stability of the SulA protein. 

This study indicated that the lon gene product appears to 
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regulate the amount of 50S-associated filamentation by 

affecting the rate of degradation of the sulA gene product. 

Other proteins on the vector (for example, the ompA 

protein) were unaffected by Lon, and its proteolytic action 

was thought to be specific as the RecA protease had been 

shown to be. Partial stabilization of SulA by the absence 

of Lon protease was confirmed by Schoemaker et al. (121). 

The Lon protease may carry out some or all of the degrada

tion of the sulA gene product; however, the results to date 

do not rule out an indirect role of the Lon protein in this 

degradation (138). 

The promoter region of the sulA gene was sequenced 

by Cole (25) and contained an SOS box, CTGT(x) 9CAG, the 

consensus sequence shared by a number of SOS genes (139). 

LexA pro.tein bound to the SOS box would prevent RNA 

polymerase from transcribing from the promoter by partially 

obscuring the -10 region and covering the transcriptional 

initiation sites (25). This sequence in sulA had also been 

pointed out by Mizusawa and Gottesman upon examination of 

the work of Beck and Bremer ( 6, 1 04). 

Huisman et al. (62) found that specific induction 

of sulA blocked septation. They used operon fusion to 

place the sulA gene under control of the lac promoter. 

Addition of isopropyl-beta-d-thiogalactopyranoside (IPTG) 

to the culture caused an immediate shift to filamentous 



growth despite the absence of induction of the SOS 

response. Mutations in sulB(sfiB) prevented IPTG-induced 

sulA fi1amentation. They suggested that sfiA division 

inhibition might result from the SfiA (SulA) protein 

altering the expression or activity of the sfiB gene. 
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The sfiB and sulBmutations map in the ftsz gene 

(69, 70, 88) and make~ coli insensitive to high SulA 

concentrations (37, 38). Lutkenhaus (88) showed that sulB 

mutations resulted in an altered Ftsz protein with slower 

mobility on polyacrylamide gels. The mutant alleles were 

slightly temperature sensitive (41) but still functional in 

cell division. It was suggested that mutations such as 

sulB25 and sulB9 could result in an ftsz gene product with 

reduced sensitivity to the sulA gene product (88). 

Jones and Holland (71), using sulA and sulB genes 

cloned in the same maxicell host, obtained evidence for 

direct interaction between the sulA and sulB gene products. 

They found that the half-life of the SulA protein increased 

significantly in the presence of the plasmid carrying the 

ftsZ(sulB) gene but was not increased in cells with the 

plasmid carrying sulB114 mutation. They suggested that the 

stability of SulA was especially due to Ftsz and not to 

other polypeptides made by the plasmid. The Ftsz protein 

was thought to interact directly with the sulA gene product 

and prevent access to the proteolytic cleavage sites of 
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SulA; mutations in sulB (ftsZ) result in a product that no 

longer interacts with SulA. They proposed this to occur in 

vivo, acknowledging that the stoichiometry of the maxicell 

reactions might be different than that occurring in yitro. 

Maguin et al. (90) showed that sfiA-mediated 

division inhibition was completely reversible. They found 

that filaments, resulting from sulA induction of lexA(Ts) 

cells incubated at 420c, divided when the culture was 

returned to 30°C. This occurred even when protein 

synthesis was inhibited, suggesting that functional Ftsz 

could be recovered from a SfiA-FtsZ complex. The divisions 

that had been inhibited took place rapidly when LexA 

repression resumed and SulA induction ceased at 30°C. The 

resulting increase in cell number (nearly eight-fold) 

corresponded with the increase in mean cell mass during 

SulA induction. This indicated that stable cell division 

proteins that act after Ftsz had accumulated. 

Alternate Pathways of Cell Division Inhibition 

In addition to lexA-dependent, sulA-ftsZ associated 

inhibition of cell division, two other inhibition pathways 

may manifest themselves in ~ coli after DNA damage, the 

sfiC pathway and the alternate pathway. The sfiC pathway 

is characterized by being dependent on recA but not lexA, 



while the alternate pathway is characterized by being 

dependent on recA but indepenent of sulA or sulB. 

D'Ari and Huisman (29) isolated an sfiC+ strain 

from a recA(tif)sfiA99 mutant. (In the recA sfiA mutant ------ ----
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strain, filamentation at 42°C caused by the tif mutation is 

suppressed by the sfiA99 mutation.) The sfiC+ strain 

filamented at 42°C; the sfiC+ phenotype was designated a 

tif-mediated sfiA-independent filamentation. sfiC+ mapped 

near 25 minutes on the ~ coli genome and was part of a 

genetic element carried in some~ coli strains (42, 89). 

This element, e14, was induced during the SOS response and 

had an integration site at 25 minutes. The sfiC+ mediated 

filamentation was suppressed by sfiB(sulB) mutants, 

indicating that the sfiC gene product may act on Ftsz like 

the SulA protein. Unlike sulA, sfiC mediated filamentation 

was irreversible; when a culture of recA(tif)sfiA strain 

was shifted from 42°C to 30°C, the number of cells remained 

constant (90). The sfiC-dependent division inhibition 

could not be repressed by an increase in Ftsz protein from 

a multicopy plasmid carrying the ftsz gene (90). 

The third pathway of division inhibition (the 

alternate pathway) resulting from DNA damage is observed 

when the two other systems, sfiC and sulA, are simul

taneously absent, inactivated by mutations (13). The 

alternate pathway is thought to occur when termination of 
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DNA replication is prevented due to DNA damage. Burton and 

Holland compared post-UV division kinetics of SOS-

proficient strains to strains carrying mutations in 

sfiA(sulA) and sfiB(sulB), all not containing sfiC. In the -- -- -
SOS-proficient strain, UV irradiation caused an abrupt 

reduction in cell division, lasting for 80 minutes, after 

which cell division resumed. UV-irradiated cultures of 

sfiA and sfiB mutants continued dividing at an exponential 

rate for an initial 15-minute period after irradiation, 

after which the kinetics appeared identical to the wildtype 

cultures. This experiment showed inhibition of cell 

division occurred in the absence of functional sfiA or sfiB 

and that UV-induced division inhibition was not controlled 

exclusively by the sfiA/sfiB pathway. It also supported 

the Helmstetter and Cooper model (SO), in which termination 

of DNA synthesis was required for cell division. 

If the SOS response were induced without disruption 

of DNA replication, Burton and Holland predicted that fila

mentation would occur by the SOS pathway but not by the 

alternate pathway. This hypothesis was tested by 

performing experiments in which cells were irradiated with 

low doses of UV light that did not measurably interfere 

with DNA synthesis (monitored by uptake of radioactive 

thymine). The SOS response and filamentation occurred 

normally in wildtype cells under these conditions; the sfiA 



and sfiB mutants showed no inhibition of cell division, 

confirming their hypothesis. 

33 

They also observed the alternate pathway to be 

recA+ dependent but, unlike the sfiA or sfiC pathways, it 

did not require protein synthesis and occurred only in 

cells actively engaged in DNA synthesis during DNA damage. 

Cultures treated with nalidixic acid gave similar results. 

Burton and Holland proposed that in order for cell division 

to occur by the alternate pathway, there may be a 

requirement for termination of a round of DNA replication. 

To clarify mechanisms coupling DNA replication to 

cell division, I investigated properties of the sfi-25 

mutation. The sfi-25 mutation suppresses sfiA{sulA) 

inhibition of cell division in tsl mutants and exhibits 

slow growth at temperatures below 29°C {94). The following 

hypotheses will be considered as possible explanations for 

the sfi-25 phenotype: 

1. The sfi-25 mutation causes a decrease in the 

amount of SulA protein in the cell. 

2. The sfi-25 mutation causes an increase in the 

amount of Ftsz protein synthesized. 

3. The sfi-25 mutation alters a process which 

normally modifies the activity of the FtsZ protein without 

changing the amount of protein present. 



The research described in this thesis was 

undertaken in order to assess the most probable of these 

hypotheses. 
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Bacterial Strains 

CHAPTER 2 

Materials and Methods 

The ~ coli strains used are summarized in Table 2. 

AM210 is a tetracycline-resistant transuctant of AB1157 

using P1 vir grown on AM205. AM205 is a tetracycline

resistant transcutant of STL-25a, a spontaneous mutant of 

DM511. DM511 carries lexA3 and tsl-1, but is otherwise 

isogenic with AB1157 (106). STL-25a has acquired sfi-25, a 

suppressor of the tsl-1 lesion. P1 vir grown on AX2574, 

which carries nupG::Tn10, served as donor lysate for the 

construction of AM205. 

SG4457 is a derivative of strain ATCC 33965 and 

carries F'lac::Tn5~q plasmid and the pUC8 plasmic, 

pGC165sulA+ (3, 39, 62). 

Phage strains used in this study were 

A. ci857sep46Sam7 and A. ci857Sam7. ~ ci857sep46Sam7 is a 

derivative of A,ci857~46S+, an isolate from an unusual 

lysogen with A,ci857 integrated in leu (35, 123). 

A.ci857sep46Sam7 also carries other E. coli genes from the 

leu (2 minute) region murE+, ~+, G+, C+, ddl+, ftsQ+, ftsA+ 
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Strain 

AB1157 

AB2829 

AM210 

AM251 

CS101 

CS102 

CV437 

JFL100 

JM107 

SG4457 

Table 2 

Bacterial Strains 

Genotype or Phenotype 

thr-1, thi-1, leu-6, proA2, his-4, argE3, 

lacY1, galK2, ara-14, xyz-5, mlt-1, strA, 

tsx33, supE44 

Lac+ 

as AB1151 I also nupG::Tn10, sfi-25 

as AB1157, also nupG: :Tn1 0 

as JM107, also leu::Tn10 

as JM107, also leu: :Tn1 0, ftsZ84(Ts) 

leuA371£(1ac pro)thi 

ilv, leu, deo, ara (Am) 1 laci25(Am), 

tyrT(supFts)ftsZ84(Ts) 

£(lac pro), thi-1, gyrA96, endA1, 

supE44, relA1, proA+B+, laciqlacZ(~15) 

rpsL, galK2(F'::Tn5, laciq) carrying 

pGC165sulA+ 
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and envA+. It requires a helper phage, A ci857Sam7 since 

essential genes of its own genome have been replaced by E. 

coli genes (35). 

Culture Media and Solutions 

All strains were maintained in L broth (16) unless 

otherwise noted. L broth contained per liter: 10 g 

tryptone, 5 g yeast extract, 5 g NaCl, and 1 g glucose. 

The pH before autoclaving was 7.0. L agar contained, in 

addition to the above, 15 g agar per liter. 

CV437 was maintained in M9 medium (100) 

supplemented with 2.0 ~g thiamine hydrochloride/ml and 

20 ~g L-proline/ml. M9 medium contained per liter: 6.0 g 

Na 2HP0 4 , 3.0 g KH 2Po4 , 0.5 g NaCl, 1.0 g NH 4Cl, 0.1 mrn 

cac1 2 , 1 mM Mgso4 , and 0.2 percent glucose. pH before 

autoclaving was 7.4. Glucose was added after autoclaving 

from a sterile 20 percent stock soluton. MgS04 and cac12 

were added from sterile 1 M stock solutions. 
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Tryptone broth (62, 100) was used in IPTG induction 

experiments and contained 10 g tryptone per liter and 8 g 

NaCl per liter. 

Bacteria used for titrations of bacteriophage 

lambda were grown in medium which contained per liter: 

10 g tryptone, 5 g NaCl and 2 g yeast extract. To this 

medium, aft.er autoclaving, maltose and Mgso4 were added 



from separately autoclaved stock solutions to final 

concentrations of 0.2 percent (w/v) and 10 mM, 

respectively. This medium was referred to as lambda 

infection medium. Lambda dilution media contained 10 g 

tryptone per liter, 8 g NaCl per liter and MgS04 at a 

concentration of 10 mM. Tryptone Mg2+ agar used for 

plating in titrations was made by adding 12 g of agar to 

lambda dilution media; tryptone Mg2+ top layer agar was 

made by adding 8 g agar to lambda dilution media. 
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L broth supplemented with 10 mM Mgso4 and 5 mM 

cac12 was used for P1 transduction experiments. L agar 

used for titration of P1 bacteriophage was supplemented 

with 5 mM cac1 2 and contained 12 g agar per liter; top 

layer agar was made with 8 g agar per liter and 5 mM cac12 • 

Selective agar media were prepared by adding 

antibiotics from sterile stock solutions to melted sterile 

L agar just before pouring. L agar with ampicillin 

(40 ~g/ml) was stored at 4°C and used within two weeks. L 

agar with tetracycline (50 ~g/ml) was stored at 4°C in the 

dark. Kanamycin was added to a final concentration of 

25 ~g/ml. For some experiments, IPTG (5 mM) was added as 

above to L agar made without glucose. Stock solutions of 

antibiotics and IPTG were filter sterilized using 0.45 m 

filters (Millipore) and stored at -20°c. Concentrated 

solutions of tetracylcine were wrapped in foil for storage. 



The following solutions were used for isolation of 

bacteriophage lambda DNA: 

LB medium: 10 g tryptone per liter, 5 g yeast 

extract per liter, 10 g NaCl per liter; 

SM buffer: 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 

10 mM MgS04; 

Phage dialysis buffer: 50 mM Tris-HCl (pH 8.0), 

10 mM NaCl, 10 mM MgC1 2 ; 

TE buffer: 10 mM Tris (pH 7.5), 1 mM 

ethylenediaminetetraacetate (EDTA). 

Each of the above was sterilized by autoclaving for 

15 minutes at 121°C. 

The following stock solutions were used for 

preparation of samples and gels for isoelectric focusing 

and gel electrophoresis: 

30 percent acrylamide stock for SDS gels: 29.2 

percent (w/v) acrylamide, 0.8 percent (w/v) 

bisacrylamide; 
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30 percent acrylamide stock for isoelectric 

focusing: 28.38 percent (w/v) acrylamide, 1.62 percent 

(w/v) bisacrylamide; 

SDS sample buffer: 10 percent (w/v) glycerol, 

5 percent (w/v) s-mercaptoethanol, 2.3 percent (w/v) 

SDS, 0.0625 M Tris(hydromethyl)aminomethane (Tris-HCl) 

(pH 6.8); 
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Running buffer, £ff 8.3: 0.025 M Tris base, 0.192 M 

glycine, 0.1 percent (w/v) SDS; 

Lysis buffer: 9 M urea, 2 percent (w/v) Nonidet P-

40 (NP-40), 2 percent (w/v) ampholines (comprised of 

1.6 percent pH range 5-7 and 0.4 percent pH range 3-

10), 5 percent (v/v) B-mercaptoethanol; 

Sonication buffer: 0.01 M Tris-HCl (pH 7.4), 1 mM 

Mgcl2 (71), and 50 ~g pancreatic RNase per ml; 

Pancreatic DNase: 1 mg per ml in 0.01 M Tris-HCl 

(pH 7.4) 1 1 mM MgCl2; 

Ammonium persulfate (APS) was prepared fresh daily 

as a 10 percent (w/v) solution; 

Sample overlay: 9 M urea, 1 percent (w/v) 

ampholines (0.8 percent pH 5-7, or indicated pH range 

and 0.2 percent pH 3-10); 

Agarose ~: 1 percent (w/v) agarose, 0.125 M 

Tris-HCl (pH 6.8), 0.1 percent (w/v) SDS (55). 

Acrylamide solutions were filtered. All solutions were 

stored at 4°C except lysis buffer, sample buffer and 

pancreatic DNase, which were stored at -20°c. 

Routine bacterial growth was at 37°C, with the 

exception of temperature-sensitive strains and -". ci857 

lysogens, which were grown at 30°C. Growth was monitored 

by the increase in optical density at 600 nm (Oo600 ). 

Media and solutions were prepared with glass-distilled 



water. Sterile saline (0.85 percent (w/v) NaCl) was used 

for diluting cells for plating. 

Chemicals 
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Antibiotics, L-proline, DNase Type III, RNase Type 

IA, isopropyl-beta-d-thiogalactopyranoside (IPTG), glycine, 

bovine serum albumin Fraction v, Pharmalytes pH 3-10 and pH 

4.5-5.4, SDS molecular weight markers and silver stain were 

obtained from Sigma Chemical Company. Agar, yeast extract, 

tryptone and glucose were from Difco Laboratories. 

Agarose, urea, Bio-Lyte 5-7, acrylamide, bis (N,N'

methylene-bis-acrylamide), ammonium persulfate, TEMED 

(N,N,N',N'-tetramethylethylenediamine) and the protein dye

binding reagent used for protein determination was 

purchased from Bio-Rad Laboratories. All other chemicals 

were reagent grade where possible. 

Preparation of E. coli Membranes 

Cells were grown in L broth to late exponential 

phase and centrifuged at 13,000 x g for 15 minutes at 4°C. 

The pellet was frozen and later resuspended in 33 mM Tris

HCl, pH 7.5, 0.5 M sucrose, and 1 mM ethylenediamine

tetraacetic acid (EDTA) at a final concentration of 90 OD 

units/ml. An equal volume of 20 mM EDTA containing 2 mg 

lysozyme/ml was then added and the cells were left on ice 

for 45 minutes. DNase and RNase were then added, each at a 



concentration of 0.1 ~g/OD unit of cells and MgC12 was 

added to a final concentration of 40 mM. The spheroplasts 

were then briefly sonicated for three to five 15-second 

periods with 1-minute cooling intervals until the cells 

appeared to have lysed. The lysed cells were next centri

fuged at 80,000 x g for 90 minutes, 4°C, in a Beckman L2 

ultracentrifuge. The supernatant, which contained the 

cytoplasmic fraction, was frozen; the pellet, which 

contained the inner and outer membrane fractions plus 

unbroken cells, was also frozen. These were later 

resuspended in 10 mM Tris, pH 7.5, in the same volume as 

the original resuspension and analyzed by electrophoresis. 

Gene Transfer by P1 Transduction 
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P1 vir was grown on the donor strain and titered 

with AB1157. The procedure followed that of a generalized 

transduction suitable for P1 vir transducing phage (16, 

100). A 2.5 percent (v/v) inoculum from a fresh overnight 

culture of the recipient strain was used in 40 ml of L 

broth. Cultures were incubated at 37°C in a rotary shaker 

water bath and grown to an oo600 of 1.0 before 10-ml 

aliquots were transferred to screw-capped sterile test 

tubes. One served as a control and did not receive P1 

phage. The cells were then centrifuged in a clinical 

centrifuge and the pellets were resuspended in 0.5 ml L 

broth containing 5 mM eac1 2 and 10 rnM Mgso4• P1 vir lysate 
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was diluted in the same solution and added to the cells at 

a multiplicity of infection of 0.1 to 0.01. The tubes were 

incubated for 20 minutes in a 37°C water bath, then equal 

volumes of 1 M sodium citrate were added to each tube. 

Cells were centrifuged for 15 minutes and the pellets were 

washed two times in 5 ml sterile saline. The washed 

pellets were resuspended in 5 ml L broth and incubated with 

aeration at 30°C for 2 hours. Cultures were then centri

fuged and the pellets were resuspended in 1 ml sterile 

saline. Cells were then plated on selective media 

containing antibiotics by pipetting 0.1 ml of the 

resuspended cell pellet onto the surface of the agar and 

spreading with a flamed bent glass rod. For selection of 

temperature-sensitive genes which had been cotransduced, 

the plates were incubated at 30°C. Single colonies that 

grew on the medium with antibiotic were diluted in 0.5 ml 

sterile saline and streaked on two separate plates, both 

containing antibiotic. One plate was incubated at 30°C 

while the other plate was incubated at 42°C. Lack of 

growth at 42°C confirmed the presence of a heat-sensitive 

mutation. Temperature-sensitive mutants and wildtype 

strains were used as controls. 
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Temperature Shift Experiments 

Cells were grown at 38°C in a rotary shaker water 

bath to log phase (00600, 0.300 to 0.600). Cultures were 

then shifted by diluting an aliquot from each culture 1:10 

with pre-warmed media. One aliquot was diluted in a flask 

of media pre-warmed at 38°c, the other aliquot was diluted 

into a flask of media pre-warmed at 27°C. Incubation was 

continued in rotary shaker water baths until log phase was 

reached, and cells were then harvested by centrifugation for 

15 minutes at 12,000 x g, 4°C. 

Titration and Transduction of Bacteriophage Lambda 

Overnight cultures of lysogens were grown in 5 mL M9 

medium supplemented with thiamine (2 llg/mL) and 20 llg 

proline per mL in a 32°C shaker incubator. Twenty-two mL 

of Lb broth was inoculated with a 2.5 percent (v/v) 

inoculum from the overnight cultures and grown to an oo600 

of 0.300. The phage were thermoinduced by incubating at 

42°C for 20 minutes, then at 37°C with shaking for 3 hours. 

Cells were lysed by adding 0.5 to 1 mL chloroform while 

swirling the culture for another 5 minutes. Cell debris 

was removed by centrifugation at 12,000 x g for 10 minute~ 

at 4°C and the lysate (supernatant) was stored at 4oc with 

a few drops of chloroform to prevent bacterial growth. 
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Titration of phage stock. Phage lysate was diluted 

in a series of 10 ten-fold dilutions in lambda dilution 

medium. Titers were determined in triplicate by plating 

phage dilutions, using the agar layer technique (91). 

Cells (0.5 to 1.0 mL) were added to each sterile dilution 

tube containing 0.1 mL of phage suspension. The tubes were 

incubated at 32oc in a water bath for 20 minutes. Tryptone 

Mg2+ top layer agar (3 mL at 45°C) was added to each tube, 

mixed, then poured onto a petri dish containing Tryptone 

Mg2+ agar. The agar layer was allowed to solidify, after 

which the plates were incubated at 37°C overnight (8-10 

hours). The phage titer (pfu/mL) was determined by 

counting plaques that developed in the agar layer. 

Transduction of phage stock. Transduction was 

carried out using a non-lysogenic strain that was otherwise 

isogenic to the lysogen. The non-lysogenic recipient 

strain (0.1 mL) was added to a sterile tube containing 

0.1 mL of the dilutions of phage lysate made in the 

previous titration step and incubated 30 minutes in a 

30°C water bath. Three mL of Tryptone Mg2+ top layer agar 

was added to each tube and the contents poured after mixing 

onto the surface of a Tryptone Mg2+ agar plate. Plates 

were incubated at 32°C for 24 hours. 



Isolation of Bacteriophage Lambda DNA 

Lysogens containing phage carrying the ci857~7 

mutation were grown in 250 rnL of LB broth at 30°C in a 

rotary shaker water bath to an oo600 of 0.500. The 

cultures were then incubated in a 42°C water bath with 

constant shaking after an equal volume of fresh LB broth 

pre-warmed at 60°C had been added to the flask. After 

20 minutes the induced cultures were incubated for an 

additional 2.5 to 5 hours at 37°C in a rotary shaker 

incubator. Chloroform was added to lyse the cells. DNase 

and RNase were then added to a final concentration of 
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1 ~g/mL each and the cultures were incubated at room 

temperature for 30 minutes. To precipitate the 

bacteriophage 5.84 g of NaCl was added per 100 rnL of 

culture. After the NaCl was dissolved, polyethylene glycol 

(approximate MW: 6,000 daltons) was added at 10 g per 

100 mL of culture and dissolved by stirring. The cultures 

were allowed to stand in ice water for at least an hour and 

were then centrifuged at 11,000 x g for 10 minutes at 4°C. 

The pellet of precipitated phage was resuspended in 1.6 rnL 

of sterile SM buffer for every 100 rnL of supernatant. An 

equal volume of chloroform was then added and the solution 

was inverted 30 or 40 times with gentle shaking. The 

aqueous layer and organic layer were separated by 

centrifugation at 6,000 x g at 4°C for 15 minutes. The 
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aqueous phase containing the bacteriophage was set aside 

and the organic phase was re-extracted. Aliquots were 

removed from each of the aqueous phases and titered. 

Cesium chloride was added to the aqueous phase at 0.75 g/mL 

of supernatant and mixed gently. The bacteriophage 

suspension was then transferred to a 10 mL quick-seal tube 

fitting a Type 65 fixed-angle ultracentrifuge rotor. The 

tubes were balanced to within 0.01 g, sealed and 

centrifuged in a Beckman L2 ultracentrifuge at 110,000 x g 

for 24 hours at 4°C. Following centrifugation the opaque 

phage band was collected by puncturing the tube with a 21-

gauge needle and withdrawing the band with a 1-cc sterile 

syringe. The phage was dialyzed against Phage Dialysis 

buffer at room temperature. The buffer was changed after 1 

hour and dialysis continued for another hour. The protein 

was then removed from the phage preparation by performing 

extractions in a 1.5 mL microcentrifuge tube. The first 

extraction was made with phenol equilibrated in TE buffer. 

Subsequently, the aqueous phase was extracted twice with a 

1:1 mixture of equilibrated phenol:CHC13 and finally with 

CHCl3 (47, 91). 

IPTG Induction of Proteins Under lac Control 

Cells containing pUC8 and F'laciq were grown to an 

00600 of 0.300 in tryptone broth supplemented with 

ampicillin at 100 ~g/mL(62) and thiamine at 5 ~g/mL (100). 



Overnight cultures grown in the same medium were used to 

inoculate at 2.5 percent (v/v). Cells were then 

subcultured in a 1:10 dilution into prewarmed medium with 

and without 5 mM IPTG. Cultures were grown to an 00600 of 

0.300, then harvested by centrifugation at 12,000 x g for 

10 minutes at 4°c. The pellet was washed two times in 

sterile saline, then stored frozen at -20°C. 

Protein Determination 
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Protein concentration in lysates from cells 

prepared for analysis by two-dimensional electrophoresis 

were measured by the dye-binding procedure of Bradford (9). 

The binding of the dye to hydrophobic portions of proteins 

causes a shift in the absorption maximum of the dye from 

465 to 595 nrn. The assay was performed by mixing 20 rnL of 

concentrated dye reagent with 80 rnL distilled water, 

filtering and then adding 5 mL of this solution to test 

tubes containing 0.1 rnL of protein samples. The protein 

concentration was determined by comparison to a standard 

curve prepared with samples containing 10 ~g to 100 ~g of 

bovine serum albumin. 

SDS Polyacrylamide Gel Electrophoresis 

Proteins were analyzed on 12 percent SDS 

polyacrylamide gels essentially as described by Laernrnli 

(77). Either a Hoefer SE400 or a Hoefer SE600 Vertical Gel 
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Apparatus was used. For use in each apparatus the 

separating gel was made by combining in a side arm flask 

on a stirring plate, 10.05 mL distilled water, 7.5 mL 1.5 M 

Tris-HCl (pH 8.8), 0.3 mL 10 percent (w/v) SDS, and 12 mL 

30 percent acrylamide stock. This solution was degassed 

by attaching the side arm flask to a vacuum apparatus for 

15 minutes, then 150 ~L of 10 percent (w/v) APS and 15 ~L 

of TEMED were added to initiate and catalyze polymeriza

tion. The mixture was immediately poured to a level 4 em 

from the top of the gel sandwich and overlayed with 

distilled water or water-saturated t-amyl alcohol. After 

the gel was allowed to polymerize for an hour or more, the 

4 percent acrylamide stacking gel was prepared by mixing 

6.1 mL distilled water, 2.5 mL 0.5 M Tris-HCl (pH 6.8), 

100 ~L 10 percent (w/v) SDS, and 1.3 mL 30 percent 

acrylamide stock. This was degassed for 15 minutes, then 

50 ~L 10 percent (w/v) APS and 10 ~L TEMED were added and 

the solution poured onto the previously rinsed surface of 

the separating gel. If the separating gel was made in 

advance and stored at 4°C it was overlaid with a solution 

of 0.1 M Tris-HCl (pH 8.8) and 0.025 percent SDS. In 

either case the gel was rinsed thoroughly with distilled 

water before being overlaid with stacking gel. Gels were 

poured using a glass 10 mL pipet. A comb was inserted as 

the stacking gel reached the top of the glass plates and 
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the gel was allowed to polymerize for at least an hour. 

The sample wells were rinsed several times with running 

buffer before the samples were loaded. If the gel was used 

as a second-dimension gel the comb was omitted and the 

height of the separating gel was extended from 4 to 2.5 em 

from the top of the glass plates. 

Seven to 17 percent gradient gels were made by 

using a Hoefer gradient mixer. To the reservoir chamber 

was added 8 mL of 7 percent acrylamide gel solution 

containing 1.86 mL 30 percent acrylamide, 80 ~L 10 percent 

(w/v) SDS, 20 mL 1.5 M Tris-HCl (pH 8.8) and 4.0 mL 

distilled water. This solution had previously been 

degassed for 15 minutes and 40 ~L 10 percent (w/v) APS and 

4 ~L TEMED added just before transfer to the reservoir 

chamber of the gradient maker. At the same time, a 

17 percent acrylamide gel was made by mixing 4.54 mL 

30 percent acrylamide stock, 2.0 mL 1.5 M Tris-HCl (pH 

8.8), 80 ~ L 10 percent (w/v) SDS and 0.94 mL distilled 

water. This solution was degassed as above and 40 ~L 

10 percent (w/v) APS and 4 ~L TEMED added before transfer 

of the mixture to the mixing chamber of the gradient maker. 

A peristaltic pump equipped with tygon tubing was attached 

to the outlet valve of the mixing chamber. With the flow 

rate at 5 to 10 mL per minute the gel solution was poured 

between the glass plates via plastic tubing. The gel was 



overlaid and allowed to polymerize. A 4 percent stacking 

gel prepared as described above was added and a comb 

inserted. 
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The lower and upper buffer chambers of the 

electrophoresis apparatus were filled with running buffer. 

Gels were run at constant current; gels of 0.75 mm 

thickness were run at a current of 15 rnA and gels of 1.5 mm 

thickness at a current of 30 rnA. Typical initial and final 

voltages were 70 and 250 volts, respectively. Bromphenol 

blue tracking dye was included in the samples; the power 

supply was disconnected when the tracking dye reached the 

bottom of the gel. Molecular weight marker proteins were 

applied to the gel in a mixture containing 2.3 mg protein 

per mL; the mixture consisted of bovine serum albumin 

(66,000 daltons), ovalbumin (45,000 daltons), rabbit muscle 

glyceraldehyde-3-phosphate (36,000 daltons), bovine 

erythrocyte carbonic anhydrase (29,000 daltons), bovine 

pancrease trypsinogen (24,000 daltons), soybean trypsin 

inhibitor (20,100 daltons), and bovine milk alpha

lactalbumin (14,000 daltons). 

Sample preparation was performed as described by 

Laemmli (77). Cells were lysed in SDS sample buffer. The 

lysis was achieved by resuspending the cells in 1.5 percent 

of the original volume and incubating at 100°C for 

5 minutes. 
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Following electrophoresis the gels were removed 

from between the glass plates and placed in a fixing 

solution. If the gel was to be stained with Coomassie Blue 

the gel was placed in 40 percent (v/v) methanol, 10 percent 

(v/v) glacial acetic acid and 0.1 percent (w/v) Coomassie 

Blue R-250 for 30 minutes, then destained in 10 percent 

(v/v) methanol, 7.5 percent (v/v) glacial acetic acid. 

Gels that were to be silver stained were fixed either in 

30 percent (v/v) ethanol, 10 percent (v/v) glacial acetic 

acid, or in 12.5 percent (w/v) trichloroacetic acid and 

3.5 percent (w/v) sulfosalicylic acid. Gels were stored in 

40 percent (v/v) methanol, 10 percent (v/v) glacial acetic 

acid if silver staining was not done directly after fixing, 

and were then washed in 10 percent (v /v) ethanol prior to 

being stained. Gels were normally recycled once through 

the staining procedure. Gels were photographed wet and 

dried on filter paper using a Bio-Rad gel dryer. Film used 

was Kodak (Technical Pan film 2415) and it was developed 

with chemicals from Ilford. 

Two-dimensional Electrophoresis 

The method used was that of O'Farrell (108). A GT3 

Tube Gel Unit from Hoefer was used for the first dimension 

and a Hoefer SE400 or SE600 Vertical Gel apparatus was used 

for the second dimension. 
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Preparation of cells. Frozen pellets of cells that 

had been ground to log phase and harvested by centrifuga

tion were thawed and kept on ice. The pellets were 

resuspended in a volume of sonication buffer which 

corresponded to 0.5 percent of the final volume of the 

culture before harvesting. Cells were sonicated for a 

total of 4 minutes. Sonication was at 15-second intervals 

with 45-second coolings on ice water in between. At this 

time cell lysis was apparent. DNase was then added to a 

final concentration of 50 ~g/mL from pancreatic DNase stock 

solution. The samples were kept on ice for at least 

10 minutes and urea was added to a final concentration of 

9 M. An equal volume of lysis buffer was then added. If 

proteins were to be analyzed on a gel with ampholytes in a 

range other than pH range 5-7, then appropriate ampholytes 

were used in the lysis buffer. Samples were assayed for 

protein by the method of Bradford, and a volume containing 

60 ~g protein was loaded on the gel of the first dimension. 

First dimension. Isoelectric focusing gels were 

made by combining the following in a 125 mL side arm flask 

on a stirring plate: 5.5 g urea, 1.33 mL 30 percent 

acrylamide stock, 2 mL 10 percent (w/v) NP-40, 1.97 mL 

distilled water, 0.4 mL ampholines of pH range 5-7, and 

0.1 mL ampholines with pH range 3-10. The solution was 

stirred with a magnetic stirring bar until the urea had 
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dissolved, then 10 llL of 10 percent (w/v) APS was added and 

the solution was degassed for 1 minute by attaching the 

flask to a vacuum apparatus. Following the addition of 

7 llL of TEMED the gel mixture was quickly drawn into a 

10 mL glass syringe. A cannula (16 em in length), attached 

to the syringe, was inserted into the glass tube and raised 

steadily from the bottom of the tube as the gel mixture 

filled the tube to within 1 em from the top. The glass 

tubes were secured in a rack and measured 3 mm ID x 5 mm OD 

x 13 em. Before the glass tubes were fastened to the rack, 

three pieces of paraf i lm were wrapped to the base to keep 

the gel from running out the bottom. The gels were 

overlaid with 8 M urea which was stored in frozen aliquots. 

After 2 hours the overlay was replaced with 20 llL lysis 

buffer and then a drop of water. Occasionally gels were 

prepared in glass tubes with inside diameters of 1.5 mm. 

In this case the tubes were held horizontally on the bench 

top and the gel solution was run in the tubes using a hand

controlled Pasteur pipet. Two hours after polymerization 

the tubes containing the gels were removed from the rack 

and the parafilm at their bases replaced with a small piece 

of dialysis membrane held in place by a section of 3 mm 

latex tubing. The tube gels were then fitted through 

rubber grommets on the upper buffer chamber. The water and 

lysis buffer overlay were removed from each tube and 



replaced with 20 ~L of lysis buffer. The tubes were then 

filled to the top with 20 mM NaOH. The lower buffer 

chamber was filled with 10 mM H3Po4, pre-cooled at 4°C. 
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The upper buffer chamber was filled with 20 mM NaOH that 

had been degassed by boiling for 10 minutes and cooled on 

ice while attached to a vacuum system. The GT3 Tube Gel 

Unit was attached to an ISCO Model 494 power supply and 

pre-run as follows: 200 volts for 15 minutes; 300 volts 

for 30 minutes; and 400 volts for 30 minutes. The power 

was then disconnected, the 20 mM NaOH removed from the 

upper buffer reservoir and discarded, and the tops of the 

tubes emptied. Samples were then loaded with a Gilman 

micropipet and were overlaid with 10 L of sample overlay. 

The upper buffer chamber was then refilled with approxi

mately 500 mL 20 mM NaOH, degassed as described above. The 

unit was connected to the power supply and run for 12 to 14 

hours at 400 volts and an additional hour at 800 volts 

(5600 to 6400 Vh). The power supply was operated in 

constant voltage mode. 

Gels were extruded from the glass tubes after 

completion of the isoelectric focusing run with forced air 

and placed in test tubes containing 5 mL SDS sample buffer. 

The gels were equilibrated for 2 hours. SDS sample buffer 

was changed twice during the 2-hour period and the tubes 

were shaken at intervals. Gels were then stored at -20°C 



or applied directly to a second-dimension gel. Gels were 

sometimes frozen in SDS sample buffer immediately after 

completion of the first dimension and equilibrated later, 

after thawing. 

Second dimension. The second dimension employed 

SDS polyacrylamide gel electrophoresis, described above 

(pp. 48-52). The tube gel was secured to the top of the 

slab gel using agarose gel described immediately above. 
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The agarose gel was melted by heating to 100°C and pipetted 

into troughs in the upper buffer chamber while the agarose 

was about 90°C. This formed a matrix that extended from 

the top of the stacking gel over the top of the first

dimension gel tube which was laid horizontally in the 

trough with the origin (alkaline pH) at the left. The 

agarose held the tube gel in place when the running buffer 

was poured into the upper buffer chamber. 

Determination of pH gradient. Proteins with known 

pi values were loaded onto gel tubes and run during the 

same isoelectric focusing as the samples. The pi markers 

were applied as a mixture of eight proteins each at a 

concentration of 0.4 mg/mL. From left to right on the 

horizontal axis of the second-dimension gel the pi 

standards were: bovine pancreatic trypsinogen (9.30); L

lactic dehydrogenase, rabbit muse le ( 8.3, 8.4, 8.5); horse 

heart myoglobin (6.76, 7.16); human erythrocyte carbonic 
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anhydrase (6.57); bovine erythrocyte carbonic anhydrase 

(5.85); 8-lactoglobulin A from milk (5.13); soybean 

trypsin inhibitor (4.55); and amyloglucosidase from 

Asperillus oryzae (3.55). Two proteins, carbonic anhydrase 

from bovine erythrocytes and soybean trypsin inhibitor, 

also were applied individually to gels. Isoelectric 

focusing gels with pi markers were stained directly after 

the first dimension (66). After the gels were removed from 

the glass tubes they were fixed and stained for 10 minutes 

in a filtered solution of SO percent (v/v) methanol, 

10 percent (v/v) glacial acetic acid, and 0.1 percent (w/v) 

Coomassie Blue R-250. Destaining was for 1 hour in SO 

percent (v/v) methanol and 10 percent (v/v) glacial acetic 

acid followed by treatment with 5 percent (v/v) methanol, 7 

percent (v/v) glacial acetic acid and 0.005 percent 

Coornassie Blue R-250. 



CHAPTER 3 

Results 

By selecting for growth at 42°C in E. coli K-12 ---
DM511 (lexA,tsl), McPartland isolated second-site 

filamentation suppressors, among which one group was unable 

to form colonies on agar medium at 27°C. DM511 grows 

normally at this temperature. These second-site revertant 

derivatives also were found to maintain other RecA/LexA 

regulated functions, such as bacteriophage lambda and recA 

gene induction. The cold-sensitive phenotype was shown by 

reversion studies and Hfr crosses to be caused by the same 

mutation as suppression of filamentation. This mutation, 

sfi-25, was localized to approximately 62 minutes on the 

E. coli chromosome by Hfr mapping. In subsequent P1 

transduction experiments using donors that contained Tn10 

at different locations in the approximate 62 minute region, 

sfi-25 was found to be closely linked to a Tn10 element in 

the nupG gene at 64 minutes. Further analysis indicated 

that sfi-25 lies between nupG and serA at approximately 

63.5 minutes on the ~ coli genetic map. 

In order to confirm this genetic analysis, 

McPartland transferred the sfi-25 mutation by P1 

transduction from the ~::Tn10 background into AB1157. 
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The selection was for tetracycline resistance, which is 

conferred by the Tn10 element, and cold-sensitive 

transductants were identified. This moved the sfi-25 

mutation out of the lexA,tsl (map position 92) background. 

Transductants that exhibited both tetracycline resistance 

and cold sensitivity were designated AM210 while those that 

had received only the nupG::Tn10 without the nearby sfi-25 

gene were named AM251 • The latter strain is therefore 

isogenic to the mutant sfi-25 strain and is used as a 

control in this research project. Because of its specific 

suppression of sulA-mediated cell division inhibition the 

sfi-25 mutant is thought to represent a gene involved in 

the cell division pathway. 

Several mechanisms to explain the physiological 

effect of the sfi-25 mutation can be envisioned. The 

experiments in this research were designed to test the 

following hypotheses to account for the sfi-25-mediated 

suppression of division inhibition and the apparent cold 

sensitivity: (a) sfi-25 causes increased proteolytic 

degradation of the SulA cell division inhibitor; (b) sfi-25 

causes elevated expression of the essential ftsz cell 

division gene resulting in a high enough cellular level of 

the protein to overcome the inhibition by SfiA protein; 

(c) sfi-25 alters a process which normally modifies the 

activity of the Ftsz protein. Since the Ftsz protein is 
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known to be the target of the SulA division inhibitor, all 

of these mechanisms could result in suppression of division 

inhibition. In each case it is also possible to postulate 

a rationale for the partial growth defect observed (i.e. 

"cold sensitivity"). The experiments presented here 

represent attempts to test the three hypotheses. They also 

provide an analysis of the overall pattern of protein 

synthesis in the sfi-25 mutant versus the sfi+ control 

strain. 

Cultures of AM210 and AM251 were tested for 

phenotypic properties before the start of experiments. 

This was achieved by inoculating 5 mL L broth from a stab 

culture and incubating in a shaker incubator. Saline 

dilutions (1:10 and 1:50) were made of the culture after it 

had grown overnight. Using the dilutions, the strains were 

tested for temperature sensitivity on agar by streaking a 

single line, approximately 30 mm in length and 2 to 3 mm in 

width, with an inoculating loop on each of two plates of L 

agar. One plate was incubated at 38°C and the other was 

incubated at room temperature. A low frequency of rever

sion, approximately 0.01, was estimated by the growth of no 

more than 20 colonies on the 1:10 dilution of AM210 after a 

day or two of incubation at room temperature. AM251 formed 

colonies at both temperatures as expected, and normally had 

larger colonies than the mutant strain, AM210. Single 



colonies from the 38°C-incubated plate were transferred to 

L broth and grown overnight at 38°C. Cultures were then 

retested as above and an overnight culture that showed a 
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reversion frequency of 0.01 or less was used as inoculum 

for an experiment. Alternatively, the 1:10 and 1:50 saline 

dilutions of the original overnight from the stab culture 

were streaked for single colonies on L agar and incubated 

at room temperature for a day or two. Colonies that grew 

were scored and the plate transferred to 38°C. New 

colonies that appeared after incubation overnight or longer 

were used as inoculum for an experiment. 

To compare protein levels in the sfi-25 mutant and 

the wildtype strain at 38°C and/or at 27°C, temperature 

shift experiments were performed. Figure 2 shows the 

increase in optical density at 600 nm in AM210 and AM251 

cultures growing at 38°C and 27°C in a typical experiment. 

From these data the growth rate constants over the first 

three hours of growth can be estimated and are compared in 

Table 3. The growth rate constant, ~' is equal to ln2/T 

and T is the doubling time. The growth rate constant of 

the mutant falls below that of the isogenic control by 

approximately the same percentage at both temperatures. 

The growth rates at the higher and lower temperature differ 

by approximately the same amount also. Similar differences 

in growth curves were evident between AM210 and AB1157. 
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Figure 2. Effect of temperature on increase in 

optical density measured at 600 nm. ~ coli strains 

AM210(sfi-25) and AM251(sfi-25+) were grown to 

exponential phase in L broth at 38°C. At time zero 

the cells were diluted into prewarmed L broth at 27°C 

and 38°C. Samples were taken at the indicated times 

and the optical density measured. Symbols: ~, 

AM210 at 38°C; (), AM210 at 27°C; ~' AM251 at 

38°C; eAM251 at 27°c. 
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Table 3 

Effect of Temperature on Growth of Strains 
AM21 0 and AM251 

0.732 0.400 

0.380 

AM210/AM251 

0.293 

0.624 

0.470 

1.640 

0.446 
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aspecific growth rate constant (hr-1), (ln 2)/T (T, doubling 
time). Calculated from optical density measurements at 
600 nm. 

These results confirm that AM210(sfi-25) has a growth 

defect at low temperature. They also indicate a growth 

deficiency at 38°c as well. The apparent "cold 

sensitivity" may be due to a combination of the growth 

defect and slow growth at 27°C, which results in the 

inability of strain AM210 to form colonies on solid media 

for at least 5 days at low temperature. 

Analysis of Protein Levels by 
One-Dimensional Electrophoresis 

The ftsZ gene product has an estimated molecular 

weight of 45,000 daltons from gel electrophoresis (86) and 

40,294 daltons from a predicted amino acid sequence (153). 
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It also has been shown to be very stable, with a half-life 

of over 2 hours (144). The subcellular location of Ftsz 

protein has been determined in cells carrying the ftsz gene 

on a plasmid in addition to the host cell chromosome. It 

has been found in both the cytoplasmic and inner membrane 

fractions. When fractionating cells and forming sphero

plasts in the process, it has been isolated completely in 

the cytoplasmic fraction (144). Fractionation in a buffer 

of low osmotic strength caused FtsZ to be isolated with the 

cytoplasmic fraction also. Buffers containing 150 mM NaCl 

or 10 mM MgC1 2 caused the Ftsz protein to be collected with 

the membrane fraction (144). Jones and Holland (71), using 

10 mM Mgcl 2 in fractionating maxicells, isolated Ftsz in 

both cytoplasmic and membrane fractions. They also found 

that the SulA protein, which has a known molecular weight 

of 18,000 daltons (104), could be collected in equal parts 

in the cytoplasmic and membrane fractions when 10 mM MgCl2 

was used (71 ). As a first approach to assessing the effect 

of the sfi-25 mutation on the intracellular levels of the 

SulA and Ftsz proteins, cells were fractionated into 

membrane and cytoplasmic fractions. Figure 3 is a 

photograph of an 80S-polyacrylamide gel used to separate 

the membrane fractions of AM210 and AB1157 cells after a 

temperature shift to 27°c where the growth defect is most 

pronounced. The proteins were electrophoresed for 7 hours 
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Figure 3. Separation of membrane fractions with SDS 

polyacrylamide gel (12 percent (w/v) acrylamide). 

Proteins were stained with Coomassie Blue. Growth 

and fractionation of cells were as described in 

Chapter 2. Membranes were isolated after a 

temperature shift to 27°C. Samples were as follows: 

AB1157 in lanes 1 and 2, and AM210 in lanes 3 and 4. 
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and 40 minutes under constant current conditions at 15 rnA. 

A standard curve was calculated from molecular weight 

standards (not shown) run on the same gel. The gel was 

stained with Coomassie Blue. The method used for samples 

separated on the gel is a modification of the procedure 

developed by Osborn (109) and includes 40 rnM MgCl2. 

Therefore, the membrane fraction could be expected to 

contain both Ftsz protein and some SulA protein. However, 

samples from the membrane fractions of AB1157 and AM210 

cells gave similar patterns in both the 40,000 to 45,000 

dalton region and the 18,000 dalton region. Cytoplasmic 

fractions were also electrophoresed and gave similar 

patterns for samples from AB1157 and AM210. Proteins in 

~ coli have an average molecular weight of 40,000 daltons 

and there are many proteins found in this area of a gel, 

making differences hard to detect (145). Therefore, 

although it was not possible to detect changes in the 

levels of any protein bands which might correspond to SulA 

or Ftsz in the sfi-25 mutant, such changes are not 

excluded. 

IPTG Induction of Proteins: Attempt 
to Identify SulA Protein 

~ coli strain SG4457 carries the plasmids 

pGC165sulA and F'laciq1lacZ::Tn5. pGC265sulA is a 

recombinant plasmid that was constructed from an Smai 

68 
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digest of pUC8 DNA ligated with an 841 base pair EcoRI/Rsai 

fragment from the sulA plasmid pSM3 (62). The EcoRI/Rsai 

fragment carries the SulA protein coding region but lacks 

the sulA transcription initiation signal (62). The 

fragment is oriented in the recombinant plasmid to allow 

transcription from the lac promoter already carried by 

pUC8. The sulA gene is inactive unless induced by the lac 

promoter. The presence of the laci q1 gene on the F' 

factor plasmid causes a 10-fold increase in the amount of 

repressor molecule normally made by a laci gene. The 

repressor binds to the lac operator which lies between the 

promoter and the structural gene and prevents RNA 

polymerase from binding. The addition of IPTG, which binds 

to the repressor and keeps it from binding to the operator, 

induces the lac promoter and the sulA(sfiA) gene. Since 

the SulA protein is known to be physiologically unstable it 

was hoped that the use of a strain carrying a multicopy 

plasmid bearing sulA would facilitate detection of this 

protein on SDS gels. On the other hand, since overproduc

tion of SulA inhibitor would prevent cell division, 

pGC165sulA was used so that expression of sulA would occur 

only after treatment with IPTG. 

SG4457 was maintained in media containing 

ampicillin and phenotypic properties were tested before 

inoculating cultures for IPTG induction experiments. 
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Single colonies were isolated and used to inoculate 5 mL L 

broth supplemented with ampicillin. AB1157 was used as an 

ampicillin-sensitive control. Overnight cultures were 

streaked on L agar plus ampicillin to test for the presence 

of pGC1 65sulA and streaked on L agar with kanamycin for the 

presence of F'lacq1lacZ::Tn5. The presence of the sulA 

gene on the plasmid was tested for by streaking the culture 

on L agar without glucose and supplemented with IPTG. 

Under these conditions the sulA(sfiA) gene product was 

expressed and did not allow cells to form colonies on the 

agar. AB2829 was used as a Lac+ control and was tested on 

Eosin Methylene Blue agar supplemented with 1 percent 

lactose. Dark-colored colonies were produced by AB2829 and 

light-colored colonies by SG4457, indicating the correct 

phenotype (100). 

For IPTG induction, two cultures were employed: 

cells carrying pGC165sulA and cells of strain AB2829. 

Since this latter strain has a normal lac operon, detection 

of the enzyme S-galactosidase serves as a control to 

monitor the effectiveness of the induction procedure. 

Cultures were grown in tryptone broth (supplemented with 

ampicillin for SG4457) to log phase, then subcultured to 

media with and without 5 mM IPTG. Incubation continued 

until the optical density reached an oo600 of ~3. 

Examination of cells by phase contrast microscopy showed 
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that AB2829 remained in short rods throughout the entire 

experiment, whereas SG4457 formed filaments that were up to 

10 and 20 times the length of the normal rods. Filaments 

increased in number after IPTG induction and were much more 

prevalent in the culture with IPTG. Cells were collected 

by centrifugation and pellets resuspended in SDS-sample 

buffer, approximately 0.5 mL, and heated at 100°C for 

5 minutes. They were allowed to cool to room temperature, 

then applied to SDS polyacrylamide gels. A 15 percent 

acrylamide gel was used in order to resolve proteins of low 

molecular weight. This was later modified as the gel was 

stained three times with silver stain and low molecular 

weight proteins appeared to have diffused out of the gel or 

were not resolved well enough to distinguish differences in 

banding patterns. 

In order to optimize resolution of proteins with 

molecular weights less than 20,000 daltons, the samples 

were applied to a 7-17 percent linear gradient gel, with 

the more concentrated gel at the bottom. The fixative also 

was changed from that used for the previous gels from 

30 percent ethanol 10 percent glacial acetic acid to 

12.5 percent trichloroacetic acid, 3.5 percent 

sulfosalicylic acid. Figure 4 shows the results of samples 

run under these conditions. The samples were diluted in 

SDS sample buffer 1:10 and 1:1 00 and loaded onto the gel in 
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Figure 4. IPTG induction. SDS-polyacrylamide gel 

electrophoresis, 7 percent to 17 percent linear 

gradient. Lanes 1 and 2, molecular weight standards. 

The strains and conditions were as follows: lanes 3 

and 4, 1:10 and 1:100 dilutions of SG4457~ lanes 5 

and 6, 1:10 and 1:100 dilutions of SG4457 with 5 rnM 

IPTG~ lanes 7 and 8, 1:10 and 1:100 dilutions of 

AB2829 (control for B-galactosidase induction)~ 

lanes 9, 10 and 11, 1:10 and 1:100 dilutions of 

AB2829 with 5 rnM IPTG. S-galactosidase is indicated 

by the arrow and is present in larger amounts in the 

lanes of the induced control culture. 
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5 ~L volumes. Lanes 1 and 2 are molecular weight markers. 

Lanes 3 and 4 are of SG4457 without IPTG induction and 

lanes 5 and 6 are of SG4457 with IPTG induction. The band 

patterns were similar in the low molecular weight region. 

The control strain is shown in lanes 7 and 8 without IPTG 

induction and in lanes 9, 10 and 11 with IPTG induction. 
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S-galactosidase is indicated by the arrow and is present in 

larger amounts in the lanes of the induced control culture. 

Therefore, even though the IPTG induction worked well, it 

was not possible to detect SulA protein under these 

conditions. This is probably the result of the instability 

of this protein in strains harboring the Lon protease 

( 104). 

Genetic Studies With ftsz Mutants 
and >- sep46 

To test the possibility that the sfi-25 mutation 

causes overproduction or modification of Ftsz protein, an 

effort was made to identify the Ftsz protein from the 

sfi-25 mutant and compare it to the FtsZ protein in the 

isogenic strain by using two-dimensional electrophoresis. 

A genetic approach was adopted to facilitate identification 

of the Ftsz protein on a gel. The plan was to examine 

proteins from cells carrying ftsz on an expression plasmid, 

which would cause the protein to be produced in much larger 

amounts than normally present in the ce 11. A host strain 



was constructed as part of my research project that would 

be used to carry a pUC plasmid carrying the ftsZ gene. 
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This construction involved the transfer of the ftsZ84(Ts) 

mutation to~ coli strain JM107, a standard host for 

M13mp7-derived expression vectors (47). The presence of a 

plasmid expressing the ftsz gene would complement the 

ftsZ84(Ts) gene on the host. Strain JM107 carries an F' 

factor plasmid bearing the lacZ 6 M15 and the laciq mutation 

(47). The lacz•M15 gene is missing codons for amino acids 

11 through 41 of the amino acid terminal end of the lacz 

gene product 13 -galactosidase. The polypeptide can be 

complemented by 15 percent of the amino terminal end of the 

lacz gene, which is the segment carried and expressed by 

pUC plasmids. This enables the presence of the plasmid to 

be monitored in the cell by the activity of 13-galactosi

dase, causing color change in a dye added to agar medium. 

When a foreign gene is inserted into the 15 percent portion 

on the pUC plasmid, placing the gene downstream of the lac 

promoter, this complementation does not occur. This allows 

vectors with inserts that show ampicillin resistance but do 

not show complementation to be distinguished from vectors 

without inserts that exhibit both ampicillin resistance and 

complementation. 

The ftsZ84 temperature-sensitive mutation was 

transferred from~ coli strain JFL100 to strain JM107 by 



P1 transduction. P1 vir was grown on a derivative of 

JFL100 that had been modified with a Tn10 insertion marker 

in the leu gene approximately 31 Kb from the ftsZ84(Ts) -- -
gene. Complementation of the ftsZ84(Ts) mutation has 
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previously been shown to occur by a phage carrying the ftsz 

gene. P1 vir packages approximately 50 Kb of DNA. 

Tetracycline-resistant transductants were examined for 

presence of the ftsZ(Ts) gene by testing for temperature 

sensitivity by growing them on L agar without NaCl at 42°C. 

A high concentration of NaCl has been shown to suppress 

filamentation in the ftsZ84(Ts) mutant (12). Colonies that 

grew at 30°C and not at 42°C were isolated, retested for 

temperature sensitivity and stored in stab vials for future 

use ( 1 00). 

To obtain DNA carrying the ftsz gene for subcloning 

into a pUC plasmid, an attempt was made to isolate a batch 

of the A~46 bacteriophage. This phage has lost a 

significant part of its genome, which has been replaced 

with about 25 ~ coli genes, including ftsz and leu. The 

loss of phage genes makes this virus defective, i.e. unable 

to grow unless a second normal (or helper) virus is present 

in the same cell to supply the missing genes. For these 

experiments a double lysogen strain CV437 (Asep46S7,AS7), 

carrying both A~46 and A+ helper phage in inactive 

states, was induced by heating to 42°C. Since the viruses 
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are maintained in the inactive state by a temperature-

sensitive repressor protein, heat induction leads to active 

viral growth. Cultures of CV437{Asep46S7,A+S7) were grown 

in LB broth, phage particles were induced and lysates 

obtained as described in Chapter 2, pages 43-44. Titration 

of phage on strain AB1157 repeatedly gave a titer of 

approximately 1 x 10 7 plaque-forming units/mL {pfu/mL) or 

lower, which indicated induction of the lytic cycle by 

means of the ci857 temperature-sensitive repressor mutation 

when the culture was shifted to 42°c was not as effective 

as expected or that the phage was unable to form plaques 

with this strain. In addition to titrations, a trans-

duction was performed. Phage stock was from a large 

preparation grown in conjunction with other students and 

shown to have a high titer of A+ helper phage. The 

recipient strain was CV437 (leuA-). The phenotype used for 

selection was Leu+ because the leu+ gene from the phage 

should complement the leu mutation in the recipient strain. 

However, no leu+ transductants were obtained in several 

experiments and it was concluded that CV437 (Asep46S7,AS7) 

did not contain Adsep46+. A lysogen of this virus is known 

to be unstable because of the possibility of phage excision 

by recombination with homologous bacterial genes. 



Analysis of Protein Patterns by 
Two-Dimensional Electrophoresis 

Two-dimensional electrophoresis allows 

visualization of proteins by displaying them as spots on a 

rectangular layer of polyacrylamide gel. It is based on 

two sequential separations each according to a different 

intrinsic property of proteins. In the first dimension 

proteins are subjected to isoelectric focusing. This is 
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performed in a gel polymerized in a glass tube. Ampholytes 

of a pH range suitable for the isoelectric points of the 

proteins of interest are first focused in the gels and form 

a pH gradient and then proteins are added and focused. The 

second dimension employs SDS electrophoresis to separate 

proteins in the first-dimensional gel down a vertical slab 

gel on the basis of molecular weight. This technique was 

used here to compare the levels of protein expression in 

sfi+ and sfi-25 strains. A particular effort was made to 

search for changes in levels of proteins with properties 

similar to Ftsz protein (MW 43,000 daltons; pi 4.9) (153). 

Since the mobility of a protein in the first dimension can 

be affected by a change in the charge on even one amino 

acid, this technique might also detect alterations in 

protein structure caused by the sfi-25 mutation. 

Proteins were stained after two-dimensional 

electrophoresis, by silver stain. This method has been 

shown to be 50 to 100 timES more sensitive than Coomassie 
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Blue (51, 96). Most 14c radioisotope-labeled proteins 

detectable by autoradiography can be detected by silver 

stain (97). The staining procedure was first tested on 

proteins from~ coli strain AB1899, which were separated 

by two-dimensional electrophoresis. The procedure for two

dimensional electrophoresis was as described in Chapter 2, 

pages 51-56. More than 250 proteins from AB1899 were 

observed in this experiment (Figure 5). It was concluded 

that silver staining provided adequate sensitivity to 

detect the major population of E. coli proteins. 

Cultures of AM210 and AM251 were grown to 

exponential phase in L broth at 380c and diluted into 

prewarmed L broth at 27°C and 38°C. Incubation in a rotary 

shaker water bath was continued until the cultures had 

grown to log phase, and cells were then harvested by 

centrifugation for 15 minutes at 12~000 x g at 4°c. Cells 

were sonicated and lysates prepared for analysis by two

dimensional electrophoresis according to the method of 

O'Farrell (108). Figure 6 shows the two-dimensional gels 

of cell lysates of AM210 6(A) and AM251 6(B). Samples were 

of cultures grown at 27oc. The first-dimension ampholyte 

mixture was adjusted to provide effective separation of 

proteins with isoelectric points in the 5 to 7 range. 

Ampholytes with pis in the 5 to 7 range were mixed with pH 

3-10 range ampholytes in a 4:1 ratio; the final ampholyte 
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Figure 5. Separation of proteins of E. coli AB1899 

by two-dimensional polyacrylamide gel electro

phoresis. Proteins were stained with silver stain. 

The procedure was described in Materials and Methods, 

except that 1.5 mm ID tubes were used in the first 

dimension. Focusing was for approximately 6000 Vh. 

Ampholines mixture was pH 5-7, pH 3-10 in the ratio 

4:1. A Hoefer SE 400 gel apparatus was used for the 

second dimension and the gel was 0.75 mm in width. 

The proteins were electrophoresed in the second 

dimension at 15 rnA at constant current conditions for 

7 hours, at which time the tracking dye had reached 

the bottom of the gel. The origin of the isoelectric 

focusing gel is indicated by the arrow. 
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Figure 6. Two-dimensional electrophoresis of 

E. coli whole celllysates. (A) AM210(sfi-25), 4l.lg 

protein. (B) AM251 (sfi+), 15 l..t g protein. Volumes of 

10 l..tL were applied to each gel in the first dimen

sion. Cells were grown at 27°C and samples were 

prepared as described in Chapter 2. Isoelectric 

focusing was for 7400 Vh. The first-dimension gels 

were 3 mm in diameter. Ampholines (2 percent w/v 

final concentration), pH 5-7 and pH 3-10 in a 4:1 

ratio. The second dimension used as SDS-acrylamide 

gel that was 15 percent (w/v) acrylamide. Acidity 

increases from left to right. Molecular weight 

standards were run on each gel at the left side. The 

gels were stained with silver stain. 
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concentration was 2 percent (w/v). The vertical slab gels 

of the second dimension were 15 percent acrylarnide (w/v) 

(10). The gels in Figure 6 were electrophoresed simulta

neously in an Hoeffer SE 600 at 30 rnA per gel until the 

tracking dye had reached the bottom of the gel. The gels 

were stained with silver stain after fixing in 12.5 percent 

trichloroacetic acid (w/v) and 3.5 percent sulfosalicylic 

acid (w/v). The molecular weight scales at the left sides 

of the gels are approximate and were determined from 

molecular weight standards run on each gel. There are 

approximately 70 spots in 6(A). Approximately 4 ~g protein 

was applied to this gel. The gel in 6(B) shows 120 spots. 

The amount of protein on this gel was approximately 15 ~g. 

The difference in number of spots on the gels may be due to 

the different amounts of protein loaded. However, a 10-

fold variation in protein loading has been reported as 

tolerable for comparisons using silver stain (96). The 

horizontal lines near the tops of each gel are reported as 

occasional problems of silver staining (10). The cause of 

these lines is not known. Mercaptoethanol has been 

reported to be a probable cause (10). They are found 

norrnaly at the 60,000 and 67,000 molecular weight region 

but also reported to be found at the 50,000 molecular 

weight region (46, 98). 
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Of the prominent spots in 6(A), roughly 80 percent 

are at the same location on 6(B). Two spots, 7.3 x 2 and 

7.8 x 0.9 (coordinates used refer to a spot location on the 

gel in centimeters (abscissa x ordinate)), have a more 

acidic lcation in 6(A) than in 6(B). Another spot, 4.7 x 

1.2, is located at a slightly more basic position compared 

to the spot at 4.9 x 1.2 on 6(B). The spot at 1.5 x 1.6 on 

6(A) is not apparent on 6(B). It is not known whether or 

not this is an artifact. 

First-dimension gels were normally placed onto the 

second dimension with the origin at the left. Acidity 

increases from left to right on the gels as photographed 

and shown in the figures. During the first dimension of 

the gels shown in Figure 6, a mixture of pi standards was 

also focused in a separate tube and electrophoresed onto a 

slab gel. However, these failed to produce detectable 

spots after silver staining. Subsequently the gels with pi 

standards were stained after the first dimension as 

described in Chapter 2, pages 51-56. A pH gradient 

determined by this method is shown in Figure 7. 

The gels in Figure 8 show protein spots from (A) 

AM251(sfi+), 122 ~g protein and (B) AM210(sfi-25), 43 ~g 

protein. The conditions were similar to those described 

for Figure 6 except that ampholines were a mixture of pH 

4.5-5.4 and pH 3-1 o, in a 4:1 ratio. The pH values 
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Figure 7. pH gradient estimated from isoelectric 

focusing of pi marker proteins. 
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Figure 8. Two-dimensional electrophoresis of 

E. coli whole cell lysates. (A) AM251(sfi-25+), --- --
122 ~g protein. (B) AM210(sfi-25), 43 ~g protein. 

Cells were prepared as in Figure 6. Isoelectric 

focusing was for 5600 Vh. Ampholines were 2 percent 

(pH 4.5-5.4 and pH 3-10 in a ratio of 4:1). SDS

polyacrylamide gel was 15 percent (w/v) acrylamide. 

The pH values indicated at the tops of the gels were 

estimated from pi standards focused on separate gels. 

Molecular weight markers (not shown) were included 

for the second dimension. 
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indicated at the tops of the gels were estimated from pi 

standards with known isoelectric points of 5.13, 4.55 and 

3.55, as described in Chapter 2, pages 51-56. The 

molecular weight scales at the left were determined from 

molecular weight standards (not shown) run on each gel. 
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Approximately 200 spots appeared on the gel in 8(A) 

and 175 in the gel in 8(B). The protein spots have focused 

further towards the top of the first-dimension gel and 

consequently more towards the left in the second-dimension 

than those in Figure 6, reflecting the different pH 

gradient estabilshed during prefocusing. This can be seen 

by the change in location of three spots in particular: 

spots at 3.7 x 5.1, 3.7 x 5.5 and 4.5 x 5.1 in Figure 8(A) 

and 8(B) have positions in 6(B) and 6(A) about 7 em to the 

right at 11 x 1.6, 11 x 2 and 11.7 x 1.6. 

Resolution of proteins in the first dimension 

varies over both gels in Figure 8. Spots such as the one 

at 7.5 x 4.5 in (B) have focused in an easily-detectable 

spot while others have spread in the horizontal direction. 

This might be a result of ampholytes in too low a concen

tration or used in an incorrect ratio (10). This might 

also be due to applying too much protein to the gel (108). 

Protein samples from cultures grown at 38oc that 

were focused as those samples shown in Figure 8 gave very 

similar results on the second-dimension gels. 
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The sharp vertical lines present in the gels are 

reported to result from particulates in reagents or on 

glassware and are referred to as point streaking (119). 

Staining artifacts such as these and the two horizontal 

lines observed towards the tops of the two-dimensional gels 

are unrelated to protein and appear on gels to which 

protein was not applied (119). 

The gels in Figure 9 show separations of proteins 

from (A) AM251 and (B) AM210. Both gels were loaded with 

approximately 60 ~g of protein. The conditions were the 

same as those in Figure 6 except that the samples were 

cultures grown at 38°c, focusing was for 5600 Vh, and the 

acrylamide concentration was 11.5 percent (w/v) for the 

second-dimension gel. The pH values at the tops of the 

gels were estimated from a mixture of pi standards that 

were focused simultaneously in a separate gel. The 

molecular weight scale was estimated from the standards run 

at the right and left sides of the gels. 

There are approximately 50 spots on each gel. Many 

of the prominent spots have similar locations on the two 

gels. The spot at 2 x 6.4 is more focused in 9(B) than in 

9(A). Proteins at 9 x 12.5 and 10.2 x 12.2 also are more 

visible in 9(B). Some spots on 9(A) such as the ones at 

7.5 x 8.2 and 9 x 7.8 appear to be absent from the gel in 

9(B). The spot at 11 x 8.2 in 9(A) has focused at a more 
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Figure 9. Two-dimensional electrophoresis of cell 

lysates from~ coli cell division mutant, AM210, and 

isogenic AM251. (A) AM251, 60 ~g protein. 

(B) AM210, 60 ~g protein. Conditions were the same 

as in Figure 6 except that cultures were grown at 

38°C, gels were focused for 5600 Vh, and the 

acrylamide concentration was 11.5 percent (w/v) for 

the second-dimension gel. pH values were estimated 

(see Figure 7) from a mixture of pi standards that 

were focused simultaneously in a separate gel. 
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basic position in 9(B) (shown by the arrows) and is closer 

to the larger spot nearby at 10.9 x 8.4 on 9(B). Proteins 

with spots at 10.5 x 10.1 and 10.6 x 10.2 have shifted to 

slightly more acidic locations on 9(B) at 10.8 x 10.1 and 

10.9 X 10.2. 
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CHAPTER 4 

Discussion 

If the SulA protein is as strong an inhibitor of 

cell division as studies to date indicate, then the sfi-25 

mutation is likely to produce a potent effect on the cell. 

Investigation of the sfi-25 mutant in this study has been 

aimed primarily at comparing levels of protein expression 

in sfi+ and sfi-25 strains and determining whether SulA or 

Ftsz in particular are affected by sfi-25. This chapter 

will consist of a summary and critique of the experiments 

performed in this research project and recommendations for 

future experiments. 

Growth experiments of AM210(sfi-25) and AM251(sfi+) 

in complex medium showed that the mutant had a specific 

growth rate constant that was roughly 46 percent of that of 

the wildtype at 27°c and 38°c. This confirmed the growth 

defect of the mutant at low temperature and suggested that 

the mutant also exhibits the growth defect at 38°C. 

A strain carrying a multicopy plasmid containing 

the sulA(sfiA) gene under control by the lac promoter was 

employed in order to identify the SulA protein. IPTG 

induction (confirmed by the production of s-galactosidase 

in the control strain) was used to express the sulA gene. 
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However, no proteins in the 18,000 dalton molecular weight 

region corresponding to the SulA protein were visible on 
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the 7 percent to 17 percent gradient SDS polyacrylamide gel 

used to separate the proteins of the solubilized cells. 

This result was felt to be related to the instability of 

SulA due to the Lon protease in the cell. Published studies 

showing the SulA protein on one-dimensional SDS 

polyacrylamide gels use a phage containing the sulA gene 

and place the phage in a lon mutant which prevents the 

filamentous growth and lethality observed in a lon+ sulA+ 

strain (104). 

From the results of this experiment it seems a 

better approach in the future would be to transfer the sulA 

gene on pGC165sulA(sfiA) to a lon mutant strain. Providing 

the SulA protein could be detected in the lon mutant, the 

effect of also placing the sfi-25 gene in this strain could 

be evaluated and the rates of degradation of SulA estimated. 

A sulB25 mutation in which the sulB(ftsZ) protein is more 

resistant to SulA inhibitor than normal FtsZ might increase 

the general stability of the lon strain. 

Two-dimensional electrophoresis was used to compare 

the levels of protein expression in sfi-25 and sfi+ 

strains. The number of proteins resolved on the gels was 

much higher than resolved in the one-dimensional gels, as 

expected, but less than published 2-D gels of cell 



extracts. The number of spots in the separations ranged 

from 50 to 250. 
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Gels run under the same conditions were very 

reproducible with the exception of several spots that were 

either missing from the mutant gel or had altered 

positions. Two spots were present on the wildtype gel but 

not on the mutant gel. One was in the molecular weight 

vicinity of 42,000 daltons and in the neutral pH range, and 

the other was in the range of 54,000 daltons and pH 5-6 

(Figure 9). Three acidic proteins with molecular weights 

greater than 60,000 showed altered positions in the gel of 

sfi-25. Two had shifted to more acidic positions compared 

to the wildtype gel and one to a more basic position 

(Figure 9). A spot corresponding to a 55,000-dalton 

protein with a neutral isoelectric point shifted to a more 

acidic position in the mutant gel (Figure 6). One spot 

that is present only on the mutant gel is in a basic pH 

region and in a molecular weight area of about 53,000 

(Figure 6). Two spots in the neutral pH range and 45,000 

to 50,000 dalton range have altered positions on the sfi-25 

gel. One is more acidic and the other is more basic 

(Figure 6). These differences in gels point out possible 

changes that may be a result of sfi-25. However, those 

gels that allowed observation of more protein spots (Figure 

8 and other gels not shown) did not yield sufficient data 



on these protein spots, making it difficult to confirm or 

rule out this possibility. Although the gels are 

reproducible, showing specific constellations of protein 

spots in the same location on two gels, the variation in 

resolution in the first dimension makes comparison between 

particular spots difficult. Also, several spots in the 

neutral range and with large molecular weights have 

streaked and overlapped. These are reported to be common 

problems in two-dimensional gels (10). 
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Certain proteins also are reported to be excluded 

from two-dimensional gels. These include proteins present 

in the cell in small numbers, such as regulatory proteins. 

The limits of detection of proteins have been reported by 

direct measurements of radioactivity of faint spots. The 

detection level for an 80,000-dalton protein is reported to 

be 80 molecules per cell, and approximately 1,000 molecules 

per cell for a 20,000-dalton protein. Also, low molecular 

weight proteins tend to spread during electrophoresis, 

making detection difficult (119). 

In order to assay the ftsZ protein in vivo in the 

sfi+ and sfi-25 strains, another approach may be to use 

immunostain for Ftsz in one-dimensional gels in which 

proteins from cytoplasmic or inner membrane fractions of 

sfi+ and sfi-25 had been separated. This would require 



purification of the ftsz gene product and development of 

antisera. 
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Another possibility might be to investigate changes 

in membrane properties of the sfi-25 strain. The SulA 

protein has been located in the outer membrane (121) as 

well as in the inner membrane and cytoplasm (71) and addi

tional regulation of SulA has not been ruled out (139). In 

addition, a membrane-associated protein could affect septum 

initiation. An unspecified membrane defect has been mapped 

to 62 minutes, which is close to the sfi-25 at 63.5 minutes 

on the E. coli linkage map (4). The "cold sensitivity" of 

the sfi-25 strain may also be related to a membrane 

alteration. 
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