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Abstract 
 

Recently, the complete genome sequence of Campylobacter jejuni NCTC 11168 was published 
revealing the presence of only one open reading frame (Cj1411c) encoding for a cytochrome P450. The 
gene Cj1411c encodes for a soluble 52.6 kDa protein with a predicted isoelectric point of 9.3. The P450 
gene is part of an operon which hosts genes involved in the synthesis of cell surface components 
(capsula). Campylobacter capsule is important in adherence, invasion and colonisation of host cells 
and for maintenance of cell surface charge and serum resistance. These capsules are thought to cause 
autoimmunity leading to Guillan-Barre and Miller-Fischer syndromes. The aim of this study was to 
understand the metabolic role of this P450 cytochrome in order to elucidate its possible use as a new 
target for drug design. By deleting the P450 gene from the Campylobacter jejuni 11168 the capsular 
sugar profile of the knockout strain (NC1) revealed the presence of arabinose which was not found in 
the wild type strain (Wt). The arabinose was identified by both HPLC and NMR.  
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Introduction 
 

After isolation in 1970s, Campylobacter jejuni become the most commonly 
recognized cause of bacterial gastroenteritis in man. In animals is frequently found in bovines 
on ovines. Publishing of the genome sequence of Campylobacter jejuni 11168 (Parkhill et al., 
2000) revealed the presence of only one cytochrome P450 in an operon involved in sugar and 
cell surface biosynthesis. The gene name is Cj1411c, is 1359 bp long and encodes 453 aa. The 
sequence is strictly conserved in Campylobacter jejuni RM221. Similarities with two 
cytochrome P450s, one form Silicobacter sp. and one form Poloromonas sp., were identified. 
These two enzymes are known to be involved in ascorbate and aldarate metabolism. 

The Cytochromes P450 were first discovered by (Klingenberg, 1958) who was 
studying the spectrophotometric proprieties of pigments in microsomal fraction from rat 
livers. When the reducing agent was added to microsomes and CO was bubbled in the 
solution a complex with an unusual Soret absorbance band was observed at 450 nm. The 
identification of this red pigment remained a curiosityuntil the `60s when it was (Omura et al., 
1962) this pigment was characterised as a hemoprotein. In 1963 Estabrook (Estabrook et al., 
1963) demonstrated the role of adrenal cortex P450 in the hydroxylation of progesterone. In 
1965 the P450s from liver microsomes were found to have a role in the metabolism of drugs 
and other xenobiotics. P450s represent one of the most diverse families of monooxygenases 
being present in all domains of life: bacteria, eukarya and archaea. In the last few years, 
through genome sequencing projects, a large number of P450s have been identified. (Tijet et 
al., 2001) identified in Drosophila melanogaster ~ 90 sequences and over 275 P450 genes in 
Arabidopsis thaliana. In Mycobacterium tuberculosis 20 genes responsible for encoding P450 
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monooxygenases were identified but only 18 in Streptomyces coelicolor (Lamb et al., 2002). 
In other bacteria like Mycobacterium leprae or Campylobacter jejuni 11168 the genome 
encodes for only one cytochrome P450. On the other hand the number of the identified P450s 
significantly increased when the human genome was characterized as having 40 cytochromes 
or in the rice genomes over 400 P450s have been identified.  

In biochemical terms P450s are b-type heme containing NAD(P)H-dependent 
monooxygenases. The heme iron is coordinated by the sulphur atom of a cysteine residue and 
is able to bind and activate molecular oxygen. P450s catalyse the stereo- and region-specific 
insertion of an oxygen atom, from molecular oxygen, into a wide range of organic substrates. 
P450s are involved in a wide range of metabolic processes, both anabolic and catabolic. In 
insects for example they are involved in growth, development, feeding and protection against 
xenobiotics (Anzenbacher et al., 2001), including resistance to pesticides and tolerance to 
plant toxins (Scott et al., 2001). Fatty acids, lignin, hormones, alkaloids, flavanoids and 
terpenoids are some of the most common targets for P450s in plants (Schuler, 1996). For 
mammals the best example might be CYP11A1 which converts cholesterol to pregnenolone. 
In fungi one of the most known is represented by CYP51 a P450 involved in fungal sterol 
biosynthesis which was described by (Lupetti et al., 2002). Another fungal P450 is 
CYP107A1 which is required to hydroxylate an important precursor in erythromycin 
biosynthesis (Andersen et al., 1993) (Healy et al., 2002). Hiroshi et. al, (2004) (Teramoto et 
al., 2004) mentions fungal P450s as being involved in hydroxylation of substituted toluene to 
form their hydroxymethyl derivatives. 

The localization of the P450 gene in an operon in which most gene products are 
apparently involved either in biosynthesis of cell surface components or in sugar biosynthesis 
was the starting point in identification of the P450 enzyme function. Cytochrome P450s 
systems are more likely, than a “glucuronolactone dehydrogenase” to be responsible for the 
formation of D-glucaric acid in vivo. There is no other published evidence about any other 
P450s being involved in carbohydrate metabolism. In order to investigate the involvement of 
cytochrome P450 from C. Jejuni 11168 we have constructed and P450 knockout 
(Corcionivoschi et al., 2009) strain and we have analysed the structure of outer surface 
polysaccharides via HPLC and NMR. 
 
Material and methods 
 

Capsular sugar extraction 
After centrifugation Campylobacter cells were resuspended in 70 % ethanol and were 

stirred for few minutes. Cells were harvested again and resuspended in acetone and air dried after 
collection. For hydrolysation was used 2 M trifluoroacetic acid (TFA) and samples were heated at 
120 0C for 1 hour (10 mg acetone powder take 1 ml TFA), and dried in a speed vacuum. The 
resulted pellet was resuspended in a small amount of water (Karlyshev et al., 2001). 

Capsular polysaccharides preparation  
Capsular polysaccharides were prepared using a method described by (Hitchcock et 

al., 1983). Cells from 42 hours MH agar plates were resuspended after centrifugation in 100 
μl lysis buffer containing 31.25 mM Tris-HCl (pH 6.8), 4 % SDS, 0.025 % bromphenol blue 
and 20 % glycerol. Samples were heated at 100 0C for 5 minutes. 20 μl of this was transferred 
in a fresh tube and 1 μl of 20 % proteinase K was added to the solution. The reactions were 
incubated for 1 hour at 50 0C. 

Silver staining of the capsular polysaccharides 
For detection the capsular polysaccharides were loaded into a 10 % polyacrylamide 

gel in seven steps. In step 1 the gel is fixed o/n in 40 % ethanol and 5 % acetic acid. In the 
second step the gel was washed for 5 minutes in a solution containing 0.7 % periodic acid, 40 
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% ethanol and 5 % acetic acid. The gel was washed for 15 minutes, in the third step, in a 
second dish with water, this step being repeated 3 times. Staining was performed in the forth 
step: 2 ml of ammonium hydroxide was added to 28 ml of 0.1 N sodium hydroxide, 5 ml of 
silver nitrate (20 %) is added and the solution is vigorously mixed. At the end 115 ml water is 
added to make a total volume of 150 ml. The gel is kept in this solution for 10 minutes. After 
this step the gel is washed again like in step 3. In step 6 the gel is kept for 2-5 minutes in 200 
ml of 50 mg citric acid and 0.5 ml of 37 % formaldehyde per litre. At the end the gel is 
washed and stored in water. 

Lipopolysaccharide preparation 
After 42 hours growth both the wild type and the knockout strain were collected by 

centrifugation and freeze dried. Cells were washed with a wash buffer (20 mM Tris pH 7.4, 
0.15 M NaCl, 10 mM MgCl2) and re-centrifuged. The pellet was then diluted with water to a 
concentration of 10 % and heated to 65 0C. A similar volume of phenol has been heated to the 
same temperature and mixed with the pellet by stirring for 10 minutes followed by cooling to 
2-4 0C on ice. The mixture has been centrifuged than at 5000 g for 15 minutes at 0 0C and the 
upper layer was dialysed against water for 16-40 hours. The volume was reduced to half by 
evaporation and centrifuged for 4 hours at 100000 g. A gel layer was formed after 
centrifugation and it contained the LPS which was resuspended in water and freeze dried. 

Paper chromatography 
Paper chromatography performed using Whatman paper no 1 and using the solvent 

buthanol / acetic acid / water. The samples were loaded as small spots (1-1.5 cm in diameter) 
and spaced at least 2.5 cm apart. The sugars were identified by silver staining of the 
chromatogram. 

Silver stain of the chromatogram 
The paper chromatogram was silver stained by the following method: the paper was 

dipped in solution A and dried for 3-5 minutes and next in solution B two times and dried for 
10-20 minutes accordingly with the sensitivity required. The chromatogram was dipped in 
solution C and then put in distilled water in a basin and washed thoroughly o/n and dried flat, 
this being the last step of the procedure. 
Solution A: dissolve 0.2 g AgNO3 in 0.4 ml H2O and add 26 ml acetone with rapid stirring. 
Solution B: 25 ml of 10 M NaOH were mixed with 100 ml absolute ethanol 
Solution C: 10 % sodium tiosulphate in distilled water 

HPLC 
The hydrolysed sugars were analysed by HPLC. Samples were filtered in 0.45 μm filters 

and eluents filtered degassed. Water has not been filtered because ultra pure water was used 
instead. The HPLC was performed in a Dionex HPLC with a CarboPacA1 column using the 
following program for NaOH concentrations: 0-5 min, 10 mM, 5-30 minutes, 0 mM, 30-70 min, 
0-800 mM (linear gradient), 70-75 min, 800 mM, 75-76 min, 800-10 mM, 76-85 min, 10 mM. 

Nuclear Magnetic Resonance (NMR) 
All NMR experiments were performed on a 600 MHz BRUKER Avance spectrometer 

equipped with a cryoprobe. 1D 1H NMR spectrum of wild type was acquired using 512 scans. 
The 2D gradient-selected COSY experiment was acquired in the magnitude mode using 32 
scans per each of 1408 increments. The relaxation delay was 1.5 s and the acquisition times in 
the t2 and t1 were 340 and 140 ms, respectively. The total acquisition time was 25 hour. The 
2D TOCSY experiment was acquired in the phase-sensitive mode using 80 scans per each of 
512 increments. The relaxation delay was 1.5 s and the acquisition times in the t1 and t2 were 
340 and 50 ms, respectively. The total acquisition time was 24 hours. A 140 ms DIPIS-2 spin-
lock was used at 8.3 kHz B1 field strength.  
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Results and discussions 
Capsular polysaccharide profile 
The aim of this experiment was to determine whether deleting the P450 gene from 

Campylobacter jejuni 11168 genome has any effect on the carbohydrate content of 
lipooligosaccharide. Capsular polysaccharide (CPS) and LOS were prepared as described in 
Material and Methods and identified on a 15 % SDS-PAGE gel and silver stained (fig.1). One 
sample of the wild type strain (20 µl) and two samples of the NC1 strain (20 µl each) were 
used. The gel was migrated for 8 hours at 180 V and silver stained. As seen in figure 1 no 
differences were identified in profile between wild type and NC1. 

 
Figure 1. CPS detection, in 15 % SDS-PAGE, of the wild type and NCI strain visualised by silver staining. 
Lane1 – wild type (20 µl), Lane 2 and 3 NCI (20 µl) 
 

Paper chromatography 
Chromatography is a method commonly used for analyzing complex mixtures by 

separating them in the component chemicals. In order to determine whether the sugar profile 
inside the core polysaccharide was changed, by deleting of the P450 gene, polysaccharides 
were hydrolysed with TFA (as described in materials and methods) and samples were loaded 
on Whatman paper and silver stained for sugar profile identification. The main differences 
(fig. 2) have been identified. Two extra bands are present in the NC1 lane (2) which shows 
clearly that 2 new sugars are formed by deleting the P450 gene. The most important outcome 
of this experiment was that it showed a direct indication that the P450 enzyme may be 
involved in carbohydrate metabolism. 

 
Figure 2. Paper chromatography using Butanol/Acetic acid/water as a liquid phase. 
A sensitive silver stain was used to stain for sugars.  
Lane 1 – wild type, Lane 2 – NC1 (indicated by arrows differences in sugar profiles identified by silver stain). 

HPLC analysis of sugar profile 

6 kDa 

32 kDa 
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Sugars were prepared as described in material and methods and analysed on a Dionex 
HPLS with a CarboPac PA1 column. The eluent flow-rate was 1 ml/min (0.5 M, 0.6 ml/min) 
was added post column, and sugars were quantified with a pulsed amperometric detector 
(with gold electrode).  

Analysing the capsular sugar profile by HPLC two main differences were identified 
between the wild type and NC1 (mutant strain). Rhamnose, arabinose, galactose and glucose 
were used as components in the marker mix sample (fig. 3). The wild type and NC1 show 
similar elution profiles with two peaks making the difference between strains. Figure 4 shows 
that the wild type contains a sugar which is eluted after 13 minutes (peak 2) which was not 
identified in the NC1 strain. On the other hand the NCI  strain  produces a sugar, eluted at 
11.5 minutes, close to the elution times of the  rhamnose and arabinose markers (fig. 5). In 
order to identify peak 2 from the NC1 spectrum, arabinose and rhamnose were injected into 
the samples and subjected again to analysis by HPLC. As shown in figure 6, the rhamnose 
peak does not match the NCI peak 2. When arabinose was injected into the sample (fig. 7) 
these peak match perfectly the NC1 peak 2. It was clear from this experiment that the mutant 
produces arabinose which does not appear to accumulate in the wild type strain. We have 
tested whether the peak 2 from the wild type is arabinose by injecting arabinose into the Wt 
sample and found an extra peak which is eluted at the same time as the arabinose marker (fig. 
8 – rhamnose and fig. 9 arabinose) i.e. peak 2 in Wt is not arabinose. 

NMR analysis of sugar peaks 
NMR on NC1 peak 2 
The 1 Dimensional (1D) 1H spectra were acquired on a 600 MHz Bruker Avance 

spectrometer equipped with a cryoprobe. The purified peak 2 from the NC1 spectra was 
dissolved in D2O and spectra collected at 25 0C (16 scans were used to acquire the data). The 
HOD signal (4.78 ppm) was used as an internal standard to reference the spectra. By 
comparison of the standard probe spectrum (L – Arabinose from Sigma-UK) with the sample 
spectrum a perfect identity in profile was identified. The peak 2 from the NCI strain was 
identified to be arabinose (fig.10). 

NMR on wild type peak 2 
1D 1H NMR spectrum shows signals in the region 2-6 ppm that likely originate in 

carbohydrate protons. Two signals at 5.22 (d, 3.7Hz)  ppm and 4.49 (d, 8.3 Hz) ppm can be 
assigned to α- and β-anomeric  protons based on their chemical shifts and H1H2 coupling 
constants. The sample contained many impurities; therefore it was possible, from the analysis 
of 2D NMR spectra discussed below, to determine only the type of carbohydrate without 
establishing if any non-carbohydrate substituents are attached to this ring (referred to below 
as compound I).  

No transfer of magnetization was observed in the 2D TOCSY of compound I beyond 
proton H-4 despite using a long-mixing time of 140 ms. This indicates that this sugar residue 
is likely a hexopyranose in the galacto configuration.  The H2H3 coupling constants of 11.2(α) 
Hz and 10.1(β) Hz that were determined from the 1D spectrum and the inspection of traces 
from 2D TOCSY spectrum confirm this hypothesis. Chemical shift of H1-H4 of I are 
summarized in table 1. For comparison, also the chemical shifts of Galp and GalpNAc are 
given. It is evident that the H-2 protons in both anomeric forms of I have much lower 
chemicals shifts than those of Galp or GalpNAc. This suggests that the compound I has a free 
amino group attached at position C-2. Although we could not find data of such compound in 
the literature, GlcpN data (3.05 and 2.86 ppm for α and β anomers of H2 protons, 
respectively) are in a very good agreement with the observed chemical shifts of compound I. 
Compound I therefore has GalpN skeleton (figures 11 and 12). 
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Table 1. 
 αGal αGalpNAc αI βGal βGalpNAc βI 

H1 5.22 5.28 5.22 4.53 4.68 4.49 
H2 3.78 4.19 2.95 3.45 3.9 2.81 
H3 3.81 3.95 3.68 3.59 3.77 3.52 
H4 3.95 4.05 3.93 3.89 3.98 3.85 
H5 4.03 4.13 ? 3.65 3.72 ? 

1H Chemical shifts, ppm 
 

 
Figure 3. HPLC spectra of the marker mix sample. Rhamnose, arabinose, galactose and glucose  were used as 
markers. (individual sugar peaks are labelled, elution time being indicated) 
 

 
Figure 4 . HPLC spectra of the wild type sugar profile. Arrow indicates the extra sugar present in to wild type 
profile. (individual sugar peaks are labelled, elution time being indicated) 
 

 
Figure 5. HPLC spectra of the NCI sugar profile. Arrow indicates the extra sugar present in to NCI profile. 
(individual sugar peaks are labelled, elution time being indicated) 
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Figure 6. HPLC spectra of the NCI sugar profile with injected rhamnose. Arrow indicates the rhamnose peak. 50 
mg / ml rhamnose were injected into the sample (individual sugar peaks are labelled, elution time being indicated). 

 
Figure 7. HPLC spectra of the NCI sugar profile with injected arabinose. Arrow indicates the arabinose peak. 50 
mg / ml arabinose were injected into the sample. The arabinose peak matches perfectly the NCI peak 2. 
(individual sugar peaks are labelled, elution time being indicated). 

 
Figure 8. HPLC spectra of the wild type sugar profile with injected rhamnose. Arrow indicates the rhamnose peak. 50 
mg / ml rhamnose were injected into the sample. HPLC spectrum indicates that the rhamnose is eluted separately and 
did not match any of the wild type peaks (individual sugar peaks are labelled, elution time being indicated) 
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Figure 9. HPLC spectra of the wild type sugar profile with injected arabinose. Arrow indicates the arabinose peak. 
50 mg / ml arabinose were injected into the sample. HPLC spectrum indicates that the arabinose is eluted separately 
and did not match any of the wild type peaks (individual sugar peaks are labelled, elution time being indicated) 
 

 
Figure 10. 1D 1H spectrum of the NCI peak 2. Standard arabinose was used to compare the NMR spectrum of the 
peak 2. The two spectra mach perfectly,  arabinose being identified as a new sugar produced by the NCI strain. 

 
Figure 11. 2D COSY of wild type. 1D 1H NMR spectrum is shown at the top of the 2D spectrum. 1D traces 
shown on the right were taken at positions indicated by arrows in the 2D spectrum. The A and A’ traces were 
taken at chemical shifts of H1α and H2α protons, respectively,  while the B and B’ show traces taken at 
chemical shifts of H1β and H2β protons, respectively. This experiment established the chemical shifts of protons 
1-3 in both α- and β-anomeric forms.  
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Figure 12. 2D TOCSY of wild type. . 1D 1H NMR spectrum is shown at the top of the 2D spectrum. 1D traces 
shown on the right were taken at positions indicated by arrows in the 2D spectrum. The A and B traces were 
taken at chemical shifts of H1α and H1β protons, respectively. This experiment confirmed the assignment of 
proton resonances 1-3 from the COSY experiment and also established the chemical shifts of H-4 protons. 
 
Conclusions 
 

This results presented in this paper shows for the first time the involvement of a 
cytochrome P450 in cell surface carbohydrate biosynthesis. Following analysis by HPLC and 
NMR it was shown that arabinose is the monosaccharide produced by the NC1 strain (mutant 
strain) but undetected in the wild type strain. The hypothesis is the arabinose is changed by the 
P450 cytochrome to arabinonic acid which might be the explanation for its absence in the wild 
type strain. The wild type extra peak, in sugar profile, was partially characterised by NMR.   
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