Part 3: Theory behind chemotaxis using Pseudomonas and E.coli as examples.

There are three molecular mechanisms known in the

literature for chemotaxis in bacteria [16]. Transmembrane

signaling by bacterial chemoreceptors is the best

studied mechanism where ligand binding tothe external

domain of the membrane spanning receptor generates a

transmembrane signal that modulates kinase activity

inside the cell, resulting in chemotaxis [17,18]. This signaling

mechanism of chemotaxis is totally independent

of metabolism of the effector molecule, and non-metabolizable

structural analogues of the substrate can

also elicit a chemotactic response [16,18,19]. This

mechanism may not be operative in strain SJ98 toward

NACs because the organism is attracted toward only

those NACs that either serve as a source of carbon

and energy to the cells or those that are co-metabolized

in the presence of succinate as an alternate carbon

source.

The second molecular mechanism known for chemotaxis

depends on changes in the cellular energy levels

resulting from the complete metabolism of chemoeffector molecule [16,20]. This chemotaxis response is known

as metabolism-dependent chemotaxis and it is reported

in several microorganisms including Escherichia coli

[21,22], Rhodobacter sphaeroides [23,24], and Azospirillum

brasilense [25]. In R. sphaeroides, metabolism is a

prerequisite for chemotactic movement toward sugars

and ammonia [23,24]. Similarly, proline and glycerol are

also reported to elicit chemotactic response of E. coli

only after their metabolism [21,22]. The co-metabolism

of NACs may be partially responsible for chemotactic

response in strain SJ98; however, whether this can

generate a detectable change in energy flux of the cell

needed for metabolism-dependent chemotaxis is yet to

be ascertained.

The third mechanism of chemotaxis argues that the

signal for chemotaxis is generated along with the

transport of the molecule to the cell [16]. For example,

chemotaxis of E. coli and Bacillus subtilis toward sugars

[26] and carbohydrates [27], respectively, is coupled to

the transport of the chemoattractant. In Pseudomonas

putida, pcaK encodes a non-essential transporter for 4-

hydroxybenzoate that is required for chemotaxis towards

this compound [28]. Similarly, tfdK, a permease

that allows Ralstonia eutropha JMP123 totake up very

low concentrations of 2,4-dichlorophenoxyacetate (2,4-

D) but is not essential for its entry into the cells, is required

for chemotaxis to 2,4-D [29]. It is not understood

how PcaK or TfdK plays a role in chemotaxis but

transport through these permeases could be generating a

signal for chemotaxis toward these environmental pollutants.

Chemotaxis of strain SJ98 toward co-metabolizable

NACs could also be coupled to transport. We

argue that either transport, transformation, and signal

generation for chemotaxis in strain SJ98 occur as a

single event, or, transformation and signal generation

occur as a single event by intracellular enzymes, after

transport. We are currently identifying the molecular

mechanisms operating behind chemotaxis of strain SJ98

to metabolizable/co-metabolizable NACs (Pandey, 2002).

In nature, the nutrients or environmental factors produced in soils, or dispersed as pollution, are generally distributed in such a way as to form a concentration gradient (bergey’s p 94) Chemotaxis is the term designated for the behavioural response which utilizes the function of swimming motility in bacteria to allow the cell to move along a perceived concentration gradient either towards or away from a particular chemical in order to remain in a beneficial layer of the gradient (bergey’s p99, Parales, 2002). Unlike larger organisms, bacteria are too small to sense a gradient along their body length. They must instead, while moving, compare the chemoeffector concentration in their environment with that sensed over the whole of the cell a few seconds earlier, thus bacteria sense gradients of signal molecules as they swim along temporally rather than spatially (Parkinson article, 2004). Because of their size, consigning them to be dominated by viscous rather than inertial forces, the temporal-sensing strategy is effective only over short times because Brownian motion also can alter a cell’s heading (Parkinson).
No rephrase

The mechanism of chemotaxis is very complex and involves many different proteins. Some are sensory proteins found in the cell membrane that sense the presence of specific attractants or pollutants and can sense changes in concentration over time. These cell-surface transmembrane receptor proteins are known as methyl-accepting chemotaxis proteins (MCPs) (Parkinson). MCPs usually have a periplasmic ligand-binding domain which is responsible for monitoring chemoeffector levels, and a cytoplasmic signaling domain that can undergo reversible methylation (at 4-6 glutamic acid residues), the methylation state of which encodes the memory of its chemical environment (parkinson). Because it takes several seconds for a cell’s feed back signal sensory adaptation machinery to update the methlyation record, as opposed to the feed forward signal’s few hundred millisecond to alter motor rotation after the receptors modulate phosphate fluxes to  recoincide their overall ligand occupancy with their aggragate methylation levels; a time differential is created, for which the cell can create a comparision window between past and present chemical environments (Parkinson)
The chemotactic signal is dependent upon the MCPs, which bind chemoeffectors on the periplasmic side of the membrane. Binding of these chemoeffectors can be direct (as for amino acids) or indirect, through a specific periplasmic binding protein (as for some sugars). Binding of these chemoeffectors to sensory-transducing MCPs causes a slight conformtational change that is communicated to the flagellar proteins via a series of physically associated chemotaxis proteins (chew, A, Y and B) and their cytoplasmic phosphorylation reactions which result in a change in the rotational bias of the flagellar motor (Parkinson, Madigan, Bergey). The change in the direction of flagellar rotation that occurs as a consequence of the signaling cascade is manifested as chemotaxis. 

Uptake of the chemoeffector is not required for chemotaxis (may not have to mention that fact, Bergey) The change in the direction of flagellar rotation that occurs as a consequence of the signaling cascade is manifested as chemotaxis. 

“When these membrane proteins, known as methyl-accepting chemotaxis proteins (MCPs), bind the attractant or repellent it changes conformation and changes the autophosphorylation of the cytoplasmic protein it is in contact with.  Attractants decrease the rate of autophosphorylation while repellents increase the rate. The phosphorylated cytoplasmic proteins will then phosphorylate the response regulator, which governs the direction of the rotation of the flagellum (Madigan, et al., 2003). In increasing concentrations of attractants, or decreasing concentrations of repellents, the phosphorylation rate of the response regulator will be low and the flagellar motor protein will continue in a counter clockwise direction, allowing the bacterium to swim relatively smoothly in one direction. In decreasing concentrations of attractants, or increasing amounts of repellents, the phosphorylation rate of the response regulator will be high and the flagellar motor protein will switch to a clockwise direction causing the bacterium to tumble; which will continue until it finds a favorable chemical concentration (Madigan, et al., 2003).”
Chemotaxis has been studied the most in the enteric bacteria Escherichia coli  where it has served as a paradigm for bacterial two-component signal transduction pathways (Parales, 2002, Parkinson). The chemotaxis machinery of E.coli includes five MCPs and six chemotaxis proteins (Parkinson, 2004). Recent genome sequence information and experimental work indicates that other bacteria have more complex chemotactic signaling systems. Multiple sets of chemotaxis genes are present in many species and several of these, including  Pseudomonas putida , have 25 or more MCP genes. Despite these complexities, the fundamental characteristics of signal reception and transduction that occur during chemotaxis by E.coli are probably conserved among bacteria (Parales, 2002).  Organic chemicals such as sugars and amino acids are strong chemoattractants for enteric bacteria (Parales, 2003). In contrast, Pseudomonads and related nonenteric bacteria have been shown to be attracted to aromatic acids, many of which are growth substrates for particular strains (parales 2003).
Metabolism dependent chemotaxis or Energy taxis.
Metabolism of the chemoeffector is required in metabolically dependent chemotaxis, which shares signaling pathways with other pathways and changes the cellular energy levels of the organism. As long as the bacterium contains a receptor sensing the cellular energy level change metabolizable substrates can stimulate a chemotactic response (Pandey and Jain, 2002). 
A positive chemotactic response induced by a particular compound can be indicative of its nutritional value. This can be seen in bacteria such as E. coli and Salmonella sp. are attracted to many kinds of sugars and to some amino acids, or Pseudomonas aeruginosa that responds favorably to an array of organic acids it favors as growth substrates (2, 1314, 15) (1984, Harwood).  Even for some substances that cannot be metabolized, positive chemotaxis could be beneficial should the cell aquire a catabolic plasmid for the compound (Parales, 2002 hardcopy).
negative chemotaxis has also been established to be, in some cases, of  survival value. Unlike Psuedomonas sp. membrane permeant aromatic

acids benzoate and salicylate are chemorepellents for E. coli

and Salmonella sp. (26). The weak acids can cause extremes in intracellular pH, impairing numerous metabolic processes, the migration of cells away such from an acid environment can be viewed as an advantageous behavioral response (Harwood, 1984).
Mention Adaption:
Chemotactic motion towards an attractant depends on the

magnitude of the concentration gradient and on the concentration

of the attractant relative to the dissociation constant for

its chemoreceptor, Kd (4, 7, 18, 30), and thus is a complex

FIG. 4. Bacterial accumulation on the surface of an HMN droplet. Distributions of cells in the bacterial suspension (A to C) are compared to

cell distributions on the surface of the HMN droplet (D to F) for wild-type P. putida G7 (A and D), the Mot_ mutant (B and E), and the Che_

mutant (C and F). All images were taken at a cell concentration of 108 CFU/ml in the bacterial suspension.
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function of the experimental conditions. If the attractant concentration

is high enough, the chemoreceptors can become

saturated and the bacteria cannot sense the concentration gradient.
