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PART ONE 

FRACTIONATION OF TEMPERATURE-SENSITIVE DNA-

BINDING PROTEINS IN ESCHERICHIA COLI 
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CHAPTER I 

INTRODUCTION 

The genome of the gram-negative bacterium Escherichia 

coli is a macromolecule composed of deoxyribonucleic acid 

(DNA) in a closed, circular heteroduplex (1, 2) and is 

often referred to as the bacterial chromosome. The 

bacterial chromosome is believed to exist in a folded, 

super-coiled state, forming a DNA-RNA-protein complex (3-

8) . This complex is often found in association with the 

bacterial membrane (9-17), replicating sequentially and 

semiconservatively (18). The replication process is com

plex and requires many components, most notably: an 

active RNA-synthesizing system (19, 20), a functional mem

brane (21, 22) and a variety of proteins (23-27). 

The cycle of chromosome replication involves essen

tially three distinct processes: initiation of DNA repli

cation at a unique site, the replicative origin; elongation 

of DNA chains proceeding from the replicative origin to a 

termination point; and termination of replication at the 

termination point (27, 28). It has been demonstrated that 

replication proceeds bidirectionally (29, 89) from the 

replicative origin (30) at 83 minutes of the E. coli K12 
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gene linkage map, and terminates at an opposed point at 

approximately 28 minutes of the gene linkage map near the 

trp locus (31). 

Control of chromosomal replication is apparently 

exerted at the level of initiation rather than at the level 

of polynucleotide elongation (12, 32, 33). This is re

flected by the fact that the rate of polynucleotide elonga

tion remains constant over a variable range of cell dou

bling times, while the initiation frequency increases with 

growth rate (34) . The initiation process also plays a 

major regulatory role in cellular multiplication since the 

cell division rate appears to be controlled by the initi

ation frequency of chromosomal replication (20). 

Models of replication have employed both negative 

(repressor) (35) and positive (activator ) (36) methods of 

controlling the timing of initiation. Although neither 

model has been confirmed, evidence that initiation pro

teins are involved in triggering a round of replication 

comes from the discovery of conditionally-lethal temperature 

sensitive initiation mutants, which when placed at a non-

permissive temperature complete their ongoing round of 

replication but are unable to initiate a new round of 

replication (23-25, 36). However, these initiation mutants 

may initiate new rounds of replication at the restrictive 

temperature if another replicon (a sex factor or other 
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episome) is integrated into the bacterial genome, with 

replication of the chromosome initiated by the episome (37) 

This is known as integrative suppression (38). It has also 

been demonstrated in one study that the dnaA mutant can 

initiate replication at the restrictive temperature if it 

is diploid for the dnaA locus on an autonomously repli

cating F' factor (36) , suggesting that the dnaA gene prod

uct, and by inference, other similar mutant products, are 

diffusable and transacting. 

There are nineteen known DNA synthesis mutations in 

E. coli, five of which are initiation defective mutants. 

These include the dnaA, dnaC, dnaH, dnal and dnaP mutants 

(28). Perhaps the best characterized of the five are the 

dnaA mutation (39, 40, 90) and the dnaC mutation (41, 42) 

mapping, respectively, at 83.5 minutes and 99 minutes of 

the E. coli K12 gene linkage map (31). 

In an attempt to characterize the proteins which may 

be involved in the initiation complexes of E. coli the 

soluble proteins from a wild-type E. coli and two 

conditionally-lethal temperature-sensitive initiation 

mutants have been extracted and fractionated by chromato

graphic methods (43-45) on the basis of temperature-

sensitive DNA-binding affinity. They have also been fur

ther characterized on tht basis of molecular weight by 

sodium-dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) 946). 
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CHAPTER II 

MATERIALS AND METHODS 

Bacterial Strains 

The bacterial strains used are listed in Table 1. 

They are all K12 strains. The restrictive temperature 

for initiation is 43^0 for N167 and 41°C for PC2. 

TABLE 1 

BACTERIAL STRAINS 

Initiation Status 
Strain Genetic Background* and References 

HMT thy", met", HfrH wild-type (39) 

N167 ' thy", met", HfrH dnaA^^ (30) 

PC2 leu", thyA, dra", Str" « dnaC^^ (41) 

* 
The genetic notations are according to Bachman, et al 

(31) . 

Media and Growth Conditions 

All cells were grown in minimal-media A (47) in a 

laboratory fermentor (Microferm) at 30°C. Cells were har

vested in log phase using an RC2B centrifuge with a con

tinuous flow rotor (Sorvall) at 20,630 x g (R^„) with a 
av 

flow rate of 50 ml/minute, yielding 30-40 grams of packed 

cells (wet weight), per 15 liter batch. 
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Protein Determinations 

All protein determinations were performed by the 

colorimetrie procedures of Lowry (48) or Kuno (49) . 

Extraction of E. coli Soluble Proteins 

Cells for fractionation were lysed after mixing in 

0.3M NaCl, O.IM TRIS (Trisma Base, Sigma) pH 8, and O.IM 

ethylene-diamine-tetraacetic acid (EDTA) pH 8. Lysis was 

effected by triple passage through a French pressure cell 

(Aminco, type #4-3398A) at a pressure of 6.5 metric tons 

per square inch (1008 Kg/cm^). 

Two separation procedures were used. The first, in

volved the separation of DNA from protein into the two 

phases of a biphasic system containing polyethylene-glycol 

(Fisher, Carbowax 6000) and dextran (Dextran 500, Sigma) 

at a 2M NaCl concentration (50, 51). This method proved 

to be unsatisfactory because the polyethylene-glycol inter

fered with the protein determinations and polyacrylamide 

gel electrophoresis. Consequently, a method employing 

ultracentrifugation was used. The disrupted cells, in 

buffer, were centrifuged at 8,000 x g (R ) for 15 minutes 
av 

at 4°C in a JA-21 rotor in a J-21 centrifuge (Beckman) to 

separate whole cells and large cell wall-membrane fragments 

The supernatant was brought to 3M NaCl and centrifuged at 
100,000 X g (R ) in a 50.2Ti fixed-angle rotor in an 

av 
L2-65B ultracentrifuge (Beckman) for 16 hours to separate 



DNA from soluble proteins (52, 53). This supernatant was 

dialyzed against a column-loading low-salt buffer consist

ing of .04M phosphate, .05M NaCl, 0.ImM EDTA pH 8 and 

0.1% 2-mercaptoethanol (BMSH) prior to chromatography. 

Preparation of DNA-cellulose 

DNA was extracted from 30-40 grams (wet weight) of 

HMT cells (54). The DNA was immobilized on predefined CFll 

chromatographic grade cellulose (Whatman) by drying and 

UV dimerization (44, 55). 

Chromatographic Methods 

Soluble proteins were loaded onto a phosphocellulose 

(Sigma) column at 4°C and washed with .05M NaCl buffer. 

The bound proteins were eluted with l.OM NaCl buffer. 

This isolation scheme is based on the fact that known DNA-

binding repressor molecules bind to phosphocellulose re

gardless of isoelectric point (56, 57). All elution pro

files were monitored by absorption spectra at 280 nm with 

a Techtron 635 UV-VIS spectrophotometer (Varian). The peak 

fractions were pooled from 2 ml aliquots collected from 

the column by a microfractionator (Gilson). 

The pooled sample was then dialyzed against low salt 

buffer and slowly passed through a temperature controlled, 

water-jacketed DNA-cellulose column at 0°C (Lauda K2R, 

Brinkmann). The column was then washed with low salt buffer 
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Fig. 1. 
traction. . 

Outline, of soluble DNA-binding protein ex-
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Fig. 2. Typical DNA-binding protein elution profile. 
Samples were passed over DNA-cellulose at 0*'C and eluted 
at 25°C, 43°C and at 43°C in the presence of IM NaCl. 
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(maximum) voltage (Biorad). The gels were then extruded 

and stained with 0.25% Coomassie Blue and compared with 

molecular weight standards (46). The standards as used in 

all following polyacrylamide gel related figures are: 

chymotrypsin, 13 kilodalton (kD) modecular weight; apofer-

ritin principle polypeptide, 24 kD; gamma-globulin heavy 

chain, 50 kD; and beta-galactosidase principle polypeptide, 

130 kD. 

Isotopically Labelled Protein 
Preparations 

Cells were prepared using isotopically labelled amino 

acids (ICN) in minimal media A (47) with the exception that 

the amino acid concentration was reduced to .05% instead 

of the usual 0.4% to allow normal logarithmic growth while 

precluding the dilution of the labelled amino acids. HMT 

14 was labelled with 10 yCi of C-labelled amino acids in 

20 ml of minimal-media A, and N167 was labelled with 200 
3 

yCi of H-amino acids in 20 ml of minimal-media A. 

The cells were harvested in log phase, washed with 

sterile buffered saline gelatin (BSG), and mixed together. 

They were disrupted by sonication for 120 seconds using a 

Branson sonifier (Heat Systems, Inc.) in a buffer solution 

consisting of .05M TRIS pH 7.8 and ImM EDTA. The mix was 

then centrifuged for 15 minutes at 8,000 x g (R^„) in a 
av 

j-21 fixed angle rotor (Beckman) to pellet whole cells and 
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large fragments. The supernatant was then treated with 

Bovine Pancreatic DNAse (PL-Biochemical) at a concentration 

of 70 yg per ml, with .002M MgCl2r for 15 minutes at 25°C. 

Ultracentrifugation was then performed to pellet membrane 

proteins and DNA at 160,900 x g (R ) in a Type 65 fixed 
av 

angle rotor for 60 minutes. The resulting supernatant was 

then dialyzed against the low salt column loading buffer 

described previously, and subsequently fractionated on a 

DNA-cellulose column by temperature (vide infra). 

The radioactive profile of each eluate was monitored 

with a scintillation counter using a Triton X-114 scintil

lation cocktail containing 25% cotylphenoxy-

polyethoxyethanol (Triton X-114, Sigma), 0.3% diphenyl-

oxazole (PPO), .03% l,4di [2-(5-phenyloxazolyl)] benzene 

(POPOP), in xylene (59-62). 

The polyacrylamide gels of each sample were prepared 

as described earlier with the exception that in lieu of 

staining they were quick frozen with dry ice and serially 

sliced at 1 mm intervals using a Mickle gel slicer. Each 

slice was solubilized in 0.5 ml of 30% hydrogen peroxide 

made alkaline with 1:50 volume of concentrated ammonium 

hydroxide at 41°C overnight (63) . The solubilized samples 

were then taken up in 3.5 ml of scintillation cocktail, 

gently mixed, and counted on an LS230 scintillation counter 

(Beckman). 



CHAPTER III 

RESULTS 

Experimental Approach 

Soluble proteins have been isolated from the E. coli 

strains HMT, N167 and PC2. The extracted proteins have 

been chromatographed on homologous DNA-cellulose, frac

tionated on the basis of temperature, and classified into 

four groups: non-DNA-binding proteins, 25°C eluted 

(moderate binding) proteins, 43°C eluted (tightly binding) 

proteins, and proteins cleared from the column only by IM 

NaCl. The fractions were characterized by SDS-poly-

acrylamide gel electrophoresis with the expectation that 

qualitative or quantitative differences between the poly

peptides of each strain might be discerned. Of major 

interest were the 43°C eluted fractions, in which one might 

expect to see preferential loss of temperature sensitive 

polypeptides in the mutant strains, but not in the wild-

type cell. 

Qualitative Comparison of Eluted Proteins 

Proteins determinations were performed on all elution 

samples and compared with both the total soluble proteins 

and total phosphocellulose binding proteins. These results 

13 
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may be seen in TcQsles 2 and 3. As one might expect, the 

values are similar for each of the cell types. 

TABLE 2 

ELUTION PROTEIN FRACTIONS EXPRESSED AS A 
PERCENTAGE OF TOTAL SOLUBLE PROTEIN^ 

Cell Type N167 N167 HMT PC2 

Total Cell Protein 100% 100% 100% 100% 

Phosphocellulose 
Binding Proteins 10.4 8.4 14.5 7.6 

Non-DNA-Binding 
Proteins (0°C) 6.5 5.8 9.1 5.4 

Proteins Eluted 
at 25°C 0.93 0.48 0.21 0.41 

Proteins Eluted 
at 43°C 0.57 0.47 0.31 0.48 

Proteins Eluted 
with IM NaCl 0.27 0.74 0.83 0.64 

Percent recovery 
of DNA-cellulose 
chromatographed 
proteins 8.27 7.49 10.41 6.93 

^All protein determinations by the method of Lowry 
(48). All percentage values determined by dividing elution 
sample protein value by total soluble protein value. 

Quantitative Comparison of Eluted 
Proteins 

Polyacrylamide disc gels were performed on each of the 

elution samples of each of the cell types. Figures 3, 4 

and 5 represent the stained gels of HMT, N167 and PC2 
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HMT 

MV/ X 10 

-130 

-3 

-50 

-24 

Fig. 3. Stained gels of HMT temperature eluted pro
teins. (1) Total Phosophocellulose binding proteins; (2) 
non-DNA-binding proteins; (3) 25°C eluted DNA-binding pro
teins; (4) 43°C eluted DNA-binding proteins; (5) IM NaCl 
eluted DNA-binding proteins. Molecular weight standards 
as in all following figures: 13 kD, chymotrypsin; 24 kD, 
apoferritin principle polypeptide; 50 kD, gamma-globulin 
heavy chain; 130 kD, beta-galactosidase principle poly
peptide. 
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NI67 

MWx 10 
-3 ! 

I 2 3 4 5 

Fig. 4. Stained gels of N167 temperature eluted pro
teins. (1) Total Phosphocellulose binding proteins; (2) 
non-DNA-binding proteins; (3) 25°C eluted DNA-binding pro
teins; (4) 43°C eluted DNA-binding proteins; (5) IM NaCl 
eluted DNA-binding proteins. 
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PC2 

MWx 10 

30 

Fig. 5. Stained gels of PC2 temperature eluted pro
teins. (1) Total Phosphocellulose binding proteins; (2) 
non-DNA-binding proteins; (3) 25°C eluted DNA-binding pro
teins; (4) 43°C eluted DNA-binding proteins; (5) IM NaCl 
eluted DNA-binding proteins. 
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respectively. Note the extreme heterogeneity of each of 

the fractions of each cell type, and the apparent loss of 

polypeptides between each of the temperature elutions. 

Once again, however, the general distribution of poly

peptides is similar between these strains. 

In two instances N167 proteins at 43°C were re-

chromatographed at 0°C on DIJA-cellulose and re-eluted at 

43̂ *0 to test the assertion that the dnaA protein is a 

renaturable gene product (28). As can be seen in Table 3 

about 10% of the DNA-binding is retained between the first 

and second 43°C elution. In Figure 6 it can be seen that 

this apparently coincides with the loss of a specific 

polypeptide of 80-90 kD molecular weight. 

In an attempt to compare those fractions in which one 

might expect to see the greatest differences between the 

wild-type and mutant cells, the 43°C eluted proteins of 

the three strains are compared in Figure 7. The greatest 

apparent differences are in the polypeptides found above 

130 kD and near 24 kD. The question remains as to whether 

these apparent differences represent quantitative differ

ences between the 43°C eluted DNA-binding proteins of the 

wild-type cell and the two mutants. In order to resolve 

this difficulty experiments were performed utilizing 

isotopically labelled protein preparations. 

3 
N167 cells were labelled with H ammo acids and HÎTT 
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N167 

2 3 

Fig. 6. Doubly-eluted N167 43°C sensitive DNA-binding 
proteins. (1) first 43°C elution; (2) proteins not binding 
to DNA-cellulose on second exposure to DNA-cellulose; (3) 
proteins eluted by second 43°C elution. 
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F i g . 7 . Compar i son of 43°C e l u t e d p r o t e i n s of N167, 
HMT and PC2. 
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14 cells were labelled with C amino acids (or vice versa) 

and mixed together. The proteins were extracted, chromato

graphed and electrophoresed simultaneously so that they 

were exposed to exactly the same preparative procedure. 

Table 4 represents the protein percentages obtained 

from the radioactive profiles of each fraction divided by 

the total radioactivity of the soluble proteins. Once 

again the mutant and wild-type values are very similar. 

Figure 8 represents a sliced gel profile of one such 
3 

double-label experiment in which H-N167 43°C proteins and 

14 
C-HMT 43°C proteins were coelectrophoresed. The profiles 

are obviously quite similar. One would, however, expect to 
3 

see a distinct fluctuation in the ratio of H-N16 7 to 

14 

C-HMT radioactivity if the protein compositions were 

quantitatively different. As can be seen in Figure 9, 

which is the ratios of two different experiments, there are 

two regions showing small opposed fluctuations near the 

regions of 30 kD and 90 kD. Nevertheless, these do not 

correspond to the observed differences in the stained gels 

in Figure 7. It is evident that there is no clear quanti

tative difference between the 43°C eluted DNA-binding pro

teins of HMT and it's mutant N167. 
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TABLE 4 

ISOTOPICALLY LABELLED PROTEIN FRACTIONS AS A 
PERCENTAGE OF TOTAL SOLUBLE PROTEINS^ 

Cell Type 

Isotope 

N167 

14, 
H 

HMT 

14. 
H 

Total Soluble Pro
teins 

Non-DNA-Binding 
Proteins (0°C) 

Proteins Eluted 
at 25°C 

Proteins Eluted 
at 43°C 

Proteins Eluted by 
IM NaCl 

Percent Recovery of 
Total Soluble Pro
teins 

100% 100% 100% 100% 

69.2 

7.1 

1.7 

0.7 

78.7 

74.1 

9.0 

2.3 

0.5 

85.9 

70.8 

9.8 

2.2 

0.4 

83.2 

64.8 

6.8 

1.7 

0.6 

73.9 

^All percentages determined by dividing elution radio
activity minute by total soluble protein radioactivity. 
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Via 8 Radioactive profile of ^H-N167 proteins and 
Fig. 8. Kaaioai-tiv ^ double-label experiment. 

14C-HMT proteins ^"".J;\f,=^S?i^„i°g profiles, is from 
Electrophoresis, as in all followingj^ 14c-HMT. 
right to left, o o, JH-N167, • 
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CHAPTER IV 

CONCLUSIONS 

It is evident that each of the E. coli strain s ex

amined possesses proteins which may be fractionated on the 

basis of temperature-sensitive DNA-binding affinity in 

vitro. Coomassie blue stained gels of the different frac

tions seem to indicate qualitative, and perhaps quantita

tive, differences between the proteins of the three 

strains. However, in the 43*̂ 0 eluted fractions where one 

might expect to see the greatest differences, there seems 

to be little inherent difference as indicated by the more 

sensitive double-label experiments illustrated by Figures 

8 and 9. 

Since this temperature fractionation of DNA-binding 

proteins is without precedent, there is no data from other 

investigators with which to compare these results. Major 

classes of temperature-sensitive DNA-binding proteins may 

impede the detection of essential initiation proteins 

since mutant polypeptides in low concentrations may simply 

coelectrophorese with polypeptides of identical molecular 

weight, but present in high concentrations in the soluble 

proteins of the cell. Additionally, one might speculate 

26 
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that the mutations which are coded for by the dnaA or dnaC 

loci are not cytosol proteins, but may represent structural 

proteins found in some stratum of the cell envelope. 



PART TWO 

FRACTIONATION OF ESCHERICHIA COLI DNA-BINDING \ 

OUTER MEMBRANE PROTEINS BY INCREASING 

SODIUM CHLORIDE CONCENTRATIONS 



CHAPTER V 

INTRODUCTION 

The association of the bacterial chromosome and the 

cell membrane has been the subject of investigation and 

speculation for some time (7, 9, 73, 74). This associ

ation has been demonstrated in a variety of ways. The 

folded chromosome has been visualized in the electron 

microscope as an intact molecule attached to the membrane 

(91) and in some instances associated with mesosomes (14) . 

This association has also been described using a variety 

of fractionation techniques. For instance, several in

vestigators have shown that membrane-DNA complexes may 

be isolated using the detergent sodium-lauroyl sarcosinate 

complexed with magnesium (M-band procedure) (7, 15). In 

addition, several investigators have demonstrated that 

newly replicated DNA, as well as genetic markers located 

near the replicative origin, can be enriched by rate zonal 

centrifugation in a sucrose gradient, in a fraction which 

co-sediments with membrane markers (13, 93) implying that 

the replication complex and the replication forks are 

associated with the cell membrane. Further evidence for 

the membrane association of origin DNA comes from studies 

29 
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showing the retention of pulse-labelled origin DNA with 

membrane fractions even after a chase with non-labelled 

media, and that this labelling is maximized at the time 

of cell division (10, 92). The above studies implicate 

the cell membrane as the site of integration of the repli

cative machinery of the chromosome, and indicate that 

this association is necessary for the replication and/or 

segregation of the replicating chromosomes into f)r > u ny 

cells during the process of cell division (75, 7f.) . Al

though the association of the bacterial chromosomo wiLh 

the cytoplasmic membrane has been well documented, recent 

evidence has implicated the outer membrane and murein 

wall in these DNA-membrane complexes. For example, there 

is evidence in E. coli that chromosomal segregation may 

require a stable association of DNA with all of the cell 

envelope components. An 80-90 kD protein has been iso

lated from the inner membrane (IM) which binds in a 

murein-DNA-protein complex (77) . In addition, an 80 kD 

protein has been reported which is able to bind to DNA and 

is speculated to act as a site of attachment of the chromo

some to the cell envelope (75) . However, while the outer 

membrane proteins of E. coli have been examined by many 

investigators (64-69), the functions of the majority of 

these remain undiscovered. In order to investigate the 

DNA-envelope association, it was decided to examine the OM 
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proteins of E. coli with respect to their DNA-bindinc; 

affinity. 

r 



CHAPTER VI 

MATERIALS AND METHODS 

Bacterial Strains 

The strains used are all K12 strains. P400, P530 and 

P530-lgII were the kind gift of Dr. C. F. Earhart. Table 

5. 

TABLE 5 

BACTERIAL STRAINS 

Strain Status of Outer Membrane Proteins 

HMT Wild-type 

P400^ Wild-type 

P530 Missing protein pi 

P530-lgII Missing proteins pi and pll* 

^(79) 

^(80) 

Media and Growth Conditions 

All cells were grown initially in 20 ml of minimal-

media A (47) . 

Isotopic Labelling of Ceils 

Cells for protein extraction were grown at 37°C in 

32 
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160 ml of minimal-media A (47) , with the exception tliat 

the amino acid concentration was only .05% and was supple-
3 

mented with 1.6 mCi of H-casamino acids (ICN, 6 2.5 mCi/ 

mg specific activity) . Cells were harvested in log pliase 
p 

at 4 X 10 cells/ml, measurer? with a ZF particle counter 

(Coulter Electronics). Average specific activity was 

450 cpm/pg, determined by protein assay (48), and scintil

lation counts of protein precipitated onto Whatman 3MM 

discs and read in 5% BBOT (Research Products International) 

in toluene (81). 

Cells for labelled DNA extraction were grown at 37°C 

to stationary phase in 100 ml of minimal-media A (47) with 

the exception that the thymine concentration was reduced 

to 0.45 yg/ml and supplemented with 10 uCi C-thymine 

(NEN, 0.4 mCi/mg specific activity). Incorporation was 

395 cpm/vjg determined by OD 260 estimation of DNA coupled 

with scintillation counts (81). 

Extraction of E. coli Outer Membrane 
Proteins 

3 
Freshly harvested H-labelled cells were treated with 

lysozyme (Grade I Muramidase, Sigma) at 70 ug/ml in lOmM 

EDTA pH 7.2 for 30 minutes, and pelleted by centrifugation 

at 8,000 X g (R ) in a J-21 fixed angle rotor (Beckman). 
av 

The resulting protoplasts were suspended in a solution of 

20% sucrose (Grade I, Sigma) with 3mM EDTA and disrupted 
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by sonication, as previously described. The crude membrane 

fraction was pelleted by a 90 minute centrifugation at 

78,900 X g (R ) in a Type 65 fixed angle rotor. This 

pellet was resuspended and recent-rifuged at 1600 x <j 

(R ) for 15 minutes to pellet whole cells. The superna

tant was re-centrifuged at 79,900 x g (R ) for 60 minutes, 
av 

twice, in a solution consisting of 10% sucrose with 3ru'. 

EDTA. Following dialysis overnight versus 3mM EDTA, the 

crude total membrane was separated into IM and OM frac

tions by a 12 hour isopycnic centrifugation through 4 4% 

sucrose in an SW27.1 swinging-bucket rotor at 81,000 x g 
(R ) (82). av 

The outer membrane pellet was homogenized in column 

loading buffer (vide infra) except containing 2% 

octylphenoxy-polyethoxyethanol (Triton X-100, Sigma) (64). 

This sample was then dialyzed against a 400-fold excess of 

the same buffer, and subsequently applied to a DNA-

cellulose column and washed with O.IM NaCl buffer. Step 

gradient eluates of 0.4M NaCl, l.OM NaCl and 2M NaCl with 

5M urea were collected in turn. The radioactive profile 

of each eluate was monitored with a scintillation counter 

using Triton X-114 scintillation cocktail. Figure 10. 

The samples were then pooled from the collected 2 ml 

aliquots (Model 1200 Fraction collector, ISCO) and the de

tergent removed by the use of neutral porous styrene-
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Fig. 10. Typical elution profile of sodium chloricie 
eluted DNA-binding outer membrane proteins. Outer membrane 
proteins were passed over DNA-cellulose at O.IM NaCl and 
subsequently eluted in steps of 0.4M NaCl, l.OM NaCl and 
2M NaCl with 5 M urea. 
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divinyl benzene co-polymer beads in the presence of 4M 

urea (83). These samples were lyophilized and taken up 

in 2% SDS and 5% BMSH and dialyzed against buffer contain

ing the same percentage of reagents. The post dialysis 

sample was split into two equal portions, one of which was 

boiled for 5 minutes for comparative purposes. The 

dialyzed samples represented OM proteins subjected to 

conditions insufficient for complete dissociation of r)M 

protein complexes, and the boiled samples represented OM 

proteins subjected to conditions adequate to produce the 

complete dissociation of OM protein-protein interactions 

(67). 

Polyacrylamide Gel Electrophoresis 

Each sample to be assayed was finally applied to 10% 

polyacrylamide disc gels (46, 58) which were run at 1 

mAmp/tube for 2 hours and then 1.5 mAmp/tube for 4 1/2 to 

5 hours. The extruded gels were then quick frozen with 

dry ice and serially sliced at 1 mm intervals with a 

Mickle gel slicer. Each slice was solubilized in 0.5 ml 

of 30% hydrogen peroxide made alkaline with 1:50 volume 

of concentrated ammonium hydroxide at 41°C overnight (6 3). 

The solubilized samples were taken up in 3.5 ml of Triton 

X-114 scintillation cocktail, gently mixed, and counted on 

a Beckman LS230 scintillation counter. Figure 11. 



FRESH LABELLED CELLS 

LYSOZYME SPHEROPLASTS 
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SONICATION 

DIFFERENTIAL CENTRIFUGATION 
(FOUR SPINS) 

44% SUCROSE 
SEPARATION OF IM FROM OM 

SOLUBILIZED IN TX-lOO DIALYZED vs 
.05M NaCl BUFFER 

DNA-CELLULOSE 

"^O.IOM NaCl ELUTION 

0.40M NaCl ELUTION 

l.OM NaCl ELUTION 

L 
•2.0M NaCl ELUTION with 
5.0M Urea 

2% SDS with 5% BMSH 

10% PAGE 

SERIALLY SLICED AND SOLUBILIZED AND 
SCINTILLATION COUNTED IN TX-114 COCKTAIL 

Fig. 11. Outline of outer membrane protein extraction. 
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DNA-Sizing and Co-sedimentation Procedure 

14 

C-DNA (vide infra) was sheared by passage 25 times 

through a 25 guage hypodermic needle. The sheared DNA 

was sized at 21.5S by timed sedimentation through a 5-20% 

neutral sucrose density gradient in an SW50.1 swinging-

bucket rotor at 149,000 x g (R ) (84). 

Co-sedimentation was performed after incubating 250 

microliters of the highest peak sample of each salt elu-
3 tion (approximately 45,000 H cpm) after dialysis against 

low salt buffer, with 10 microliters (approximately 600 

14 micrograms) of C-DNA for 30 minutes at 4°C. Following 

centrifugation on a neutral 5-20% sucrose gradient (vide 

supra) the gradient was collected from the bottom of the 

tube onto Whatman 3MM discs and counted in a scintillation 

counter (81). 



CHAPTER VII 

RESULTS 

Characterization of OM DNA-binding 
Proteins from HMT Cells 

Table 6 is a representation of the proteins found in 

the DNA-cellulose fractionated samples of HMT, expressed 

as a percentage of the total OM proteins. Note the in

herent variability in the values for all fractions. 

TABLE 6 

ISOTOPICALLY LABELLED PROTEIN FRACTIONS OF HMT 
EXPRESSED AS A PERCENTAGE OF TOTAL 

OUTER MEMBRANE PROTEINS^ 

Strain HMT 

Total Outer Membrane Proteins 100% 

O.IM NaCl Eluted Proteins 80.4 ± 9.1 

0.4M NaCl Eluted Proteins 6.0 ± 4.7 

l.OM NaCl Eluted Proteins 2.2 ^ 1.2 

2M NaCl plus 5M Urea Eluted Proteins 2.0 * 1.4 

Determined by dividing the elution radioactivity 
by the total OM protein radioactivity. 

A comparison of each of the protein fractions of HMT, 

both boiled and dialyzed, is shown in Figures 12 through 

16. In Figure 12 the profile of the total OM proteins is 

39 
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Fig. 12. Gel profile of total HMT outer membrane pro
teins, o o, dialyzed; • •, boiled. 
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Fig. 13. Gel profile of HMT outer membrane non-DNA-
binding proteins. o o, dialyzed; • •, boiled. 
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Fig. 14. Gel profile of HMT outer membrane DNA-
binding proteins eluted by 0.4M NaCl. o o, dialyzed; 
• •, boiled. 
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Fig. 15. Gel profile of HMT outer membrane DNA-
binding proteins eluted by l.OM NaCl. o o, dialyzed 
• •, boiled. 
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shown. Polypeptides are prevalent in the regions of 7-15 

kD, 24-35 kD and 50 kD. In addition, note that the very 

high molecular weight material at the top of the gel is 

dissociated by boiling. Figure 13 illustrates the profile 

of the OM proteins which do not bind to DNA-cellulose. 

There is an apparent shift of the peaks to 24 kD and a 

slight increase in the peak near 120 kD. Note also the 

decrease in the very low molecular weight peaks compared 

with the total OM profile in Figure 12. It must be re

membered that this sample represents a composition similar 

to that of the total OM proteins except depleted specific

ally in those polypeptides which bind to DNA-cellulose. 

Figure 13 represents the polypeptides eluted in the 0. 4M 

NaCl moderate-binding fraction. Once again, note the 

further decrease in the very low molecular weight poly

peptides and a corresponding increase in a peak near 120 

kD, and a similar increase in the 24 kD peak. In Figure 

14 the l.OM NaCl eluted tightly-binding protein profile 

is illustrated. Note that this fraction is characterized 

by a diminution of the 24 kD peak with a corresponding 

dramatic increase of the peak near 120 kD. In Figure 15 

it is apparent that this peak is not a component of the 

proteins remove from the column solely by 2M NaCl with 5M 

urea (a chaotropic agent). From these illustrations it 

apparent that there is a gradual increase in a protein 



46 

complex at about 120 kD molecular weight corresponding to 

the increasing tightness of binding of the class of pro

teins. This tightly-binding complex contains 0.7-1.7% 

of the total OM proteins and about .08-.175% of the total 

cellular proteins, consequently it is not a major con

stituent of either the outer membrane proteins or the 

total cell proteins. That this was not merely adventitious 

binding was demonstrated by the fact that less than 1% of 

the total OM proteins bind to plain CFll cellulose. In 

addition, the formation of this complex is not the result 

of non-specific coascervation since raising the NaCl con

centration of the O.IM NaCl and 0.4M NaCl elutions to IM 

did not result in the production of a 120 kD species in 

either sample. 

Binding Affinity of Binding Proteins 
to Homologous DNA 

An attempt was made to measure the tightness and 

stoichiometry of binding of the DNA-binding OM fractions 

through co-sedimentation of the peak samples of the DNA-

14 binding fractions with C-DNA m a 5-20% neutral sucrose 

gradient. The results are shown in Figures 17 and 18. 

Figure 17 shows the sedimentation profile of the 0.4M NaCl 

eluted moderate-binding proteins, and Figure 18 shows the 

sedimentation profile of the l.OM NaCl eluted tightly-

binding proteins. As depicted in the two illustrations 

'̂  -*« 
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SOS 3/. IS ?.2.5S 10.25 

Fig. 17. Co-sedimentation of H-labelled HMT 0.4M 
NaCl eluted outer membrane DNA-binding proteins on a 
neutral 5-20% sucrose gradient with l^c-iabelled HMT DNA 
o o, 3H-iabelled proteins; • •, l^c-iabelled DNA. 
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Fig. 18. Co-sedimentation of H-labelled HMT l.OM 
NaCl eluted outer membrane DNA-binding proteins on a 
neutral 5-20% sucrose gradient with l^C-labelled HMT DNA 
o o, ^H-labelled proteins;. • •, I'̂ C-labelled DNA. 
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there is some overlap of the protein and DNA peaks, but no 

clear coincidence. To determine if this was an artifact of 

the sedimentation procedure OM proteins were adsorbed onto 

phosphocellulose and eluted with l.OM NaCl buffer. After 

dialysis to low salt concentration the eluted proteins 

were passed through a DNA-cellulose column. Although 22% 

of the OM proteins bound to phosphocellulose, less than 1% 

of the phosphocellulose binding proteins subsequently 

bound to DNA-cellulose. These results suggest that the 

first salt elution irreversibly damaged the protein's 

ability to bind to DNA in vitro. Note that this is in 

contradistinction to the soluble proteins found in N167 

in which 10% of the phosphocellulose binding proteins also 

bind to DNA-cellulose (see Table 3). This may indicate a 

fundamental difference between the soluble and membrane-

associated DNA-binding proteins. 

Characterization of OM DNA-binding 
Proteins of P400, P530 and P530-lgII 

It was decided to compare the HMT binding proteins 

(Table 6) with OM proteins extracted from mutants known to 

be deficient in major OM proteins pi and/or pll* (80) to 

determine if the absence of proteins usually present in 

large amounts would alter the OM DNA-binding protein pro

files. Figure 19 shows the total OM proteins from P400 

which has all of the major OM proteins, compared with P530, 

TEXAS TECH LIBRARY 
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Fig. 19. Comparison gel profiles of total ou^er mem-
brano proteins of P400 and P530. • •, P400; o o, 
P530. 
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an omission mutant lacking pi (a 38 kD OM protein). The 

regions in which polypeptides are prevalent are similar to 

HMT with the exceptions being the diminution of the very 

low molecular weight peaks, and the presence of a very 

high 120 kD peak in P400. There is no such peak, however, 

in P530. The fact that this peak is dissociated by boiling 

(not shown) indicates that it is a complex. Figure 20 

shows the compared O.IM NaCl elution profiles of P400, 

P530 and P530-lgII. Note the apparent large increase in 

the low molecular weight peaks of P400, and the very 

heterogeneous character of the P530-lgII profile. Once 

again, the profiles of P400 and P530 are similar with the 

exception of the very high 120 kD peak in the P400 profile. 

The relationship of the three profiles in Figures 21 and 

22, representing the moderate-binding and tight-binding 

proteins of the three cell types is similar, with the 

lowest molecular weight peaks continuing to diminish and 

the 120 kD peak of P400 continuing to increase in height 

(it is, in fact, further off scale with each succeeding 

illustration). The profiles of the proteins eluted by 5M 

urea with 2M NaCl are seen in Figure 23. The profiles of 

P400 and P530 appear similar to the O.IM elution profiles, 

but P530-lgII shows a heterogeneity not seen in earlier 

elutions, though characteristically showing a depression 

in the region in which it's two omitted protein species 



52 

.h' 

/ 
v;W-. 

W .. ^ «. » -̂  -w*-

M .'. , ' IJ 
fjO I < 

l " i q . 2 0 . (\onip<n i s o i . cjeJ p r o l i l o s o f j ) O i i - l - ^ A - M nH i n i 
o i i t ( M i iK j i nh rane f r o t c m s o\ P 4 0 0 , P 5 3 0 i n d f"". i O - ] ' ) i l 
, - • , P.JOO; o . ) , P-, 10 ; • - - _ • , P 5 3 0 - J c i l l . 



53 

Fig. 21. Comparison gel profiles of 0 
DNA-binding outer membrane proteins of P400 
P530-lgII. • #, P400; o o, P530; •--. 
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would normally be found in the wild-type cell. Perhaps 

the most interesting new polypeptide species in the double 

mutant is the 60 kD peak. Interestingly, this peak was not 

dissociated by boiling, indicating that it represents a 

single polypeptide and not a complex. Note also in Table 

7 that this sample represents a much higher proportion of 

the OM proteins than does the 5M urea sample of P400 or 

P530. Note the similarity of the remaining values in 

Table 7 with those of HMT in Table 6. This indicates that 

even mutants missing two major OM proteins have classes of 

proteins capable of binding homologous DNA-cellulose in 

vitro, although their specific profiles may differ a 

great deal from even closely related strains. Addition

ally, it is apparent that the pi and pll* proteins may be 

involved in the formation of the 120 kD complex since this 

complex is present in various fractions of the two wild-

type cells, but is present in neither mutant cell strain. 



57 

CM 

o 
w 

E H 

W 
CJ 

W 
a. 
< rd 

w 
W EH 
2 O 
O « 

EH 
U W 

fa 

w 2 
EH 
O « 

P 
W 

W 
PQ 

>H 

U 
M 

o 
o 

EH 

O 

< 
E H 
O 

D̂  

o 
ro 
i n 
04 

o 
ro 
i n 
04 

o 
ro 
in 
04 

o 
o 

04 

o 
o 
04 

o as 
o in 

o 
o 

dP 
O 
O 

c»P 
O 

o 

•H 
(U 
4J 
O 
M 
04 

a 
• H 
(d 
V4 
+J 
w 

<u 
c 
rd 
U qui 

Q) 
s 
v̂  
Q) 
•p 
p 

o 
rH 
(d 
4-» 
0 
EH 

ro 

00 

as 
dP 
O 00 
o r̂  

in 

o 

c; 
• H 
Q) 

o 
U 

04 

Q) 

:3 

u 
«d 
2 

ro 

ro 

CM 

ro 

in 

in 

as 

C 
• H 
Q) 

- P 
O 

u 
04 

0) 
-p 

w 

u 
<d 
2 

in 
CM 

CNJ 

00 

o 

en 
c: 

• H 
Q) 

4-> 
O 
u 

04 

-p 

w 

u 
rd 

S 
o 

ro 

CNJ 

as 

00 

o 

O 
• H 
-P 
:3 

W 

rd 
0) 

D 

S 
in 

en 

n-i 

u 
rd 

00 

ro 
vo 
o 

00 

00 
00 

in 

CO 

> i 
M 

> 
O 
U 

0) 
U 
M 
Q) 

04 

> 1 
XI 

r-i 

a, 
B 
rd 
W 

C 
O 

• H 
- p 

rH 
cu 

x: 
u 
rd 
0) 

M-) 

O 

> 1 
-p 
•H 
> 

•H 
-p 
u 
rd 
O 

•rH 

rd 
M 

(U 
x: 
-p 

en 
•H 
Tl 
•H 
> • 

•H > i 
TJ -P 

•H 
> i > 

XI -H 
-P 

TJ U 
0) rd 
d O 

•H -H 

M rd 
0) M 
JJ 
0) S 
Q O 

(d 

rd 

O 
4J 



CHAPTER VIII 

CONCLUSION 

In this investigation of the DNA-binding properties 

of outer membrane proteins four major classes have been 

found. Their characteristic molecular weight ranges are 

7-15 kD, 24-35 kD, 50 kD and 120 kD. Perhaps the most in

teresting class is the 120 kD class found predominantly in 

the tighter-binding fractions of HMT. The peak is a com

plex of proteins since it is dissociable by boiling, yet 

interestingly is not dissociated by exposure to 4M urea in 

the detergent removal procedure, indicating that this com

plex is not predominantly stabilized by entropic inter

actions . 

As has been mentioned, the percentage of protein in 

the 120 kD peak of the l.OM NaCl eluted tightly-binding 

protein fraction of HMT is only .08-.175% of the total cell 

proteins. This would only account for 300-600 protein 
« 

complexes of 120 kD molecular weight. Since it has been 

demonstrated that outer membrane-inner membrane adhesion 

sites number from 200-400 in E. coli (85) it is tempting 

to speculate that the 120 kD complex represents these ad

hesion sites and that chromosome segregation may occur in 
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concert with the bidirectional growth of the murein sac-

culus (86) through which the OM-IM adhesion sites are 

associated. 

There is, of course, a 120 kD species in all of the 

fractions of P400, and virtually no trace of it in the 

two omission mutants. The presence of the 120 kD peak, 

representing 13% of the total P400 OM proteins, clouds 

the interpretation above concerning HMT. However, it is 

possible that this may simply reflect a difference in the 

total numbers, or functional maturity, of certain mem

brane associated structures with which the essential DNA-

binding proteins may be associated (87, 88). In addition, 

this protein or proteins may be able to function more or 

less effectively in complexes of other than 120 kD molecu

lar weight, since the two omission mutants are obviously 

able to replicate normally. On the other hand, it is 

possible that the 120 kD peaks of HMT and P400 are not 

identical species but represent complexes which only 

coincidentally are of similar molecular weight. 

The profiles of both P530 and P530-lgII reflect the 

increase in percentage of non-major OM protein species re

placing omitted major OM proteins (Dietrich, personal com

munication) . One might speculate that this increased back

ground of labelled proteins may obscure minor, but none

theless essential, differences in the respective DNA-



60 

binding profiles. 

In conclusion, it is apparent that the outer membrane 

contains proteins capable of tightly binding to double 

stranded DNA in vitro. It is further evident that these 

proteins may exist in the form of a complex. Complete 

delineation of the nature of this complex will av.ait 

isolation of the 120 kD complexes of both P400 and HMT 

and comparison of the specific subspecies of polypeptides 

present in each complex. 
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