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ARTICLE INFO ABSTRACT

Keywords: All three domains of life have an ordered plasma membrane which is pivotal in the selective fitness of primitive
Cell membrane life. Like cholesterol in eukaryotes, hopanoids are important in bacteria to modulate membrane order.
Hopanoids Hopanoids are pentacyclic triterpenoid lipids biosynthesised in many eubacteria, few ferns and lichens.
Rhodopseuodomonas palustris TIE-1 Hopanoid modulates outer membrane order and hopanoid deficiency results in the weakened structural integrity
'ér}{a:ép;r:ﬁ f of the membrane which may in turn affect the other structures within or spanning the cell envelope and con-

tributing to various membrane functions. Hence, to decipher the role of hopanoid, genome-wide transcriptome
of wild-type and Ashc mutant of Rhodopseudomonas palustris TIE-1 was studied which indicated 299 genes were
upregulated and 306 genes were downregulated in hopanoid deficient mutant, representing ~11.5% of the
genome. Thirty-eight genes involved in chemotaxis, response to stimuli and signal transduction were differen-
tially regulated and impaired motility in hopanoid deficient mutant showed that hopanoid plays a crucial role in
chemotaxis. The docking study demonstrated that diguanylate cyclase which catalyses the synthesis of secondary
messenger exhibited the capability to interact with hopanoids and might be confederating in chemotaxis and
signal transduction. Seventy-four genes involved in membrane transport were differentially expressed and cell
assays also explicit that the multidrug transport is compromised in Ashc mutant. Membrane transport is reliant
on hopanoids which may explain the basis for previous observations linking hopanoids to antibiotic resistance.
Disturbing the membrane order by targeting lipid synthesis can be a possible novel approach in developing new
antimicrobials and hopanoid biosynthesis could be a potential target.

Signal transduction

1. Introduction Muchova, 2013; Bramkamp and Lopez, 2015). Sterol lipids (cholesterol

and its derivatives) are widely distributed in a eukaryotic system and

Membrane lipids are hydrophobic biomolecules which play a vital
role in bacterial cell physiology. Initially, it was thought that membrane
lipids are the static barrier. But with advanced findings, it is recognized
as a complex and dynamic component of the membrane which selec-
tively connects cell with its extracellular environment. In eukaryotes,
lipid raft organizes signal transduction proteins which are enriched in
specific lipids such as cholesterols (Lopez and Kolter, 2010). Lipid rafts
can sense extracellular signals, and they support different cellular
processes, including cell cycle, cytoskeleton rearrangement, signal
transduction, vesicle trafficking and cellular homeostasis (Barak and

form a vital component of membrane lipids along with phospholipids
and sphingolipids which play a key role in signal transduction and
various membrane functions (Hannich et al., 2011). Prokaryotes con-
tain lipid rafts (microdomains) but sterols are absent in prokaryotic
members with few exceptions (Wei et al., 2016). But bacteria harbour
hopanoid which is widespread of all complex natural products and
analogous to sterols and are probably an essential constituent of many
prokaryotes (Blumenberg et al., 2012, 2010; Doughty et al., 2009;
Lépez and Kolter, 2010; Rohmer et al., 1984; Saenz et al., 2012b; Wei
et al., 2016).

Abbreviations: ATP, Adenosine triphosphate; BCAA, Branched chain amino acid; CARC, CRAC like motif; CCCP, Carbonyl cyanide m-chlorophenyl; CRAC,
Cholesterol recognition amino acid consensus; DMSO, Dimethyl sulfoxide; GO, Gene Ontology; H33342, Bisbenzimide H33342; MPP1, Membrane palmitoylated
protein; NPN, N-phenyl-naphthylamine; OD, Optical density; PBS, Phosphate buffer saline; PDB, Protein Data Bank; PDZ, Post-synaptic density; qPCR, Quantitative
polymerase chain reaction; shc, squalene hopene cyclase; TBDT, TonB-dependent transport system; WT, Wild-type; YP, yeast extract, peptone; YPP, Yeast extract,
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Hopanoids are pentacyclic isoprenoid lipid molecule biosynthesised
in many eubacteria as well as few higher plants, protists, ferns, mosses,
and fungi (Blumenberg et al., 2009; Cvejic et al., 2000; Kannenberg
et al., 1995; Rohmer et al., 1984; Silipo et al., 2014; Talbot et al., 2008;
Tank and Bryant, 2015). Though not extensively studied, hopanoids
contribute to the membrane stability, membrane permeability, pro-
gressions in cell cycle, plant-microbe interactions, resistance to anti-
biotics and help in stress tolerance (Doughty et al., 2011; Kulkarni
et al., 2013, 2015, Saenz et al., 2015, 2012a, 2011; Welander et al.,
2009). However, the role of hopanoid is not conclusively elucidated and
the extent to which they are sterol surrogate remains an open question.
A robust interpretation of cellular functions of hopanoids is required to
better understand their physiological significance. Therefore, to gain
insights into the role of hopanoids in bacteria, the global transcriptional
study of hopanoid deficient mutant of R. palustris TIE-1 was carried out
and few of the traits were experimentally validated. Here, we report
that the hopanoid deficiency leads to an alteration in the membrane
transport, especially energy-dependent multidrug transport system.
This study describes for the first-time, the possibility of interaction
between hopanoids and diguanylate cyclase which might be involved in
various cellular processes in R. palustris TIE-1. Hopanoids thus con-
federate in membrane transport, chemotaxis and signal transduction in
Rhodopseudomonas palustris TIE-1.

2. Materials and methods
2.1. Organisms and growth condition

Wild-type and Ashc mutant of R. palustris TIE-1 (Welander et al.,
2009) were grown at 30 °C in light with 2,400 Ix in YP medium (0.3%
yeast extract and 0.3% peptone) maintaining micro-aerobic conditions
in the screw cap test tube. The growth analysis of Ashc mutant and wild-
type (WT) strain of R. palustris TIE-1 was carried out in YP media with
different carbon sources (succinate, pyruvate, acetate and malate at
10 mM concentration). Exponential growth phase cells normalised to
0.5 at ODggonm Were inoculated (1% inoculum) in triplicate into the
appropriate medium. The growth was monitored over time by mea-
suring absorbance at 660 nm. The growth of Ashc mutant was least
affected in pyruvate (YPP media) containing media; therefore further
study was carried out in YPP media.

2.2. RNA isolation and microarray experiment

WT and Ashc mutant of R. palustris TIE-1 were grown in YPP media.
The cells were harvested from the mid-log growth phase for the mi-
croarray experiment. By harvesting cells in mid-log phase, the incon-
sistency between the strains due to altered growth rates and morphol-
ogies were minimized (Welander et al., 2009). The experiment was
carried out in triplicate, each with three biological replicates. Three
biological replicates from the individual experiment were pooled to-
gether to minimize biological variation. Cells (10 ml each) were har-
vested by centrifugation (4 °C, 10000 g for 3 min) and washed twice
with PBS buffer. The cell pellet was snap frozen immediately in liquid
nitrogen and stored at —80 °C until further process. RNA was isolated
using Qiagen RNeasy Mini kit, and RNA quality (integrity and DNA
contamination) was checked by Agilent 2100 Bioanalyzer. Isolated RNA
was treated with DNase using on-column DNase treatment as per
manufacturer’s instructions. The RNA was eluted with 20 pl of nuclease-
free water and stored at —80 °C until further use.

The microarray chip with the 8 x 15k array with 5245 different
probes were designed and etched by Affymetrix. Oligo dT primer was
used to reverse transcribe total RNA and dye Cy3 was incorporated
while cRNA preparation was carried out by the in vitro transcription.
The labeled cRNA was cleaned up using Qiagen RNeasy Mini kit col-
umns as per manufacturer’s instructions (Qiagen, USA). Gene expres-
sion hybridisation kit (Agilent Technologies) was wused for
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fragmentation and hybridisation. In brief, 500ng of labeled cRNA
samples were fragmented at 60°C and hybridized on to Agilent
Rhodopseudomonas palustris GXP_8 X 15k (AMADID: 75878) array
format. Hybridization was carried out at 65 °C for 16 h and wash buffer
(Agilent Technologies) was used to wash hybridised slides.

2.3. Microarray data analysis

Data extraction from images and quantification were carried out
using Feature Extraction software version 11.5 (Agilent Technologies).
Feature extracted raw data was analysed using GeneSpring GX software
version 13.0 (Agilent Technologies). Fold change was calculated as
logarithmic values with log,. Pathway analysis of the differentially
regulated genes was performed using DAVID database (Dennis et al.,
2003).

2.4. Network construction, visualization, and analysis

PheNetic algorithm was used to construct the subnetwork from the
differentially expressed genes as a perturbation of hopanoid deficiency
in R. palustris TIE-1 (De Maeyer et al., 2013). Cytoscape 3.0 was used for
the analysis and visualization of the network. Gene Ontology (GO)
annotation for R. palustris TIE-1 was downloaded from UniProt website
(www.uniprot.org).

2.5. Swimming motility assay

To understand whether weak cell membrane in hopanoid deficient
mutant affects the cell motility, swimming motility assays were per-
formed according to Schmerk et al. (2011). For swimming assays, 2 ul
of overnight grown culture, adjusted to ODggonm Of 0.5, was inoculated
in the agar swim plate (YPP with 0.3% agar). The plates were incubated
at 30 °C for 96 h, after which the diameter of the swimming motility
was measured.

2.6. NPN uptake assay

To test whether hopanoid deficiency leads to defective membrane
permeability and transport, N-phenyl-naphthylamine (NPN; Sigma,
104043) uptake assay was carried out (Saenz et al., 2015). R. palustris
TIE-1 (WT and Ashc mutant) cultures were grown for 96 h and har-
vested by centrifugation (5,000 g for 10 min) under sterile conditions.
The pellet was washed with mineral media, and final ODggony, Was
adjusted to 0.5. 180 pl of cells were transferred to the 96-wells micro-
titer plate. Before NPN (5 uM) was added the background signals were
measured for 15min. Fluorescent emission readings were recorded
after every 5 min, with 25s shaking till 300 min. The emission of NPN
was recorded at excitation = 340/25nm and emission = 450/8 nm.
The entire assay was performed at room temperature. Pyruvate was
added at 10 mM concentration whereas control was without a carbon
source.

2.7. H33342 ATP-dependent efflux assay

To understand the energy-dependent transport in Ashc mutant, ATP-
dependent efflux assay was carried out (Saenz et al., 2015). WT and
Ashc mutant were grown for 96h at 30°C. Cells were harvested by
centrifugation (5,000g for 10 min) and washed once with mineral
media. All the following wash steps and resuspensions were performed
in mineral media containing 5puM H33342 (Bisbenzimide H 33342;
ThermoFisher Scientific, H1399). The ODggonm Was normalized to 0.5
and carbonyl cyanide m-chlorophenyl (CCCP; 100 uM; Sigma, C2759)
was added to abolish ATP synthesis. The 1% DMSO (HiMedia, MB058)
did not inhibit the growth of strain TIE-1 or Ashc mutant. The mixtures
were incubated in darkness for 1 h, washed twice to remove CCCP, and
then resuspended in mineral media and normalized to ODggonm Of 0.5.
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Fig. 1. Correlation of microarray and qPCR data for few genes of R. palustris TIE-1. Blue colour indicates the fold change calculated from microarray data and red
colour indicates the fold change from qPCR experiments. Microarray experiment was done in duplicate and qPCR experiment was done in triplicate. Rpal 0377-
thioredoxin; Rpal 5257-33 kDa chaperonin; Rpal 2511-putative monooxygenase protein; Rpal_0425-cytochrome P450; Rpal 4674-osmC family protein; Rpal 1871-
methyl-accepting chemotaxis sensory transducer with PAS/PAC sensor; Rpal 1916-diguanylate cyclase; Rpal_2444-diguanylate cyclase/ phosphodiesterase with
PAS/PAC sensor; Rpal_3823-Sodium/hydrogen exchanger; Rpal 2651-TonB dependent receptor.

Bacterial suspension (180 pl) was transferred to the 96-well microtiter
plate. The initial concentration of H33342 was noted for 60 min in a
plate reader (excitation = 340/25nm, emission = 405/8 nm). After-
ward, pyruvate was added to a final concentration of 20 mM (5 ul of
740 mM solution) per well, and the change in H33342 emission was
recorded after every 5min, with 25s of shaking for an additional
240 min.

2.8. Protein modeling and docking experiments

Protein sequence for Rpal 1916 and Rpal 2444 was retrieved from
the NCBI database. TMHMM?2 (http://www.cbs.dtu.dk/services/
TMHMM/) were used for the prediction of transmembrane helices
and EMBOSS:fuzzpro was used to search cholesterol recognition amino
acid consensus (CRAC) and CRAC-like (CARC) motif in proteins. The
hydrophobicity plot was plotted using ProtScale server (http://web.
expasy.org/protscale/). The PDB (protein data bank) structure of the
MPP1 protein was shared by Prof. Aleksander F. Sikorski, the PDB
structure of diguanylate cyclase (4RNH) was downloaded from PDB
database (www.rcsb.org) and the homology model for Rpal-2444 and
Rpal 1916 was generated using SWISS model and I-TASSER, respec-
tively. The docking of cholesterol, diplopterol, diploptene and tetra-
hymanol was carried out using PyRx software and docking was visua-
lized using discovery studio software and PyMol software.

3. Results
3.1. Growth study of WT and Ashc mutant

Ashc mutant of R. palustris TIE-1 did not produce any hopanoids and
whereas complement strain produces all the hopanoids (Welander
et al., 2009). In R. palustris TIE-1, hopanoids are not necessary for
growth but hopanoid deficiency leads to severe growth defect and
membrane damage in stress conditions (Welander et al., 2009). To
study the physiological response of hopanoid deficiency in R. palustris
TIE-1, growth assays were performed for WT and Ashc mutant grown in
the microaerophilic condition in different carbon sources. In compar-
ison to WT, Ashc mutant showed differential behaviour when grown in
a medium supplemented with different carbon sources (succinate,
pyruvate, malate and acetate; Supplementary Fig. S1 online). In all the
tested carbon sources, the growth of Ashc mutant was slow as compared
to wild-type strain. Since the behaviour of WT and Ashc mutant strains
were almost identical in the presence of pyruvate containing media,
YPP media was used for culturing WT and Ashc mutant in further study.
To understand physiological changes of R. palustris TIE-1 in the absence

of hopanoid biosynthesis, the genome-wide transcriptome of WT and
Ashc mutant was studied.

3.2. Transcriptional response of Ashc mutant of R. palustris TIE-1

3.2.1. Overview of microarray data analysis

The microarray experiment was carried out for WT and Ashc mutant
grown in YPP media. For microarray experiment, WT and Ashc mutant
cells were harvested from the mid-log phase which minimizes the in-
consistency between the strains due to altered growth rates and
morphologies. The scatter plot and principal component analysis was
carried out to understand the quality of replicates and experimental
data. Microarray experiment showed that in hopanoid deficient mutant
of R. palustris TIE-1, 299 genes were upregulated and 306 genes were
downregulated with respect to WT (Supplementary Table S1 and S2
online) which represents 11.5% of genes in the genome. Various un-
characterised protein-coding genes were differentially expressed
(Supplementary Table S3 and S4 online). To check the quality of mi-
croarray experiment, 10 genes were selected, and qPCR was carried out.
Out of 10 genes, fold change for 9 genes was in accordance with the
with microarray data, whereas Rpal 2511 gene did not show significant
differential expression (Fig. 1).

3.2.2. Functional annotation of differentially expressed genes

To comprehend insights into the transcriptional response of R. pa-
lustris TIE-1 during hopanoid deficiency, the Gene Ontology (GO)
classification was used to enrich genes related to the specific functional
group. The function and pathway analysis were done for differentially
regulated genes using DAVID database (Dennis et al., 2003). It was
observed that genes belonging to processes such as oxidation-reduction,
cell redox homeostasis, proteolysis, electron carrier activity, ABC
transporters, glyoxylate and dicarboxylate metabolism, fatty acid me-
tabolism, and monooxygenase were upregulated (Supplementary Table
S1 online). It was also found that genes belonging to processes such as
regulation of transcription, membrane transport activity, ABC trans-
porters, plasma membrane, two-component system, bacterial chemo-
taxis, nitrogen metabolism and amino acid metabolism were down-
regulated (Supplementary Table S2 online).

3.2.3. Subnetwork analysis

To understand how the hopanoid deficiency could affect cellular
response, a subnetwork selection algorithm, PheNetic, was used to
construct subnetwork based on differentially expressed genes. A pos-
sible interaction network representing interactome of nearest strain R.
palustris CAGO09 was compiled from string actions networks and
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Fig. 2. Hopanoid deficiency triggers transcriptional changes. Shown is selected subnetwork based on the differentially expressed genes in the Ashc mutant of R.
palustris TIE-1. The PheNetic algorithm was used to select subnetwork from 605 differentially expressed genes. Subnetwork consists of 262 nodes and 438 nodes, 219
differentially expressed genes and additional 43 intermediate genes which were selected by PheNetic. The shape of the node represents the type of gene, colour of
node represents the function of gene, colour of edge represents the type of interaction and bar diagram besides the nodes corresponds to fold change.

mapped on R. palustris TIE-1 genome. Using this network, a minimal
common subnetwork was constructed by the PheNetic algorithm which
connects a cause (hopanoid deficiency) to differentially expressed genes
(its effect). From the differentially expressed genes subnetwork was
constructed which consisted of 266 nodes (genes) and 408 edges (in-
teractions). From the subnetwork, it was observed that the gene net-
work involved in membrane transport, localization and oxidoreductase
activity was greatly affected in hopanoid deficient condition in R. pa-
lustris TIE-1 (Fig. 2).

3.2.4. Cellular response of Ashc mutant

3.2.4.1. Membrane transport. In Ashc mutant of R. palustris TIE-1, 74
genes involved in transport activity were differentially expressed which
suggest that hopanoids might be playing a role directly or indirectly in
membrane transport (Fig. 2; Supplementary Table S2 online). In
Streptomyces cremoris, it was established that the membrane lipid
composition affects the transport protein of branched-chain amino
acids (BCAAs) like leucine, isoleucine and valine (Driessen et al.,
1987). Twenty-three genes participating in BCAAs were differentially
expressed in Ashc mutant. BCAA transport system is a part of osmotic
shock-sensitive transporters which rely on periplasmic binding proteins
(Quay and Oxender, 1979). Genes involved in TonB dependent
transport system (TBDT) was downregulated in Ashc mutant. TBDTs
catalyses the active transport of iron-siderophore complexes, vitamin
Bys, nickel complexes, carbohydrates, group B colicins and
bacteriophages T1 and ¢80 through high-affinity transporters in the
outer membrane (Noinaj et al., 2010). The fur gene that encodes a

regulatory protein got upregulated in the Ashc mutant, which represses
genes required for iron uptake which is reported in oxidative stress.
Iron uptake is reported to alter with the change in proton motif force
and oxidative stress (Noinaj et al., 2010). Therefore, altered TBDT may
be the result of defective proton motive force and oxidative stress in an
impaired membrane of Ashc mutant of R. palustris TIE-1. Similarly,
seven genes involved in nitrate transport were downregulated which
depends on ATP hydrolysis and proton-motive force (Noinaj et al.,
2010).

Similarly, 11 genes subnetwork involved in dipeptide and oligo-
peptide transport was downregulated in Ashc mutant. Four genes en-
coding for extracellular solute-binding proteins which are involved in
the transport system, sensing chemicals (chemoreceptors) and initiators
of the signal transduction pathway (Tam and Saier, 1993) were
downregulated. This gene network triggered the high expression of
33kDa chaperonin which is a redox-regulated molecular chaperone.
33 kDa chaperonin plays a crucial role in the protection of oxidatively
damaged proteins and bacterial defence system in oxidative stress
(Jakob et al., 1999). Polyamine transport system was also down-
regulated in the Ashc mutant. Polyamines are polycationic molecules
which interact with negatively charged nucleic acid and are linked to
protection of a cell from oxidative and acid stress (Shah and Swiatlo,
2008). ATP-dependent zinc metallopeptidase (Rpal_1317) was upregu-
lated which is involved in quality control of integral membrane pro-
teins. The transport of polar amino acid was also downregulated in Ashc
mutant.

Twenty-three ABC transporters were downregulated in Ashc mutant,
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Fig. 3. (a) The membrane permeability was assessed by NPN uptake assay which is monitored by the accumulation of the NPN (lipophilic dye) in the cell. (b) Energy-
dependent multidrug transport was assessed by ATP-dependent efflux assay which is monitored by efflux of fluorescent dye (H33342). Each reading represents the
average of three replicates (the error bars represents standard deviation). NPN uptake assay was repeated three times.

therefore to test whether hopanoid deficiency leads to defected mem-
brane permeability and transport, NPN uptake assay was carried out.
The nonpolar NPN is a fluorescent probe which has a property of
phospholipid environment sensitive spectral shifts enabling studies of
the permeability of the outer membrane of Gram-stain-negative bac-
teria (Loh et al., 1984). In NPN uptake assay, it was observed that in WT
strain (pyruvate containing) fluorescence signal increases up to 130 min
after which it started decreasing with time (Fig. 3a). Equivalent results
were obtained in cells incubated without a carbon source. NPN fluor-
escence is high in the phospholipid environment and initial increase in
fluorescence and then decrease in fluorescence is an indication of the
active efflux of dye from the cell which is characteristically observed in
bacteria. In contrast, in damaged outer membrane of the cell, NPN gets
accumulated more (compared to healthy cells) with time and results in
prominent fluorescence and the fluorescence doesn’t change with time.
In Ashc mutant, in both pyruvate and without carbon sources it was
noted that the fluorescence signal increased exponentially till 120 min
and became constant with time (Fig. 3a). This indicated that the dye
entered the cells of Ashc mutant and incorporated in the cell membrane
and accrue without effluxing the dye out of cell which shows that
membrane transport is impaired in hopanoid deficient cells.
ATP-dependent efflux assay was performed for WT and Ashc mutant
of R. palustris TIE-1. The cells were stained with nucleic acid dye
H33342 followed by inhibiting ATP synthesis using CCCP; cells were
washed to remove excess dye and inhibitor. Fluorescence readings were
taken for 60 min which indicated no variation in the fluorescence de-
monstrating inhibition of ATP biosynthesis by CCCP. Pyruvate was
added to restore the ATP biosynthesis. In healthy cells stained with
H33342, ATP biosynthesis will be restored as soon as a carbon source is
added and thus the cell will start effluxing the dye out resulting in a
decrease in fluorescence. Fluorescence started increasing in WT strain
after adding pyruvate and with time fluorescence signal decreased,

indicating restoration of ATP synthesis efflux of fluorescent dye H33342
out of the cell. In the Ashc mutant the initial fluorescence was high
compared to WT and after adding pyruvate, fluorescence started in-
creasing and subsequently started decreasing but did not reduce sig-
nificantly and remains above control (Fig. 3b). In control (without
pyruvate), the fluorescence remains constant throughout the experi-
ment indicating ATP synthesis was abolished.

3.2.4.2. Oxidation reduction and electron carrier activity. Oxidation and
reduction reactions play a crucial role in cellular respiration. Nineteen
genes which are involved in the oxidation-reduction process were found
to be upregulated in Ashc mutant (Supplementary Table S2 online).
Various enzymes act as electron acceptors as well as donors and take
part in electron transport chain generating an electrochemical gradient
across the cell membrane. In Ashc mutant, 21 genes which are involved
in electron carrier activity were also upregulated (Supplementary Table
S1 online). Six genes involved in monooxygenase activity and also takes
part in electron carrier activity were also upregulated in Ashc mutant.
Twenty-eight genes involved in cellular homeostasis and
oxidoreductase activity were upregulated. Bacterial thioredoxins are
small redox proteins which are linked cellular redox regulation and
oxidative stress defence mechanisms.

3.2.4.3. Chemotaxis, response to stimulus and  flagellar
assembly. Microarray data showed that 38 genes involved in response
to external stimuli, chemotaxis and flagellar assembly were
downregulated in Ashc mutant (Supplementary Table S2 online).
Seven genes involved in flagellar assembly and motility showed
significant downregulation in hopanoid deficient mutant. Hence,
swimming assay was carried out to understand the defect in motility.
In swimming motility assay, the diameter of motility was same for WT
and Ashc mutant within the first 48 h but after 96 h swimming motility
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was reduced in Ashc mutant (Supplementary Fig. S2 online).

3.2.4.4. Interaction between proteins and hopanoids. Cholesterol
interacts with the PDZ domain-containing proteins and modulates cell
signaling and protein network. PDZ domain-containing scaffold
proteins have been stated to interact with cholesterol which contains
CRAC and CARC motifs (Listowski et al., 2015; Sheng et al., 2012).
Hopanoids play a crucial role in maintaining integrity (regulating the
physical properties) of a cell membrane and might be physically
interacting with few proteins controlling their action similarly as the
cholesterol does in eukaryotes. Membrane palmitoylated protein 1
(MPP1) of Homo sapiens is known to interact with cholesterol and
play a pivotal role in lateral membrane organisation in lipid rafts
(Listowski et al., 2015). Cholesterol is structurally analogous to
hopanoids; therefore, to test the hypothesis that whether MPP1 can
interact with hopanoids in-silico docking experiment was carried out.
MPP1 protein has 17 CRAC motifs and 14 CARC motifs (CRAC-like
motif) which were predicted using EMBOSS: fuzzpro server
(Supplementary Table S5 online). In-silico docking experiments
suggested that diplopterol, diploptene and tetrahymanol can dock to
the MPP1 protein similar to what cholesterol does (Supplementary Fig.
S3 online). This indicates that hopanoids mimic cholesterol molecule
and have the capability to interact with a protein having CRAC motif.

With the MPP1 protein, it was contemplated that the hopanoid
mimics the cholesterol in terms of binding to CRAC motif in proteins.
Therefore, it was interesting to understand whether bacterial proteins
have CRAC or CARC motif which can interact with hopanoids in similar
faction as cholesterol do and contribute to the signal transduction.
Genome sequence of R. palustris TIE-1 was mined for the CRAC/CARC
motif-containing proteins, and it was observed that R. palustris TIE-1
have many proteins with CRAC motifs (Supplementary Table S6 on-
line). The genome of R. palustris TIE-1 consists of 34 genes which code
for diguanylate cyclase having PDZ domain out of which two got sig-
nificantly downregulated in hopanoid deficient mutant of R. palustris
TIE-1. Diguanylate cyclase (Rpal 1916 and Rpal 2444) has PDZ do-
main-containing CRAC motifs which are known to be involved in in-
teraction with cholesterol and controls cell signaling and protein net-
working (Sheng et al., 2012). So, there might be a possible interaction
between diguanylate cyclase having CRAC motif and hopanoids. Di-
guanylate cyclases which were differentially expressed in Ashc mutant
were further selected for docking study.

Rpal_2444 protein has 17 CRAC and 18 CARC motifs (Table 1).
NCBI-BLAST of Rpal_2444 protein sequence against the PDB database
showed 40% identity with diguanylate cyclase (PA4601) of Pseudo-
monas aeruginosa PAO1 (PDB_ID: 4RNH) which has 12 CRAC motifs and
13 CARC motifs (Table 1). Diguanylate cyclase from Pseudomonas aer-
uginosa PAO1 has 1415 amino acids with four PAS sensory domain,
phosphodiesterase and diguanylate cyclase (DGC) domain (Phippen
et al., 2014). Crystal structure of PA4601 was elucidated for the frag-
ment spanning from 978 to 1409 amino acids which are 431 amino acid
long fragment comprise of DGC activity (Phippen et al., 2014). Three-
dimensional structure was used to study the in-silico binding affinity for
ligands (cholesterol, diplopterol, diploptene and tetrahymanol). Nine
CRAC motifs are spanned throughout the protein sequence of PA4601
(Fig. 4). Out of 9 CRAC motifs comprising domain, five domains did not
show binding for any of the ligands tested. Other four CRAC motifs with
sequence 190-LHYQPQFTGDGRR-202, 270-RQFADGQL-277,
337-LNYLKQFPIDVLKIDRSFVDGL-358 and 404-VQGYLFGR-412 are
part of one pocket in the three-dimensional structure of a protein (Fig. 4
and Supplementary Table S5 online). Cholesterol, diploptene, di-
plopterol and tetrahymanol has shown binding in the above pocket
with binding energy -7.2kcal/mol, -8.7 kcal/mol, -8.3 kcal/mol and
-8.3 kcal/mol, respectively (Fig. 4c). The interacting amino acids are
different for all ligands and ligand confirmation also differ for each li-
gand (Supplementary Table S7 online).

Therefore, it was paramount to test whether diguanylate cyclase
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Table 1

Predicted CRAC/CARC motif in Rpal 2444 and Rpal 1916 of protein of R. pa-
lustris TIE-1 and homologous diguanylate cyclase of Pseudomonas aeruginosa
PAO1 (PA4601).

Sequence Start End Number of CRAC/
CARC motif
Rpal 2444
LGVVAAYGGLR 25 35 3
LDIYGIPPGR 149 158 1
RGFCLFDAVGRL 130 141 3
KQAEQRFAYLALHDVATGLPNRAAFNDRIV 233 262 6
RRFDGSFAVIRLGIDRFKEINDVFGQAV 269 296 6
RPGGDEFSIV 319 328 1
LCDTEFEVDGHR 348 359 1
VSVYPR 368 373 1
VALYRAK 387 393 1
RGTVCLFEPAMDL 397 409 1
VGFEALLR 445 452 2
LAIAVNFSPLDFRRFDVPAL 498 517 4
LSYLQSFPFDKIKIDQAFTRKL 574 595 5
VQGYLIGR 641 684 1
4RNH
RGSHMAYYDAL 17 27 1
LPNRTLFQDRL 30 40 2
VVLMFLDLDR 54 63 3
RMGGDEFTLLL 99 109 3
RLARPFTLEGREFFV 132 146 3
LHYQPQFTGDGRR 216 228 2
RQFADGQL 296 303 1
LNYLKQFPIDVLKIDRSFVDGL 363 384 7
LDFLR 419 423 1
VQGYLFGR 430 437 1
Rpal_1916
RWIGLFGCV 43 51 1
KAAARYLL 127 134 1
VLVAFTAFTGR 140 150 3
KLDYPGYSLHLKRQFIGVL 229 247 9
LTNYLGEIYR 260 269 1
RFDQAFFVV 424 432 2
RRDELFRTL 443 451 2
LQIAEQFGASGR 460 471 1
REIFGGDWVEFGGRRSYVL 476 494 5
VKGIFASRLL 511 518 3
LFYFFGMDRGVRDRFERQLR 533 552 5
LANRMKFDARL 574 584 2
RSGRPFSLIIFDIDHFKEVNDIYGHPV 593 619 4
RWGGEEFAILL 643 653 2
RADNALYRAKL 704 714 1

(Rpal_2444) from R. palustris TIE-1 also has the capability to interact
with hopanoids. The homology model of Rpal 2444 was generated
using SWISS model server using 4RNH as a template. The deduced
amino acid sequence of Rpal 2444 has 673 amino acid residues. The
three-dimensional structure of this protein was comprised of 417 (242
to 659) amino acids. The sequence alignment has shown that the
GGDEF domain is conserved whereas DDFGTG domain got altered to
DDFGAG in Rpal_2444 which was highlighted in Fig. 5. According to
the Ramachandran plot, 97.3% residues were in the favoured region,
1% residues were in additionally allowed regions and 1.7% residues
were in the outliner regions indicating a good stereochemical quality of
the model. In-silico docking experiments were performed to test whe-
ther cholesterol, diplopterol, diploptene and tetrahymanol bind to these
motifs. Similar to PA4601 four CRAC/CARC motifs (from 445 to 452,
498 to 517, 574 to 595 and 641 to 648 amino acids) are lying in the
close vicinity and forming a pocket. In-silico docking experiment has
shown that Rpal 2444 can interact with the hopanoids and cholesterol
in the same pocket spanning 445-VGFEALLR-452, 498-LAIAVNFSPLD-
FRRFDVPAL-517, 574-LSYLQSFPFDKIKIDQAFTRKL-597 and
641-VQGYLIGR-648 (Fig. 5c¢). Binding energy was maximum for di-
plopterol which is -8.5kcal/mol followed by diploptene (-8.1 kcal/
mol), tetrahymanol (-7.6 kcal/mol) and tetrahymanol (-6.7 kcal/mol).
The orientation of ligands and interacting amino acids are different for
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Cholesterol Diplopterol Diploptene Tetrahymanol

Fig. 4. (a) Three-dimensional structure of PA4601 (978-1409 amino acids) with (a) heighted GGCEF domain (red colour) and DDFGTG domain (blue colour) (b)
CRAC/CARC motif (green colour) with CRAC motif showing binding for hopanoids and cholesterol highlighted with red colour and (c) Visualisation of binding of
ligands with diguanylate cyclase (PDB ID-4RNH) of Pseudomonas aeruginosa PAO1.

Cholesterol Diplopterol Diploptene Tetrahymanol

Fig. 5. (a) Three-dimensional structure of Rpal_2444 with (a) heighted GGCEF domain (red colour) and DDFGAG domain (blue colour) (b) CRAC/CARC motif (green
colour) with CRAC motif showing binding for hopanoids and cholesterol highlighted with red colour and (c) Visualization of binding of ligands with Rpal 2444
protein of R. palustris TIE-1 CARC/CARC motif spanning from 445 to 452, 498 to 517, 574 to 595 and 641 to 648 amino acids.
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individual ligands tested (Supplementary Table S7 online).

The deduced amino acid sequence of Rpal_1916 has 736 amino acid
residues. The protein has very poor homology with the already eluci-
dated structure of diguanylate cyclase (Pfl01_4666) of P. fluorescence
Pf0-1 with PDB_ID: 5EUH. Hence, the threading approach was used to
model the protein Rpal_1916 using I-TASSER server (Zhang, 2008). The
deduced three-dimensional structure was refined using GalaxyRefine
tool (Heo et al., 2013) and the resulted structure has 736 amino acid
residues. The sequence alignment has shown that the GGDEF domain is
replaced with GGEEF in both the sequences. According to the Ra-
machandran plot, 656 (89.4%) residues were in the favoured region
indicating the stereochemical quality of the model. Rpal 1916 protein
has 15 CRAC motifs and 26 CARC motifs (Table 1). TMHMM has shown
that in Rpal 1916 protein, there are eight possible regions which might
be buried in the cell membrane (Supplementary Fig. S4 online).

In-silico docking experiments were performed to test whether cho-
lesterol, diplopterol, diploptene and tetrahymanol binds to CRAC motifs
in Rpal_1916. The motif having amino acid sequence 140-VLVAFTAF-
TGR-150 showed binding for only cholesterol molecule (binding energy
-9.1 kcal/mol) whereas hopanoids tested did not show binding in this
region which is predicted as a part of a transmembrane helix.
Diplopterol has not shown binding in regions spanning CRAC motifs
whereas it has shown binding to Rpal 1916 in a region which is part of
transmembrane helix with binding energy -10kcal/mol. The region
with CRAC motif and transmembrane helix increases the probability of
interaction between cholesterol (maybe same for hopanoids) and pro-
teins (Listowski et al., 2015). There are few reports stating that cho-
lesterol interacts with the membrane protein in a region other than
CRAC motif (Fantini and Barrantes, 2013). All the other ligands had
also demonstrated binding confirmation in the same regions (Data not
shown). Diploptene and tetrahymanol have demonstrated binding in
CRAC motif having sequence 476-REIFGGDWVEFGGRRSYVL-494
which consist of 5 CRAC motifs. Diploptene has shown the binding
energy of -8.2 kcal/mol in this region and also involved few residues of
other CRAC motif spanning from 460 to 471 and 533 to 522 amino
acids (Supplementary Fig S5 online). Tetrahymanol has demonstrated
binding energy of -9.3 kcal/mol for the interaction with CRAC motif
spanning from 476 to 494 amino acid residues and also encompasses
few amino acids of CRAC motif spanning from 229 to 247 amino acids
(Supplementary Fig S5 online).

4. Discussion

All domains of life have ordered cell membrane which is essential
for the selective fitness of primitive life. Reduced membrane order may
alter the membrane-associated functions such as membrane transport,
cell signaling and results in susceptibility to bilayer-disrupting agents
(Saenz et al., 2015, 2012a). Hopanoids are known to interact with lipid
A to promote order in the outer membrane which is similar to the in-
teraction between sterols and sphingolipids in the eukaryotic mem-
brane (Silipo et al., 2014). The hopanoid-based ordering of lipid bilayer
can be improved by structural modification of their polar side chains
(Silipo et al., 2014). Hopanoid deficiency may lead to the weakened cell
membrane and may affect the other structures spanning cell envelope
resulting in impaired lipid ordering which is linked to permeability,
fluidity, ion conductivity, cell potential, cell signaling, lateral segrega-
tion and disturb the binding of other biomolecules in a membrane
(Saenz et al., 2015). Till date, hopanoids are reported to play a role in
cell membrane stability, membrane permeability, progression in cell
cycle, resistance to antibiotics and help in stress tolerance, but the
precise understanding is lacking (Doughty et al., 2011; Kulkarni et al.,
2013; Schmerk et al., 2011; Welander et al., 2009). It is unclear how
hopanoids contribute to these functions and an effort must be made to
elucidate the physiological role of hopanoids in shaping membrane
properties and contribution in the membrane-associated functions.

Membrane lipids change the environment of membrane protein
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which results in alterations of membrane protein activities and there is
an effect of the lipid composition on bacterial transport systems.
Hopanoids play a crucial role in maintaining lipid order in a cell which
can alter the membrane environment (Saenz et al., 2015). Microarray
experiment has demonstrated that there is an alteration in BCAA
transport, TonB-dependent transport, nitrate transport and polyamine
transport which might be because the hopanoid deficient mutant may
fail to establish the proton motive force and imbalanced osmotic bal-
ance. Results of NPN uptake assay and ATP dependent assay are in line
with previous observations which showed the membrane transport is
compromised in a hopanoid-deficient mutant of Methylobacterium ex-
torquens (Saenz et al., 2015). Energy-dependent transport is deficient in
a Ashc mutant of R. palustris TIE-1 which gives evidence for the link
between membrane order and membrane transport. Impaired multidrug
efflux may account for sensitivity to chemical stresses. Weakened cell
membrane in Ashc mutant may create osmotic imbalance and impaired
cellular redox potential. Hopanoids are found in the membranes having
large proton gradient and therefore acidophiles are known to have high
hopanoid content in their membrane (Saenz et al., 2015). Therefore,
hopanoids might be playing an essential role in cellular homeostasis
and preventing the loss of proton as charged water by increasing the
packing of the hydrophobic centers in the cell membrane. Similarly, the
upregulation of genes involved in oxidative stress indicates that the
hopanoid deficient mutant is under oxidative stress.

In response to external stimuli, bacteria show chemotaxis and fla-
gellar motility which helps the bacteria to reach the favourable en-
vironment. Cell membrane plays a crucial role in sensing and passing
the message inside the cell. Therefore, in a compromised cell membrane
there might be an alteration in signal transduction and motility. R.
palustris TIE-1 depends on polar flagella for swimming motility which is
regulated by a single cell perceiving signal. The flagellar machinery
spans the inner and outer membrane in Gram-stain negative bacteria
and defect in motility indicate that in Ashc mutant the membrane
structure is defective, resulting in alteration of membrane-associated
function of motility. Twenty-five genes involved in chemotaxis, signal
transduction and response to stimuli were downregulated which might
be either due to alteration in permeability of cell membrane which
affects the sensing ability or direct interaction between hopanoids and
certain proteins spanning cell membrane.

Lipid raft in eukaryotes organize signal transduction proteins and
enrich in specific lipids such as cholesterol. Cholesterol is one of the
critical components in lipid raft and it is known to be involved in
various signal transduction processes (Lingwood et al., 2009). Like
eukaryotes, prokaryotes contain lipid rafts which orchestrate proteins
involved in protein secretion, transportation and signal transduction
(Bramkamp and Lopez, 2015). Lipid rafts (microdomains) in bacteria
might be involved in signal transduction and membrane organization
which explicit the need of exploring the composition and function of
bacterial membrane architecture (Lopez and Kolter, 2010). There is a
high possibility that bacterial lipid rafts may comprise of hopanoids, as
hopanoids are structural and functional analogues to cholesterol. Cell
membrane provides a platform to form protein complexes, transport
system and sensing receptors which control various cellular processes in
the cell. In eukaryotes, it was established that cholesterol regulates the
physical properties of a cell membrane and physically interact with
various proteins which have a membrane-spanning domain and reg-
ulate the functions of various receptor proteins by controlling the
membrane curvature and fluidity of membrane (Fantini et al., 2016).
The bioinformatics study have thrown light on how cholesterol inter-
acts explicitly with membrane proteins as well as cytosolic proteins, a
few of which were further validated by experimental evidence as well
(Fantini et al., 2016; Listowski et al., 2015; Sheng et al., 2012).

The computational study has anticipated that diguanylate cyclase
has the capability to interact with hopanoids. Diguanylate cyclase
catalyses the synthesis of intracellular secondary messenger c-di-GMP
(cyclic diguanylate monophosphate) which controls various cellular
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processes in a bacterial cell. Cyclic-di-GMP network involves many di-
guanylate cyclases and many target proteins. C-di-GMP is near uni-
versal in bacteria and involved in regulation of a number of complex
physiological processes such as motility, progression through cell cycle,
cell-cell signalling, secretion, transcription, biofilm formation, biolu-
minescence, cellulose biosynthesis, virulence and ligand for a ri-
boswitch (Dahlstrom et al., 2015; Paul et al., 2004; Phippen et al.,
2014). In Pseudomonas aeruginosa PAO1 protein PA4601, a diguanylate
cyclase is linked to control a timing of flagella, chemotaxis pathway and
dimerization of protein which is required for cyclase activity (Phippen
et al., 2014). It is reported that cholesterol interacts with proteins and
controls various protein network as well as receptor confirmation and
dimerization in membrane protein like G-protein coupled receptor,
neurotransmitter receptor for acetylcholine (Fantini et al., 2016). As
diguanylate cyclase is reported to be involved in controlling various
functions in a bacterial cell and the possible interaction between di-
guanylate cyclase and hopanoids, there is possible involvement of ho-
panoids in a signal process in the bacterial cell as cholesterol does in the
eukaryotic cell. Therefore, it will be interesting to find out more about
the interaction between hopanoids and diguanylate cyclase and other
proteins, the role of hopanoids in receptor confirmation and dimer-
ization and possible role in signal transduction. In-silico docking is
predictive which describes the models of hopanoid-CRAC motif inter-
actions, hence the validation of in-silico study needs to be experimen-
tally confirmed. As hopanoids are essential for various membrane re-
lated functions, disturbing the membrane order by targeting lipid
synthesis can be a possible novel approach in developing new anti-
microbials and hopanoid biosynthesis could be a potential target. This
work opens many questions and a functional genomics approach has to
be used to elucidate answer to these questions and establish the role of
hopanoids in various cellular functions.

5. Conclusions

Membrane lipids change the environment of membrane protein
which results in alteration of membrane protein activities and various
functions. Hopanoid deficiency may lead to the weakened cell mem-
brane and may affect the structures spanning cell envelope resulting in
impaired lipid ordering which is linked to permeability, fluidity, ion
conductivity, cell potential, cell signaling and lateral segregation,
though the mode of action is not known. Understanding the role of
hopanoids in determining the structure and functions of the membrane
would be pivotal in bridging this gap. The transcriptome data has
shown that hopanoid deficiency has led to altered membrane transport.
From the experiments, it is explicit that the energy-dependent multi-
drug transport is flawed in the Ashc mutant of R. palustris TIE-1 which
might be a link between the hopanoids to antibiotic susceptibility. The
impaired energy-dependent efflux in hopanoid deficient strain could be
a result of either disruption of membrane order or hopanoids might be
interacting with proteins and altering their functions. Transcriptome
data suggest that hopanoid plays a vital role in maintaining cellular
homeostasis. Affected swimming motility in Ashc mutant indicates that
hopanoids might be playing a direct or indirect role in motility.

Though reports have shown that hopanoid might play a crucial role
in lipids ordering, the mechanisms and significance of hopanoid in lipid
ordering and signal transduction is poorly understood. The docking
study showed that diguanylate cyclase (Rpal_ 1916 and Rpal 2444) in-
teract with hopanoids (diploptene, diplopterol and tetrahymanol) and
might be playing a role in motility and cell signaling in R. palustris TIE-
1. In silico docking is predictive which describes the models of hopa-
noid-CRAC motif interactions, hence the validation of this docking ex-
periment needs to be confirmed by functional genomics approach.
Disturbing the membrane order by targeting lipid synthesis can be a
possible novel approach in developing new antimicrobials and hopa-
noid biosynthesis could be a potential target. Still, the outcome of the
interaction between proteins and hopanoids and their role in various
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membrane related biological functions remains an open question.
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