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RESEARCH PAPER

A study of Rose Bengal against a 2-keto-3-deoxy-D-manno-octulosonate
cytidylyltransferase as an antibiotic candidate

Suwon Kim, Seri Jo, Mi-Sun Kim and Dong Hae Shin

Graduate School of Pharmaceutical Sciences, Ewha Woman’s University, Seoul, Republic of Korea

ABSTRACT
Frequent occurrences of multi-drug resistance of pathogenic Gram-negative bacteria threaten human
beings. The CMP-2-keto-3-deoxy-D-manno-octulosonic acid biosynthesis pathway is one of the new targets
for antibiotic design. 2-Keto-3-deoxy-D-manno-octulosonate cytidylyltransferase (KdsB) is the key enzyme
in this pathway. KdsB proteins from Burkholderia pseudomallei (Bp), B. thailandensis (Bt), Pseudomonas aeru-
ginosa (Pa), and Chlamydia psittaci (Cp) have been assayed to find inhibitors. Interestingly, Rose Bengal
(4,5,6,7-tetrachloro-20,40,50,70-tetraiodofluorescein) was turned out to be an inhibitor of three KdsBs
(BpKdsB, BtKdsB, and PaKdsB) with promising IC50 values and increased thermostability. The inhibitory
enzyme kinetics of Rose Bengal revealed that it is competitive with 2-keto-3-deoxy-manno-octulosonic
acid (KDO) but non-competitive against cytidine 50-triphosphate (CTP). Induced-fit docking analysis of
PaKdsB revealed that Arg160 and Arg185 together with other interactions in the substrate binding site
seemed to play an important role in binding with Rose Bengal. We suggest that Rose Bengal can be used
as the scaffold to develop potential antibiotics.
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Introduction

The 2-keto-3-deoxy-manno-octulosonic acid (KDO) which is an
eight carbon acidic sugar composing the lipopolysaccharide (LPS)
has a vital role in keeping outer membrane (OM) integrity and via-
bility of most Gram-negative bacteria1,2. The KDO biosynthesis
pathway consists of six enzymes: Ribose-5-phosphate isomerase
(RpiA)3; D-arabinose-5-phosphate isomerase (KpsF)4; KDO-8-phos-
phate synthase (KdsA)5; KDO-8-phosphate phosphatase (YrbI)6; 2-
keto-3-deoxy-D-manno-octulosonate cytidylyltransferase (KdsB),
and glycosyltransferase (WaaA) which transfers the KDO from cyti-
dine 50-monophospho-2-keto-3-deoxy-manno-octulosonic acid
(CMP-KDO) to the lipid A7. In LPS, KDO molecules are important
to connect the core oligosaccharide with the lipid A8–10.
Therefore, the KDO biosynthesis pathway has been considered as
the potential target for the advanced antibiotics against Gram-
negative bacteria1,11.

Burkholderia pseudomallei (Bp) is the etiologic agent of a ser-
ious and often fatal syndrome known as melioidosis12–15.
Melioidosis features various symptoms like a self-limiting abscess,
sepsis, necrotising pneumonia, osteomyelitis, and dissemination to
the solid organs and brain15–19. On the other hand, Burkholderia
thailandensis (Bt) which is highly relevant to Bp20 is reported to
cause sporadic human disease even if Bt has been informed as
non-pathogenic bacteria21,22. A similar but differently classified
microbe, Pseudomonas aeruginosa (Pa), is an opportunistic patho-
gen and common Gram-negative bacillus in and around people23.
Almost all infection cases of Pa can progress through nullifying
host defence systems. P. aeruginosa infection can occur to patients
who have general immunosuppression because of HIVs24–26. Also,

Pa can cause various disease in our whole body, as secondary
consequent results of the collapse of normal physiological func-
tion such as bacteraemia after severe burn, chronic lung infection
in cystic fibrosis and acute ulcerative keratitis in soft contact
lenses users23. In the same context, Pa is one of the major patho-
gens causing hospital-acquired infections27.

Three Gram-negative bacteria above have already been
reported for their antibiotics resistance. Acquired or intrinsic resist-
ant Burkholderia species for primary antibiotic treatment has been
identified28–30. Moreover, Pa is resistant to an extensive range of
antibiotics and can advance resistance to antimicrobials which are
frequently used through mutations in genes or by the acquire-
ment of resistant factors27. To overcome these resistant bacteria,
we targeted KdsB involved in KDO biosynthesis from four patho-
genic microbes (Bp, Bt, Pa, and Chlamydia psittaci (Cp)) to find
potent antibiotic candidate molecules.

Materials and methods

Preparation of protein native KdsB proteins

The two of four KdsB genes (BpkdsB and BtkdsB) (NCBI reference
sequence: NC_006350.1; NC_007651.1) coding for the proteins
(BpKdsB and BtKdsB) were amplified by using of primers and
ligated into the amplified expression vector pB2 by way of liga-
tion-independent cloning (LIC) method. The rest of genes (CpkdsB
and PakdsB) (NCBI reference sequence: WP_006343263.1;
WP_003106922.1) coding for the proteins (CpKdsB and PaKdsB)
were inserted in the pBT7 plasmid DNA (pDNA) and gained from
Bioneer (Daejeon, South Korea). To express the proteins, we
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transformed pDNAs into Escherichia coli (E. coli) BL21 (DE3).
Transformed E. coli cells were incubated on Luria-Bertani (LB) agar
plates. Several colonies were chosen and grown in test tubes with
a cap to determine the condition for culturing in bulk. In the pro-
cess, a cell stock was prepared and frozen. The mass culture pro-
ceeded at 310 K with shaking. As the absorbance at 600 nm of
broth reached 0.6–0.8, isopropyl-b-D-1-thiogalactopyranoside was
put for expression of KdsB proteins (KdsBs). The cultures of
BpKdsB, BtKdsB, and CpKdsB were incubated at 298 K for 16 h and
the culture of PaKdsB was incubated at 310 K for 3 h. The
expressed proteins contained non-cleavage N-terminal His6-tags
followed by five glycines in BpKdsB, BtKdsB (MHHHHHH GGGGG)
and eight amino acids in CpKdsB, PaKdsB EFSQQDSD (MHHHHHH
EFSQQDSD). To collect cells, we centrifuged the culture fluid with
a high-speed refrigerated centrifuge at 7650�g (6500 rev min�1)
for 10min at 277 K. The cultured cell pellet was suspended
and fragmentised using a Digital Sonifier 450 (Branson Ultrasonics
Co., Danbury, CT). Cell debris was pelleted by centrifugation.
Using a HisTrap column (GE Healthcare, Piscataway, NJ), Affinity
chromatography was done with the supernatant on an €AKTA
explorer system (GE Healthcare, Piscataway, NJ). Ion-exchange
chromatography has been done as the secondary purifications
using a 5ml Hi-Trap Q column (GE Healthcare, Piscataway, NJ).
The mobile phase buffer of the Q column and the concentration
of sodium chloride at which proteins were eluted for each
KdsB are organised in Table 1. The purified native proteins
were concentrated to adequate concentration for using in the
assay. The purity of proteins was at least 95% as considered by
SDS/PAGE.

Chemical screening with a malachite green assay method

The screening of about two hundred chemical compounds
(Supplementary Table 1) was performed with a malachite green
assay method which is a photometric method31. The principle of
this method is: when KdsBs transfer the cytidine 50-monophos-
phate (CMP) moiety from cytidine 50-triphosphate (CTP) to KDO,
CMP-KDO, and pyrophosphate (PPi) are produced. PPi was decom-
posed into two phosphates by inorganic pyrophosphatase (IPP)
and phosphates were measured by the malachite green method.
CTP and KDO purchased from Sigma (St. Louis, MO) were used as
a real substrate. A colour reagent of the malachite green method
for phosphate detection was a mixture of ammonium molybdate
((NH4)6Mo7O24), malachite green solution and Tween 20 in the
ratio 1:3:0.1. The mixture was filtered through a 0.20 lm PVDF syr-
inge filter (Younginfrontier Inc., Seoul, Republic of Korea) and
allowed to stand at room temperature (RT) for 1 h before use. The
probability of inhibitory function of each chemical was investi-
gated by detecting the difference in absorbance between the
reaction mixtures with and without KdsBs.

Enzyme kinetics of KdsBs

The malachite green assay method31 was used to study steady-
state kinetics of KdsBs (BpKdsB, BtKdsB, and PaKdsB). For the kin-
etic studies, reaction mixtures including 5mM Tris–HCl (pH 7.5),
10mM MgCl2, 0.04 unit IPP, and 0.01mg ml�1 KdsBs with different
concentrations of CTP (0.00098–0.25mM) at the constant concen-
tration of KDO (0.25mM) and with different concentrations of
KDO (0.000195–1mM) at the constant concentration of CTP
(0.1mM) were used. After incubation at RT for an hour, 40ll of
reaction mixtures were mixed with the malachite reagent (160 ll).
The mixtures were left for 10min to develop the colour. The
standard curve was plotted and devices were used as in previous
studies32.

IC50 value of Rose Bengal

The malachite green assay method31 was also used to study the
dose-dependent inhibitory effect of Rose Bengal (4,5,6,7-tetra-
chloro-20,40,50,70-tetraiodofluorescein) purchased from Tokyo
Chemical Industry (Tokyo, Japan). The 40ll of reaction mixtures
containing 5mM Tris–HCl (pH 7.5), 10mM MgCl2, and 0.01mg
ml�1 KdsBs with different concentrations of Rose Bengal
(0.098–100 lM) were incubated at RT for an hour. The reaction
mixtures lacking KdsBs with the same concentration of Rose
Bengal used as above were also incubated at RT for an hour and
measured as blanks. The reaction was initiated by adding 0.25mM
KDO and 0.1mM CTP and stood for an hour. After incubation,
160 ll of the same malachite reagent used above was added and
left for 10min. The absorbance was measured at 620 nm using
the microplate spectrophotometer (Spectramax 190, Molecular
Devices Corporation, Sunnyvale, CA). Rose Bengal is a photoreac-
tive compound with its absorbance peaks at 258 nm, 519 nm, and
562 nm33. Therefore, the measurement wavelength of the malach-
ite green assay is not influenced by Rose Bengal. The percentage
reactivity (%Reactivity) was calculated depending on the differ-
ence in absorbance of whether or not KdsBs was present in the
reaction mixture. The IC50 values of Rose Bengal against KdsBs
were calculated by a nonlinear regression analysis using GraphPad
Prism 8.3.0 (GraphPad Software, La Jolla, CA).

Inhibitory enzyme kinetics

To specify the binding site of compounds for the induced fit
docking, we studied the inhibitory enzyme kinetics using
malachite green assay. Reaction mixtures including 5mM Tris–HCl
(pH 7.5), 10mM MgCl2, 0.04 unit IPP, 0.01mg ml�1 PaKdsB,
and 14.66 mM Rose Bengal with different concentrations
of CTP (0.00098–0.25mM) at the constant concentration of
KDO (0.25mM) and with different concentrations of KDO
(0.000195–2.5mM) at the constant concentration of CTP (0.1mM)
were used.

Sample preparation and circular dichroism (CD) spectroscopy

Native BpKdsB (0.2mg ml�1) and BpKdsB co-incubated at 4 �C
with Rose Bengal in a mole ratio of 1:20 (protein:Rose Bengal)
were ready for Tm value measurement. The CD sample buffer con-
ditions were 20mM Tris pH 8.5. CD measurements were taken
with a J-1500 Circular Dichroism Spectrophotometer (JASCO Co.,
Mary’s Court, Easton, MD) equipped with a computer-controlled
water bath, and samples were placed in a Rectangular Quartz Cell
of 1mm optical path length. The thermal denaturation was

Table 1. The Q column experiments.

Protein Sizea (kDa) Bufferb NaClc (M)

BpKdsB 30 20mM Tris–HCl pH 8.5 0.24
BtKdsB 28.5 20mM Tris–HCl pH 8.0 0.66
CpKdsB 30.4 20mM Tris–HCl pH 7.5 N/Ad

PaKdsB 29.5 20mM Bis–Tris pH 7.0 0.27
aThe molecular weight of the proteins on SDS-PAGE.
bThe equilibration buffer conditions.
cThe NaCl concentration at elution.
dCpKdsB was done only with the affinity chromatography.
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observed at 222 nm from 25 �C to 95 �C at 1 �C min�1 rate. Data
analysis and display were done using Spectra Manager Version 2,
Thermal Denaturation Multi Analysis version 2.1.0.1 software.

To ascertain the thermostability of KdsBs with Rose Bengal,
three native KdsBs (BpKdsB, BtKdsB, and PaKdsB) (1mg ml�1) and
KdsBs bound with Rose Bengal (0.625mM for BpKdsB, 1.25mM for
BtKdsB, and 2.5mM for PaKdsB) were prepared. All samples were
heated at 80 �C for 5min and Rose Bengal bound samples were
also heated at 100 �C for 5min.

Ligand preparation, target preparation, and induced-fit docking

All the docking and scoring calculations were performed using
the Schr€odinger software suite (Maestro, version 11.8.012) against
the substrate and nucleotide binding sites of PaKdsB. The SDF file

of Rose Bengal was got from the PubChem database. The file was
imported into Maestro and prepared for docking using ligand
preparation. The atomic coordinates of the crystal structure of
PaKdsB (PDB ID: 4XWI) were saved from the Protein Data Bank
and prepared by removing all solvent and adding hydrogens and
minimal minimisation using Protein Preparation Wizard. Ioniser
was used to generate an ionised state of Rose Bengal at the tar-
get pH 7.5 ± 2.0. The input for an induced-fit docking is the pre-
pared low-energy ligand forms. The induced-fit docking protocol34

was worked on the graphical user interface, Maestro 11.8.012
linked with the Schr€odinger software. Receptor sampling and
refinement were conducted for residues within 5.0 Å of each lig-
and for each ligand–protein complex. With Prime35, a side-chain
sampling and prediction module, as well as the backbone of the
target protein, were minimised in energy. A total of induced-fit

Figure 1. The specific enzyme activities of BpKdsB, BtKdsB, and PaKdsB. The enzyme activities with (a–c) different concentrations of CTP in the presence of 0.25mM
KDO and (d–f) different concentrations of KDO in the presence of 0.1mM CTP.
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receptor conformations were generated for Rose Bengal. Finally,
the ligand poses were scored using a combination of Prime and
Glide Score scoring functions36.

Results

Chemical screening with a malachite green assay method

The enzyme activity of KdsBs was confirmed and the chemical
screening of about 200 compounds was done with the malachite
green assay method31. It is a fast, reproducible, colorimetric
method for measuring inorganic free phosphate in aqueous solu-
tions. Hence, the assay offered great ease for exploring potent
inhibitors against KdsBs. A list of compounds’ names is provided
as Supplementary Table 1 in the Supplementary Materials. As a
result of the screening, one potent inhibitor, Rose Bengal, block-
ing three KdsBs (BpKdsB, BtKdsB, and PaKdsB) was detected.
However, no hit was found against CpKdsB.

Enzyme kinetics of three KdsBs

To determine the kinetic parameters for KDO and CTP, enzyme
assays were performed with various concentrations of CTP at a
constant KDO concentration (0.25mM) and with various concen-
trations of KDO at a constant CTP concentration (0.1mM). The
graphs of the velocities versus concentrations of KDO and CTP are
shown in Figure 1. The graphs indicated that the maximum vel-
ocity was obtained at 0.1mM CTP in the presence of 0.25mM
KDO and at 0.25mM KDO in the presence of 0.1mM CTP. The kin-
etic parameter data of CTP and KDO at the steady-state are organ-
ised in Table 2.

The IC50 value of Rose Bengal

The inhibitory effect of Rose Bengal against KdsBs was found
through a chemical screening with the malachite green assay
method. The dose-dependent inhibitory effect of Rose Bengal was
estimated at the saturated substrate concentrations (0.1mM CTP
and 0.25mM KDO). The results were plotted as log inhibitor con-
centration versus percentage reactivity of absorbance (Figure 2).
The IC50 value determined from the dose-dependent inhibitory
curve of Rose Bengal: BpKdsB was 5.31 mM; BtKdsB was 7.24 mM;
PaKdsB was 14.66 mM.

Tm value CD-ORD and thermostability

The binding effect of Rose Bengal was tested with the measure-
ment of the Tm values of native and complex BpKdsB. The Tm
value of native BpKdsB was 76.8 �C. Interestingly, that of Rose
Bengal bound form was not measurable because BpKdsB became
heat stable and thus did not denatured at 100 �C. The similar
effect on thermostability increased by Rose Bengal was also found
in BtKdsB and PaKdsB. The thermal denaturation test showed that
three native KdsBs were all precipitated at around 80 �C. However,
the three KdsBs treated with Rose Bengal with their full inhibitory
concentration were all stable at 100 �C for 5min. Therefore, the
increased thermostability of KdsBs could be the sign of compound
binding.

Inhibitory enzyme kinetics and docking

According to the inhibitory enzyme kinetics, Rose Bengal was
turned out to be a competitive inhibitor against KDO in PaKdsB
(Figure 3). To deduce the binding modes of Rose Bengal with
KdsBs in the atomic level, an in-depth theoretical investigation
with an induced-fit docking study using the Schr€odinger pro-
gramme was carried out. The crystal structure of PaKdsB

Table 2. The KdsBs kinetics parameters.

KdsBs

CTP KDO

kcat (min–1) Km (mM) kcat (min–1) Km (mM)

BpKdsB 9.986 6 1.322 0.1111 6 0.031 5.278 6 0.223 0.059 6 0.009
BtKdsB 8.540 6 1.156 0.1239 6 0.034 6.961 6 0.372 0.056 6 0.011
PaKdsB 7.911 6 1.104 0.0983 6 0.030 4.547 6 0.230 0.061 6 0.011

Figure 2. A dose-dependent inhibitory curve for the inhibition of (a) BpKdsB, (b)
BtKdsB, and (c) PaKdsB by Rose Bengal.
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deposited in the Protein Data Bank was retrieved and docked
with Rose Bengal to predict its binding mode. Top-ranked struc-
tures with the highest Glide g-scores from the induced-fit docking
results were surveyed. The top model was obtained among
docked models in the substrate binding pocket and had the g-
score of –7.19. The g-score of the best model docked in the
nucleotide binding site was –5.62. The predicted complex struc-
ture and 2D schematic representation of the top model are illus-
trated in Figure 4.

Discussion

All of the four KdsBs from pathogenic bacteria were well
expressed. The sequence alignment showed that their overall
sequence identities against Pa were roughly from 38 to 55%.
Therefore, their molecular behaviours are expected to be similar.
The malachite assay of four KdsBs was carried out with a home-
made chemical library composed of two hundred compounds. All
of the chemicals excluding Rose Bengal did not show any inhibi-
tory tendency against four KdsBs. Interestingly, inhibitory activity
of Rose Bengal appeared against the three KdsBs (BpKdsB, BtKdsB,

and PaKdsB). However, its inhibitory effect is negligible against
CpKdsB. Tm value measurement through CD spectrometry was per-
formed to independently confirm the binding of Rose Bengal with
BpKdsB. Intriguingly, a Tm value of BpKdsB complexed with Rose
Bengal could not be obtained because the thermostability of the
complex was increased. Therefore, a thermostability test was done
using a hit block and proved that BpKdsB bound with Rose
Bengal became thermostable at 100 �C for 5min. In contrast, its
native form was precipitated at 80 �C for 5min. Therefore, the
thermostability test could be an independent method to prove
the binding capability of chemicals in the case of the KdsB family.
The same result was obtained with BtKdsB and PaKdsB.

Enzyme kinetics was performed with three KdsBs to identify
the inhibitory effect of Rose Bengal (Table 2, Figure 1) and its IC50
values (Figure 2). The IC50 values are 5.31 mM for BpKdsB, 7.24 mM
for BtKdsB, and 14.66 mM for PaKdsB. Therefore, Rose Bengal is a
quite good candidate for further development as potential antibi-
otics. In order to understand the inhibition mechanism of Rose
Bengal, the enzyme activity of PaKdsB was determined as a func-
tion of KDO concentration in the absence or in the presence of
Rose Bengal. The plot obtained reflected typical competitive inhib-
ition kinetics (Figure 3(a)). On the other hand, a non-competitive

Figure 3. The inhibitory enzyme kinetics of KdsB from Pseudomonas aeruginosa (PaKdsB). The enzyme activities with (a) different concentrations of CTP in the presence
of 0.25mM KDO and (b) different concentrations of KDO in the presence of 0.1mM CTP. Filled circles represent the inhibitory enzyme kinetics with DMSO and squares
for with 14.66 mM Rose Bengal in (a). Filled circles represent the inhibitory enzyme kinetics with DMSO and triangles for with 14.66 mM Rose Bengal in (b).

Figure 4. A predicted docking mode of Rose Bengal in the catalytic site of PaKdsB. (a) The docking pose of Rose Bengal was depicted on the electrostatic surface
potential of PaKdsB (red, negative; blue, positive; white, uncharged). The enlarged view of the active site docked with Rose Bengal was depicted with dot lines. In add-
ition, (b) a 2D schematic representation of the docked Rose Bengal with PaKdsB was drawn. Figures were created with Maestro v11.5.011. The dot line represents the
ion interaction by Arg160 and Arg185 and the arrow represents the hydrogen bond interaction with Asn95, Gln100, and Gly188.
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inhibition mode of binding was exhibited with respect to CTP
(Figure 3(b)). The result indicated that Rose Bengal competitively
occupies the substrate binding site rather than the nucleotide
binding site. For the understanding of the inhibitory activity of
Rose Bengal against PaKdsB in the atomic level, an induced-fit
molecular docking experiment against the substrate and nucleo-
tide binding sites of PaKdsB using Glide scoring and docking
methodology was executed. The Glide g-score obtained from the
docking on the substrate binding site was –7.19 and that from
the nucleotide binding site was –5.62, respectively. The better
Glide g-score from the substrate binding site implies that the
affinity of Rose Bengal is greater at the substrate binding site. In
the top model, Rose Bengal is well docked in the substrate pocket
of PaKdsB. There are major three interactions between Rose
Bengal and PaKdsB (Figure 4). At first, there are two hydrogen
bonds between the 6-oxo moiety of Rose Bengal and two resi-
dues, Asn98 and Gln100, on the nucleotide binding motif,
95UUVNUQGDEPUU106 (Figure 5). Second, there is one salt bridge
between the 3-hydroxyl moiety of Rose Bengal and Arg160 on the
substrate binding motif, 158FSR160. Third, there are also one salt
bridge and one hydrogen bond between the benzoic acid moiety
of Rose Bengal and Arg185 on another substrate binding motif,
185RHIGVYAYR193. As shown in the sequence alignment, the Rose
Bengal binding motifs found in PaKdsB are also conserved in the
other two KdsBs. The similar experimental result of the two KdsBs
can be explained by the sequence homology. However, CpKdsB
shares low sequence homology and some of its residues in the
highly conserved motifs are divergent (Figure 5). Specially, the last
interaction operated by Arg185 is not possible in the case of
CpKdsB. The conserved arginine on this motif is replaced by leu-
cine in CpKdsB. The overall result indicated that Rose Bengal
tightly binds to BpKdsB, BtKdsB, and PaKdsB. Considering the
increased thermostability of the three KdsBs, the binding of Rose
Bengal would trigger a conformational change. The structure of

PaKdsB indicates that its valley-like centre is open and lined up by
two domains (Figure 4(a)). Rose Bengal seems to induce a closed
conformation of PaKdsB, which may confer the resistance of
PaKdsB against thermal deactivation.

Rose Bengal is an organic anion dye that has been clinically
used for decades and has been used to assess eye surface epithe-
lium damage of eye surface disease38. Also, it is a water-soluble
photosensitiser with a distinctive wine colour39. It is well known
that singlet-oxygen production of Rose Bengal after exposure with
300–600 nm radiation increases the antibacterial effect40–43.
Besides, Rose Bengal was reported as a potent inhibitor of the
DNA dependent RNA polymerase of E. coli without photooxida-
tion44. On the other hand, Rose Bengal can be a possible choice
in the treatment of cancer. For instance, PV-10 (injective Rose
Bengal developed by Provectus) was found to cause visible thera-
peutic responses in melanoma patients45. Since 2016, PV-10 has
been performed as a single treatment for locally advanced cutane-
ous melanoma patients who participated in phase 3 of clinical
research (clinical trials ID NCT02288897). Rose Bengal also has
been shown to prevent the growth and spread of ovarian cancer,
and to induce the apoptotic cell death of the cancer cells
in vitro46. Therefore, Rose Bengal possesses various beneficial func-
tions against human diseases. This study also suggests a potential
usage of Rose Bengal as an antibiotic targeting three KdsBs.
Unfortunately, however, the antibiotic effect of Rose Bengal
against Gram-negative species was reported to be inefficient due
to the presence of LPS obstructing the absorbance of charged
compounds47,48. Therefore, photosensitising techniques to induce
the antibiotic property of Rose Bengal by producing reactive oxy-
gen species have been employed.

Nevertheless, the discovery of the direct inactivation of three
KdsBs by Rose Bengal was informative and thus can be applied to
enhance the antibiotic property of Rose Bengal. Specially, we pro-
pose the combined usage of Rose Bengal with polymyxin B

Figure 5. Sequence alignment of PaKdsB with the rest of three KdsBs. Pa: Pseudomonas aeruginosa; Bp: Burkholderia pseudomallei; Bt: Burkholderia thailandensis; Cp:
Chlamydia psittaci. The highly conserved motifs were indicated. Green letters mean the nucleotide binding motif in the catalytic cavity. Blue letters mean the substrate
binding motifs. The % sequence identity was calculated with PaKdsB as a reference sequence. The consensus amino acid ID coloured according to the Clustal X colour
scheme provided by the Jalview program37.
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nonapeptide (PMBN). PMBN has been suggested to increase the
permeability of Rose Bengal into OMs of Gram-negative bacteria49.
Since Rose Bengal-mediated photoinactivation against multidrug
resistance Pa has been known50, a combined therapy increasing
absorption of Rose Bengal with antimicrobial peptides should be
tested51. All the properties of Rose Bengal can be applied and
developed to design an anti-melioidosis agent. The crystallisation
of the three KdsBs complexed with Rose Bengal is going on to
determine the complex structures with X-ray crystallography.

Conclusions

KdsB is one of the key enzymes in the CMP-KDO biosynthesis
pathway. Two researches to develop antibiotics targeting this
enzyme were reported. One targeted KdsB from E. coil52 and the
other for Agrobacterium tumefaciens and Aeromonas salmonicida53.
However, no further study has been followed. This study discov-
ered the probability of Rose Bengal as a potential antibiotic agent
targeting KdsB. Rose Bengal has beneficiary roles in other human
diseases and possesses a photodynamic property. Considering a
severe fatality of melioidosis caused by Bp and multidrug-resist-
ance of Pa, the development of Rose Bengal and its derivatives
with various combined therapies may provide a promising way to
overcome these disease.
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