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The role of lipopolysaccharide core components in DNA permeability of Escherichia 

coli was studied. The K-12 BW25113 wild type strain and its derivatives containing deep-
rough mutations of rfaG, rfaP, and rfaC, which are defective in terms of 
lipopolysaccharide core structure, were assessed for DNA permeability using heat shock 
transformation. Outer membrane stability was also assessed through antibiotic and 
detergent sensitivity tests. Although the minimum inhibitory concentrations for 
novobiocin and sodium dodecyl sulfate adhered to the expected observations of rfaC 
being more sensitive than rfaP, then rfaG, and wild type, the transformation frequencies 
showed the unexpected results of rfaC, rfaP, wild type, and rfaG in the order of highest to 
lowest. Both the polysaccharide chain and phosphorylation of the lipopolysaccharide core 
were found to affect outer membrane permeability to small molecules and DNA. 

 
 

Escherichia coli is a Gram negative bacterium with 
an outer membrane (OM) covered in lipopolysaccharide 
(LPS). LPS contributes to the structural integrity of 
bacteria and protects their membranes by acting as a 
physical barrier. LPS is composed of three main 
sections: lipid A, the core, and the O-antigen (19). Lipid 
A anchors each LPS molecule into the OM. The core is 
a branched oligosaccharide chain with phosphoryl 
substituents (19). It is the component under 
investigation because the negative charges of the 
phosphoryl substituents are postulated to stabilize the 
OM by bridging neighbouring LPS core molecules 
through divalent cation interactions (19). The O-antigen 
is the outermost part of LPS and it has not been shown 
to affect OM stability or permeability (7).  

E. coli spheroplast cells, which lack both cell walls 
and most of the OM, are 100 times more frequently 
transformed using a modified Hanahan protocol than 
wild type cells (9). This observation suggests that the 
OM significantly affects the permeability of E. coli to 
DNA and therefore possibly the permeability of other 
large molecules as well, such as large peptide 
antibiotics. Optimizing E. coli strains for maximum 
transformation efficiency may also be beneficial to labs 
conducting cloning procedures.  

The rfa operon of E. coli contains the many genes 
needed for LPS synthesis (8). The points at which each 
gene product affects LPS structure are shown in Fig. 1. 
Yethon et al. (20) have demonstrated that disrupting the 
rfaG gene in E. coli F470 results in destabilization of 
the OM because phosphorylation of the core is reduced 
when the LPS molecule is truncated above Hep II 
(Fig.1). A non-functional RfaG enzyme not only 

destabilizes LPS structure by preventing 
phosphorylation catalyzed by RfaY, but also reduces 
the length of core LPS by roughly half (Fig.1) (20). The 
LPS found in the rfaP mutant is not phosphorylated at 
the Hep I or the Hep II positions (Fig. 1) because a 
phosphate group at Hep I is also a prerequisite for a 
RfaY function (19). This reduction in negative charges 
caused by the loss of phosphoryl groups results in 
destabilization of the OM (19) and may also allow 
negatively charged DNA molecules to pass more easily. 
The effect of removing all sugars in the LPS core was 
also investigated through the use of a rfaC mutant, 
which has a LPS that is truncated below Hep I (Fig. 1). 
RfaG, RfaP, and RfaC are not known to directly 
participate in other metabolic pathways (8), therefore 
growth and plasmid replication in rich media were not 
expected to be negatively impacted significantly. In 
addition, wild type E. coli K-12 BW25113 and mutants 
originating from this strain used for this study do not 
synthesize the O-antigen (12), which reduces the 
probability of confounding factors for the data. 

Using heat shock transformation as a tool, the role 
of LPS core components in DNA permeability of E. 
coli K-12 BW25113 wild type strain and its isogenic 
derivative mutants for rfaG, rfaP, and rfaC was studied. 
These are characterized as deep-rough mutants due to 
losses of phosphoryl groups in the LPS core region 
(19). In order to first assess the OM stability and small-
molecule permeability of the mutants, two sensitivity 
tests were performed on each strain using the antibiotic 
novobiocin and the detergent sodium dodecyl sulfate 
(SDS). The rfaC mutant was hypothesized to be the 
most affected by both novobiocin and SDS due to its 
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extremely truncated LPS core, followed by rfaP, then 
rfaG, and then the wild type. Since the cells with the 
least stable OM would be most affected, we expected 
that the transformation efficiency would also follow 
this pattern; that is, the rfaC mutant would give the 
highest transformation efficiency. The results of the 
study agreed with the hypothesis with the exception of 
the rfaG mutant which exhibited an unusually low 
transformation frequency. 

 
MATERIALS AND METHODS 

 
Bacterial strains and plasmids. E. coli JW3606-1, JW3605-1, 

and JW3596-1, which are isogenic deletion mutants of rfaG, rfaP, 
and rfaC, respectively, were obtained from the Keio collection (1) of 
the Coli Genetic Stock Centre (Yale University). The parental strain, 
E. coli BW25113, from which the isogenic mutants were derived, was 
obtained from the MICB 421 laboratory stock (UBC) and was used as 
the wild type strain in this study. E. coli DH5α expressing pUC19 
plasmid was obtained from the MICB 421 laboratory stock.  

Media, growth conditions, and buffers. All bacterial strains 
were grown in Luria-Bertani (LB) broth (1% (w/v) Bacto-tryptone, 
0.5% (w/v) Bacto-yeast extract, 1% (w/v) NaCl) at 37 °C. For the 
initial culturing, E. coli BW25113 and the isogenic rfa mutants were 
streaked on LB agar medium (LB broth containing 1.5% (w/v) agar) 
and incubated at 42 °C in order to prevent the replication of the 
temperature-sensitive, ampicillin-resistant plasmid pKD46 (4). 
Phosphate buffered saline (PBS) at pH 7.6 was prepared by 
dissolving Na2HPO4 (1.24 g/l), NaH2PO4·H2O (0.9 g/l), and NaCl (8.5 
g/l) in distilled water. 

Antibiotic and SDS sensitivity tests. Minimum inhibitory 
concentration (MIC) assays for novobiocin and SDS were performed 
on the wild type and rfa mutant strains using a procedure described 
by Yethon et al. (19), with some modifications. Briefly, using LB 
broth, two-fold serial dilutions were made of novobiocin (Sigma 
N1628) from 400 to 3.125 μg/ml and SDS (EM Science DX2490-2) 
from 400 to 0.2 mg/ml. Then, 100 μl of each diluted solution of 
novobiocin or SDS was mixed with 100 μl of the appropriate bacterial 
culture (at ~0.15 OD600) in a well of the 96-well microtiter plate, 
resulting in a final novobiocin concentration range of 200 to 1.6 
μg/ml and a final SDS concentration range of 200 to 0.1 mg/ml. 
Control wells were set up with bacterial culture only or with LB broth 
only. All samples were prepared in triplicate. Microtiter plates were 
incubated without shaking at 37 °C for approximately 20 h, and 
turbidity was read at 595 nm using the BioRad Model 3550 
Microplate Reader. MICs for each strain were determined based on 
the minimum concentration of novobiocin or SDS at which the 
turbidity reading was roughly just below 0.2 OD595.  

Plasmid isolation. pUC19 plasmid was isolated from E. coli 
DH5α using the PureLink Quick Plasmid Miniprep Kit (Invitrogen 
K2100-10), according to the manufacturer’s instructions. The plasmid 
concentration and purity were assessed using a 
Beckman spectrophotometer by measuring absorbance at 260 and 280 
nm. To confirm successful isolation, the plasmid was digested with 

SacI (Invitrogen 15436-017) and EcoRI (New England Biolab 
R0101S) at 37 °C for 1 h, followed by electrophoresis on a 0.7 % 
(w/v) agarose gel at 100 V for 30 min. The gel was visualized using 
the Alpha Imager software. 

Preparation of competent cells. From an isolated colony on a 
previously streaked LB agar plate of each strain, 10 ml of LB broth 
was inoculated and incubated overnight on shaking platform at 37 °C. 
After approximately 18 h, appropriate dilution of each culture was 
done using LB broth to obtain a turbidity of 0.3 OD600, which was 
then grown to approximately 0.6 OD600 at the time of competent cell 
preparation. All the cells were then treated with CaCl2 according a 
modified Hanahan protocol termed the Inoue method (14). Aliquots 
of competent cells were stored at -80 °C until ready to use. 

Transformation and plating. For each strain, two 50-μl aliquots 
of competent cells were used. For the first aliquot, while thawing on 
ice, 10 ng of isolated pUC19 plasmid DNA was added, while the 
second aliquot remained untreated. All cells were incubated on ice for 
30 min. The DNA-treated cells were then heat-shocked for 45 s in 42 
°C water bath and returned to ice for 2 min. All cells were then 
recovered by incubation in LB broth at 37 °C with shaking at 150 rpm 
for 1.5 h. After the recovery period, appropriate dilutions of the 
cultures were prepared using PBS and spread plated onto LB agar 
plates with or without ampicillin (100 μg/ml). All plates were 
incubated at 37 °C for approximately 18 h.  

Calculation of transformation efficiency. The colony count raw 
data for transformation were processed using the methods described 
in the Microbiology 421 Laboratory Manual (13). Transformation 
efficiencies were calculated in three ways as previously described (2): 
transformants (DNA-treated, heat-shocked cells on LB-ampicillin 
agar medium) per microgram of plasmid DNA, transformants per 
viable cell (DNA-treated, heat-shocked cells on LB agar medium), 
and transformants per input cell (untreated cells on LB agar medium). 
The calculated values were averaged from two separate 
transformation trials, and 95% confidence limits (± 2 standard 
deviations) were calculated as described (13). 

 
RESULTS 

 
Effect of rfa mutations on bacterial colony 

morphology. After the initial culturing of wild type E. 
coli BW25113 and the isogenic rfa mutants on LB agar 
medium, macroscopic observations were made on the 
size and morphology of isolated colonies of each strain 
(Table 1). The colony sizes of rfaP and rfaC mutants 
were not noticeably different from the wild type, while 
the colonies of the rfaG mutant were visibly larger 
(Table 1). Other than size, the colony morphology of 
rfaG was also quite different from that of the other 
strains. The rfaG colonies were irregularly shaped and 
had dull and rough surfaces, in contrast to the round, 
shiny, and smooth wild type colonies. An additional 
characteristic of the rfaG colonies was their dryness to 

 
TABLE 1. Observed colony size and morphology of wild type E. coli BW25113 and isogenic rfa mutants. 

 
Strain Colony diameter 

(mm) 
Colony morphology 

BW25113 (wild type) 
JW3606-1 (rfaG) 
JW3605-1 (rfaP) 
JW3596-1 (rfaC) 

1.5-2.5 
3-4 
2 
2 

shiny, smooth surface, circular, regular outline 
dull, rough, irregular shape and outline, dry 

shiny, smooth surface, circular, regular outline 
shiny, slightly rough surface, slightly irregular outline 
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the touch of an inoculating loop. Although not to the 
same extent as rfaG, the rfaC colonies also appeared 
slightly rough with irregular edges, while the colony 
morphology of rfaP resembled the wild type most 
closely. 

Consistent with the colony morphology 
observations, several differences between rfaG and the 
other strains were also noted during competent cell 
preparation and transformation. In the preparation of 
competent cells, the cell pellet obtained from the 
centrifugation of the rfaG overnight culture had a flaky 
appearance, while the cell pellets of the other strains 
were packed tightly at the bottom of the tubes. Another 
observation unique to the rfaG mutant was made at the 
end of the 1.5-hour recovery period during 
transformation. All the cells, whether subjected to heat 
shock with DNA or not, settled to the bottom of the 
tube in flakes while the rest of the culture appeared 
clear. In contrast, the cultures of the wild type and the 
other two rfa mutants appeared evenly turbid with no 
visible cell clumps after the recovery period.  

Effect of rfa mutations on novobiocin and SDS 
sensitivity. To assess the phenotypes of the rfa mutants 
and wild type E. coli BW25113, MIC assays were 
performed to test each strain’s sensitivity to novobiocin 
and SDS. The rfaC mutant had the lowest MIC for 
novobiocin and was therefore most susceptible to the 
antibiotic, followed by rfaP, rfaG, and finally the wild 
type (Table 2). An approximate two-fold difference in 
novobiocin sensitivity was observed between rfaC and 
rfaP as well as between rfaP and rfaG (Table 2). 
Although the MIC of novobiocin for the wild type 
could only be estimated as greater than 200 μg/ml (the 
highest concentration used in the assay), it was clearly 
much more resistant to the antibiotic than the other 
strains. This was indicated by a turbidity reading of 
around 0.5 OD595 units for wild type cells treated with a 
final novobiocin concentration of 200 μg/ml, while all 
the other strains showed no sign of growth at this 
concentration (raw data not shown and Table 2). 

Similar to the trend from the novobiocin sensitivity 
test, the order of decreasing sensitivity to SDS was 
found to be as follows: rfaC, rfaP, rfaG, and then wild 
type, each differing from the next by roughly two-fold 

(Table 2). However, using the concentrations suggested 
by Yethon et al. (19) for the MIC assays in this study, 
all four strains were killed at the lower end of the 
suggested concentration range of SDS (ie. 0.1 to 0.8 
mg/ml in a range of 0.1-200 mg/ml) compared to 
novobiocin (ie. 50 to >200 μg/ml in a range of 1.6-200 
μg/ml).  

TABLE 2. Effect of isogenic rfa mutation on novobiocin and SDS sensitivity of E. coli BW25113 assessed using the MIC assay. 
 

MIC 
Strain 

Novobiocin (μg/ml) SDS (mg/ml) 

BW25113 (wild type) >200 0.8 

JW3606-1 (rfaG) 200 0.4 

JW3605-1 (rfaP) 100 0.2-0.4 

JW3596-1 (rfaC) 50 0.1-0.2 
 

Effect of rfa mutations on transformation 
efficiency. To test the transformability of wild type E. 
coli BW25113 and the rfa mutants, competent cells of 
each strain were treated with pUC19 plasmid, which 
carries the ampicillin resistance gene, allowing the 
selection of transformants on LB agar medium with 
ampicillin. As expected, for the untreated control of all 
four strains, no colonies grew on LB agar medium with 
ampicillin (data not shown), which confirmed the loss 
of the ampicillin-resistant pKD46 plasmid present in 
the Keio strains (1, 4). The growth of cells treated with 
pUC19 on LB-ampicillin medium also shows that these 
cells, or transformants, gained ampicillin resistance via 
the uptake and expression of pUC19.  

The efficiency of transformation for each strain was 
assessed using three different calculations, as described 
in Materials and Methods. In terms of the ratio of 
transformants to the amount of plasmid DNA present, 
the rfaP mutant showed the highest efficiency, followed 
closely by rfaC and then the wild type, although the 
difference between rfaP and rfaC was not significant 
due to overlapping 95% confidence intervals (Table 3). 
Also, less than two-fold difference was observed 
between the number of transformants obtained by the 
rfaP and rfaC mutants per microgram of DNA 
compared to the wild type (Table 3). By normalizing 
the number of transformants against the total number of 
cells surviving transformation, which is essentially a 
calculation of the transformation frequency, we 
observed a much greater difference between the wild 
type and the rfa mutants. The transformation 
frequencies of rfaC and rfaP were approximately 5 and 
3 times greater, respectively, than the wild type (Table 
3). The same trend was obtained when the number of 
transformants was normalized against the total number 
of input cells (Table 3). These values were slightly 
lower than the number of transformants per viable cell, 
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which correlates with survival rates of around 80 to 
90% (data not shown), suggesting that some cells, but 
not very many, were killed by heat shock during 
transformation. 

According to all three calculations, the 
transformation efficiency of the rfaG mutant was 
significantly lower compared to the other strains (Table 
3). However, these values might not reflect the true 
transformability of rfaG due to difficulty in the 
enumeration of transformant colonies. Similar to 
observations described above, the appearance of the 
rfaG transformant colonies on LB-ampicillin agar 
medium was again quite different from those of the 
other strains. Clusters of approximately 10 to 15 
colonies less than 1 mm in diameter were closely 
arranged in the middle with many pinprick-sized 
satellite colonies surrounding each cluster, but each 
cluster was counted as one colony. 

 
DISCUSSION 

 
The influence of LPS structure and its effect on OM 

stability have previously been investigated through 
MIC assays on various E. coli mutants with LPS defects 
using small molecules such as antibiotics and 
detergents (5, 6, 16, 19, 20). This experiment sought to 
study those same LPS structural components and their 
effects on DNA permeability using heat shock 
transformation. E. coli K-12 BW25113 wild type strain 
and isogenic deep-rough mutants of rfaG, rfaP, and 
rfaC were assessed for their susceptibility to 
novobiocin and SDS, and for their transformation 
efficiency. The degree of effect on the cells for all four 
strains in all three assays was hypothesized to be wild 
type, then rfaG, rfaP, and rfaC in the order of least to 
most affected. This hypothesis was formed mainly 
based on the level of phosphorylation reduction in the 
LPS core because the phosphoryl groups have 
previously been shown to be a major stabilizing factor 
in the OM (19).   

As expected, the MIC assays showed that the wild 
type was the least sensitive, followed by the rfaG, rfaP, 
and rfaC mutants (Table 2). This is consistent with one 

of the major phenotypic characteristics of deep-rough 
mutants: hypersensitivity towards hydrophobic 
compounds, anionic or neutral detergents, and cationic 
peptides (5, 19). Novobiocin is a bacteriocidal, 
hydrophobic antibiotic which needs to penetrate the 
OM to inhibit DNA synthesis inside the cell (17), while 
SDS is an anionic detergent that solubilizes proteins 
and emulsifies lipids such as ones comprising 
membranes (18). The rfaG mutant contains no 
phosphorylation at Hep II but still has 40% 
phosphorylation at Hep I (20), and the rfaP mutant 
lacks phosphorylation anywhere in its LPS core 
because a phosphoryl group at the Hep I site is a 
prerequisite for the function of RfaY (19) (Fig. 1). 
Thus, rfaG LPS retains 20% phosphorylation but lacks 
the polysaccharide chain above Hep II, while rfaP LPS 
retains the whole polysaccharide chain but lacks any 
degree of phosphorylation. The two-fold higher 
sensitivity (for both SDS and novobiocin) in rfaP 
mutants compared to rfaG mutants (Table 2) suggests 
that phosphoryl groups are more important in reducing 
OM permeability to small molecules than the 
polysaccharides. This confirms the previous finding 
that negatively-charged phosphoryl substituents in the 
heptose region of the LPS core contribute greatly to 
OM stability by cross-linking adjacent LPS molecules 
through divalent cations such as Mg2+ and Ca2+ (19). To 
further support this, Nikaido (10) had found that LPS-
LPS interactions were very strong in the presence of 
divalent cations.  

TABLE 3. Effect of isogenic rfa mutation on transformation of E. coli BW25113 with pUC19 plasmid DNA. 
 

Transformation efficiencya

Strain Transformants (× 104) per μg 
of DNA 

Transformants (× 10-7) per 
viable cell 

Transformants (× 10-7) per input 
cell 

BW25113 (wild type) 
JW3606-1 (rfaG) 
JW3605-1 (rfaP) 
JW3596-1 (rfaC) 

220 ± 30 
4 ± 1 

350 ± 50 
290 ± 30 

180 ± 40 
12 ± 6 

570 ± 160 
950 ± 140 

160 ± 40 
11 ± 5 

440 ± 110 
810 ± 200 

a Averaged from two separate trials, ± 95% confidence limits. 

The rfaC LPS is essentially rfaP LPS without the 
polysaccharide chain (Fig. 1) because they both 
completely lack phosphorylation. The two-fold increase 
in sensitivity from rfaP to rfaC (Table 2), which only 
possesses the 3-deoxy-D-manno-octulosonic acid (Kdo) 
at the stem of its LPS core (Fig. 1), suggests that the 
polysaccharides still protect a cell from small molecules 
to a degree even when there is no stabilization from the 
phosphoryl groups, most likely acting as a physical 
barrier to reduce permeability and to slow diffusion. 
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Other researchers have hypothesized that an increased 
concentration of phospholipids in the OM of deep-
rough mutants renders the membrane more permeable 
to hydrophobic molecules (5, 10). However there is no 
data from this study to support or refute that hypothesis. 
Extracting and assaying the phospholipid 
concentrations for each strain may be helpful in future 
studies.  

Although the MIC assay results were consistent 
with the hypothesis, the transformation results provided 
conflicting evidence. The calculated transformation 
efficiency, which is the number of transformants per 
microgram of DNA, showed the completely unexpected 
trend that rfaP is most efficiently transformed followed 
by rfaC, wild type, and rfaG. However, these numbers 
were not normalized to the absolute number of cells 
present after each transformation and so they are 
meaningless because the competent cell concentration 
for each strain was different. The transformation 
frequency, which is the number of transformants per 
viable cell, is better suited to describe the actual 
transformation events that took place because it is 
normalized to the total number of cells that survived the 
treatment. The transformation frequency matched the 

expectations with the surprising exception of the rfaG 
mutant. The frequencies from highest to lowest were 
rfaC, rfaP, wild type, and rfaG (Table 3). The 
relationship between rfaP and rfaC mutants was similar 
to the results from the MIC assays. The rfaC mutant 
was transformed at almost twice the frequency of rfaP, 
although a larger difference was expected because the 
larger size of the DNA plasmid (compared to 
novobiocin and SDS) should have caused it to become 
ensnared in the LPS more easily. This again suggests 
that the LPS core polysaccharides add to the protective 
function of LPS by acting as a physical barrier against 
the movement of larger molecules, such as DNA, across 
the OM. This also weakens the argument that increased 
phospholipid concentrations in the OM is responsible 
for the increased permeability because phospholipid 
membranes allow small hydrophobic molecules to cross 
easily (10), not large hydrophilic molecules such as 
DNA plasmids. Unfortunately, conclusions could not be 
made about the hypothesized antagonistic role of the 
negative charges of LPS phosphoryl groups against 
negatively charged DNA because of the anomalous data 
from the rfaG mutant.   

FIG. 1. Lipopolysaccharide structure of E. coli BW25113 
and the points at which each rfa mutation affects the core 
structure. The mutations in the strains used in this study are 
bolded. Abbreviations are as follows: GlcN, D-glucosamine; 
Kdo, 3-deoxy-D-manno-octulosonic acid; Hep, L-glycero-D-
manno-heptose; P, phosphate; EtNP, 2-aminoethyl phosphate; 
Glc, D-glucose; and Gal, D-galactose. This figure is modified 
from Yethon et al (20). 

It should be noted that while a higher death rate was 
expected for at least the rfaC mutant because of its 
severely truncated LPS, the survival rates for all strains 
were relatively consistent, ranging from 80 to 90% 
survival, therefore the results of transformation 
frequency were not distorted by anomalous levels of 
cell death, which would have inflated the 
transformation frequency. This observation may 
indicate that LPS structure does not contribute 
significantly to cellular integrity, at least in the case of 
extreme temperature fluctuations experienced during 
heat shock transformation. Since spheroplast cells 
devoid of any OM showed 30 to 50 fold increase in cell 
death (3), it can be speculated that some element 
spanning the space between LPS lipid A in the OM, the 
periplasm, and the cell membrane is responsible for cell 
survival in these situations. 

The rfaG mutant exhibited a surprisingly low 
transformation frequency of almost 50-fold less than 
the rfaP mutant whereas they were only two-fold apart 
in the MIC assays (Tables 2 and 3). In addition, several 
other macroscopic differences between the rfaG mutant 
and the other strains were observed during the course of 
the experiment. The rfaG cells were especially clumped 
together after the recovery period incubation of the 
transformations, the colonies on streaked LB agar plates 
were dry and irregularly-shaped, centrifuged cells 
during competent cell preparation appeared in flaky 
clumps, and cells spread onto LB-ampicillin agar plates 
after the recovery period formed odd clusters of 10 to 
15 colonies surrounded by tiny satellite colonies. These 
observations suggest that rfaG mutants tend to form 
aggregates. The observations and the unusually low 
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transformation frequency may be explained by the fact 
that rfaG mutants lack the ability to produce flagella, 
possibly due to the down-regulation of production 
caused by different signaling from the defective LPS 
molecules (11). They can also undergo filamentation 
where cells elongate but cannot form septa for division 
(11). The lack of flagella would have rendered the cells 
immobile, leading to settling at the bottom of the tube 
during the recovery period incubation. The lack of 
flagella may also have allowed the cells to adhere to 
each other more readily, thus reducing the surface area 
for DNA adsorption during transformation, effectively 
reducing probability of DNA penetration into the cells. 
The tendency to clump may have drastically reduced 
the dispersion of cells on spread plates leading to a 
decreased count because each of the clusters described 
above was counted as one colony. Lastly, if a cell was 
successfully transformed, it may not have been 
observed on the plates because of the inability to divide 
and form colonies caused by filamentation, again 
causing an underestimation of cell number. 

This study has shown that both the polysaccharide 
chain and phosphoryl groups of the LPS core affect the 
permeability of the small molecules novobiocin and 
SDS. The order of sensitivity for both molecules was 
lowest for the wild type cells, followed by the rfaG, 
rfaP, and rfaC mutants. The polysaccharide chain was 
shown to also affect OM permeability to DNA. 
However, the effect of the phosphoryl groups could not 
be determined due to unexpected rfaG mutant 
phenotypes which confounded the data. The 
transformation frequency was lowest for the rfaG 
mutant followed by wild type, rfaP, and rfaC mutants. 
 

FUTURE DIRECTIONS 
 

The continuation of our study may include 
examination of the basis of transformation efficiency 
variation in the LPS mutants, because the LPS core has 
two important components: the heptose groups and the 
phosphate groups attached to the heptoses. Since the 
effect of phosphate groups on transformation efficiency 
could not be fully studied because of the phenotypic 
changes observed in this study for the rfaG mutant, the 
relationship between the phosphorylation and 
transformation efficiency could be studied through the 
rfaY mutant, which has only one phosphate group on 
Hep II and can be compared to the rfaP mutant, which 
lacks both phosphate groups (Fig. 1). 

Literature suggests that the mechanism of chemical 
transformation is based on the bond formed between the 
DNA molecule and LPS on the cell surface and the 
subsequent uptake of the adsorbed DNA into the cell 
cytosol (15). The specific component responsible for 
DNA adsorption still remains to be identified. That is, 
in addition to studying whether the OM instability 

causes the DNA to enter the cell by simple diffusion, 
one could study whether the different components of 
LPS contribute to DNA adsorption to the cell surface. 
In this case, the O-antigen, which is absent in all strains 
used in our study, may also be investigated in respect to 
DNA binding and adsorption by testing the 
transformation efficiency of a strain with O-antigen, 
such as E. coli F470 (20), and compare it to strains 
without O-antigen. 

Many LPS mutations will affect cell to cell adhesion 
as well as cell-matrix adhesion due to the difference in 
the surface molecules (11). The hypothesis that 
transformation frequency in rfaG mutants was 
drastically reduced due to various problems arising 
from clumping may be studied by adding surfactant to 
the cell culture before transformation. This may break 
the clumps apart, ensuring that each cell has equal 
exposure to the DNA molecules. Adding surfactant to 
cells already treated with the transformation procedure, 
that is, immediately before spread plating, may also 
break clumps apart, allowing more accurate 
enumeration. 

Finally, the concentration of phospholipids in the 
OM can be investigated in the rfaC and rfaP mutants in 
order to determine whether phospholipid concentrations 
bear any effect on DNA permeability through the OM. 
This can be accomplished through extracting the 
phospholipids of the OM and assaying for 
concentration. If no differences in concentration are 
observed, the difference observed in the rfaC and rfaP 
mutant transformation frequencies can be more 
certainly attributed to the physical barrier of the 
polysaccharides. 
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