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Abstract


Bacteria are unicellular microorganisms and they are an unseen majority in the world been estimated around 5x1030 bacteria around the planet. There are several reasons to study them as the possibility to use in bio energy production, disease control and etc. However, there are also fundamental biology interests in these organisms. Those organisms are one of the simplest forms of life and therefore a good system to understand pathways that control several aspects of life in nature. These pathways are chains of proteins that interact in a certain way in order to transmit some sort of signal and activate certain response on the bacterial system. One of these pathways is the Chemotaxis pathway, which sense the external environment and control the motility system of the bacteria allowing them to avoid hostile environments and moves towards to a most favorable environments. How the proteins of this pathway interact is still a research field, populated by a three folded inter disciplinary region: Biology, Chemistry and Physics. This paper shows specifically the problem of the interaction of the three proteins from the Chemotaxis pathway in prokaryotes.

Introduction

Proteins are molecules with biological functions. These molecules are built from the DNA sequence from each bacteria. Therefore each organism has a set of proteins that after several generations was selected by evolution. In prokaryotes, mutations in the DNA sequences are responsible for the variety of genes in different species, and in consequence for the variety of the protein sets in different organisms.

Amino Acids are small molecules that are known as the building blocks of proteins. There are twenty amino acids which are used by living organisms to build their proteins. These amino acids are classified about their properties in three main classes: Polar, Hydrophobic and Charged [1]. All of them have at least three atoms in common: one nitrogen, and two carbons. One of the carbons, the alpha carbon, is placed between the nitrogen atom and the so called beta carbon. However, the beta carbon of one amino acid can connect with the nitrogen of another by a peptide bond, releasing a water molecule from the reaction; it forms a chain of amino acids called peptides. The chain formed by those three atoms calls backbone chain of the amino acid sequence. The radical of each amino acid on the chain are called as side chains. Figure 1 shows the 3D model of the molecules (side chains) of those amino acids, name, three letter code, one letter code and finally the classification.
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Figure 1: Fundamental Amino Acids 

The length of the sequence of amino acids of a protein can range from 30 aa (amino acids) to thousands aa. The sequence of amino acids itself is called as the primary structure of the protein. Depending on the sequence these peptides can fold and generate three kinds of secondary structures: Alfa helixes, beta sheets and loops. These structures self arrange and form the tertiary structures that can be the whole protein or just one molecule of a multimer protein. Finally, the quaternary structures are arrangements of this molecules in multimers.

The interaction between several proteins with a biological function is so called pathway. In a single bacterial there are a numerous pathways performing different functions. In, particular, this paper is about the chemotaxis pathway in prokaryotes. This pathway is responsible to detect samples from the external enviroment and drives the motility of the bacteria. Figure 2 shows a simplified version of this pathway. Conversely, for the sake of simplicity this paper does not show details of this pathway.
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Figure 2: Chemotaxis Pathway in Bacteria.


On the other hand, this paper considers in detail three proteins of this pathway: MCP (the receptor), CheA (the processor) and CheW that binds CheA and MCP. Each one of these proteins will be explained in detail. After all, some considerations about the unsolved problem between interactions of those proteins are made and finally a proposal to approach the problem supporting by evidences from genomics, biochemistry and physics studies.

Chemotaxis Pathway: A brief explanation


One of the requests for bacterial life is to move towards attractants and away from toxins. The way the bacteria performs this ability is using the Chemotaxis pathway which consist of several proteins interconnected from the detection to the flagella-motor, Figure 2.


The same bacterial organism has several “motor protein complexes” each one with a flagella.  When the motors are rotating counter-clockwise all the flagella bounds together and the bacteria swims in a straight line. However, once the protein CheY binds to the motor, it changes the rotation direction and make the bacteria tumble. This stops the bacteria for a couple seconds and the motor starts to rotates counter-clockwise again and the bacteria now swims in a new randomly chose direction. The rate of this “two-step” cycle is even and this leads to a random walk movement in absence of any substance. However, when some attractant binds on the periplasm part of the receptor, MCP, a signal is transmitted to the CheA and CheW. Then, CheA send the signal to the CheY that decrease the rate that CheY binds on the motor. This makes the bacteria swims a longer time if it is going in the direction of the attractant. Therefore, the mechanism biases the random walk in the direction of the higher concentration of the attractant. As well, CheA phosphorilates CheB and resets the receptor avoiding saturation of the detectors.

Proteins


Methyl-accepting chemotaxis protein - MCP


MCP is a coiled coil structure builted by 4 alfa helixes shown on the Figure 3. Recently the MCPs were well studied and classified using genomics approach in seven major classes [2] based on the multiple alignments of several sequences. Mainly, the classes reflect the length of the MCP. Therefore the number of amino acids ranges from around 300 aa, the longest class, to 190 aa, the shortest class, per chain. The MCP has two identical chains, thus it is a homodimer.


The MCP plays a major rule on the chemotaxis pathway once transmit signal from outside of the membrane to CheA. However, the MCP also bias the signal received by the external sub-domain with help from others proteins that reset the MCP leading to a reset of the receptor avoiding saturation of the system.


Although, it is still unknown how these MCPs arrange themselves in the cell, there is a couple models proposing it [3][4]. However, it is well known that they cluster along the pole of the cells based on experimental evidences [5]. 
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Figure 3: Cartoon representation of one MCP protein from Thermotoga maritma.


Signal transducer Histidine Kinase – CheA


This protein is the heart of the whole system. It is a multimer composed by five domains [6] that receives the signal from the MCP and phosphorylates CheY and CheB, where CheY is responsible for the motility part of the bacteria and CheB for the adaptation of the receptor. From the five domains this paper concentrates on the domain P3, P4 and P5, known to be responsible for dimerization, ATP binding and receptor coupling respectively [7]. Figure 4 shows a structure of CheA (P3, P4, P5) for Thermatoga maritima.  It is expected from the experiments that the MCP binds in this region of the CheA. Although, the literature presents a couple possible models [3][4] this is still an research topic and the main subject of this paper is a proposal of study this interactions through different perspectives in order to confirm, correct the models proposed or even propose a new model.


The dimerization domain (P3) is important to hold the homodimer that forms CheA complex. The ATP binding domain, P4, is responsible for the trans-autophosphorilation between the monomers. The P4 phosphorilate P1 from the other monomer and the P1 phosphorilates CheY. The domain P5, or receptor coupling, as the name says, is responsible by the signal coupling between the MCP and CheA. 


Indeed, the CheA is the main protein of the whole system, receives and amplifies the signal from the receptors, being also responsible for transmit the signal for the actuator on the motility system and on the protein CheB, responsible for adaptation of the MCPs.
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Figure 4: Structure of Histidine Kinase CheA (P3, P4 and P5) protein from Thermotoga maritma


CheW


This protein has a structure very similar to the P5 domain of the CheA protein. However, it is well established that the main responsibility of CheW is allows MCP to bind CheAs. The primary sequences of CheW are highly conserved between species despite the fact of the apparently simple scaffold function. This unusual conservation suggests that CheW can play a more significan role in the Chemotaxis pathway. The Figure 5 shows the CheW and one can easily see the dual -barrel from the structure.
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Figure 5: Structure of CheW protein from Thermotoga maritma.

The interaction problem


One of the problems of this area is that the ratio of different sequences of CheA, CheW and MCP are not conserved between species. This is the main reason for so much different models on the literature and clearly evidences that the subject of the interactions between these complexes has not a final answer yet.


The experimental data available in the literature contend a couple of crystal structures of these particular proteins/domains: two crystal structures from MCPs, one from P3-P4-P5 CheA, one CheW and one complex CheA (P4, P5) – CheW. One can use these structures to study; using docking techniques associated with molecular dynamics, the binding patches and therefore provides candidates for the possible important amino acids for binding and signal transduction tasks.


The other useful experimental data available are the sequences of these proteins from thousands bacterium. One can use this free database to make a multiple alignment and determine the most conserved amino acids between the species. When certain amino acid is highly conserved it means that those are crucial to the biological function of that protein. In this case, it must be important to: signal transduction, protein shape conservation or binding sites. The next section explains in details how the both methods work and how useful information can be mined from those massive databases.

Material and Methods

Genomics: Multiple Alignments.


Thousands bacteria had their DNA sequenced and therefore the proteins sequences identified. There are available in the NCBI website [8] around 500 complete bacterial genomes. This is a gigantic amount of information and needs to be data mined. Indeed, all this data is already classified using several protein sequence models. However, sometimes some manual adjustments to the length of the sequences are required.


Once all the data wanted is already selected from the website, a multiple alignment must be done. This alignment can be done using a couple programs: Clustal[9], T-Coffee[10], MUSCLE[11] and many others. The idea here is to align all the sequence looking to the similarities between each amino acid from the sequence. It is well known that the same protein in different organisms presents insertions and deletions. The alignment of the sequences allows us to visualize the conserved amino acids between sequences of the same protein regarding the gaps between them.


This method is a powerful approach to determine the important amino acids for the biological function of the proteins and it can be extremely insightful when biochemical information is taking in consideration.


Molecular Dynamics and Structures Analysis.


The crystal structures from any protein are 3D snapshots from the proteins and are stored in a public website in a so called PDB files [12]. The file contents are, mainly, the coordinates of each atom and a list of the amino acid sequence. However, the exact positions of each amino acid can be slightly different than the native state of the protein, in addiction, in the real word, those proteins are in contact with a thermal bath. One can simulate the “real” state of the protein using molecular dynamics programs such Lammps[13], Charmm[14], Ambar[15] and many others. The first step is to load the PDB file into the MD (molecular dynamics) program.


Molecular Dynamics programs simulate the force field on each atom. This force field is a sum of several empirical potentials that comes from the atom interaction with the atoms that surrounds the target atom. The position and velocity are numeric integrated on each step and the potential recalculated. The output from those programs is trajectories of each atom of the structure or their final position after a simulation period. Once the structures are loaded to the MD programs it must have the energy minimized and then slowly heated to the temperature wanted. This process leads to more reliable structures than the snapshots from the crystals provides. 


Unfortunately, the whole system are classically simulated and a couple discussions on the community about the validity of the results do not allowed an molecular dynamic simulation became the final answer for biological problems, but it is definitely a strong evidence when predicts a certain result which is already supported by other evidences. 

Current Status and pre-results:


The strategy chose here is to try to understand the interactions of the MCPs of 44H class. There were 261 sequences of MCPs in this class on the main alignment from the entire MCP sequences [2]. However, the most important part for the binding site is the tip of the MCP also called signaling sub-domain; 56 amino acids that has a remarkable conservation between all the sequences.


Then, the position in the structure of each one of those amino acids is analyzed with the intent to associate a function. One of the 100% conserved amino acids in this class is a Glutamate, E370, a negative charged amino acid, Figure 6. 
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Figure 6: Glutamate 100% conserved in MCPs class 44H, E370.

Amazingly, the CheW has an Arginine, R56, positive charged amino acid extremely high conserved between CheWs. A simple logic would tell that those two amino acids should interact through electrostatic interaction. However, a quick look to the complex CheW-CheA structure shows that the R56 interacts with at least one of the Glutamates from CheA-P4, E397, E398 and E401, Figure 7. On the other, another charged highly conserved amino acid, 96%, on the MCP sequences; R373 forms what we can call as a dipole with the E370.
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Figure 7: Yellow: CheA, Green CheW. Blue R (from CheW), Red Glutamates (from CheA – P4 )


Then, the hypothesis is simple: Suppose that the dipole E370-R373 interact with the dipole R56-E401 from the complex CheA(P4)-CheW. This hypothesis agrees with the models proposed on literature, although brings for more accuracy. Indeed, one can recognize on both structures an exposed hydrophobic patch in the CheW and also in the MCP, Figure 8. Surprisingly, following those patches there is a complex structure of several charged amino acids in both proteins, CheW and MCP, still with inverse topology and charge, Figure 9. These sites would appear as a possibles binding sites for CheW and MCP. Although these sites are not extremely high conserved by identity there are still mostly conserved by chemical properties. These lead to another hypothesis: This charged structure, Figure 9, are responsible for the selection of which CheW would bind a particular MCP, just as lock and key system.


Both hypotheses are still very speculative. However, it sounds promising and further studies to support them should be performed. The main goal of the research is also propose a set of experiments which could easily shows the validity of the model.
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Figure 8: Interactions sites. On the left the CheA-CheW complex and on the right the MCP. The solid yellow line show the hydrophobic patch on both molecules and the dashed line shows the possible contacts between the highly conserved MCP dipole E370-R373 with the dipole R56-E401 from the complex CheA(P4)-CheW.
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Figure 9: On the left the structure of the CheA-CheW and on the right the MCP structure. Inside the circles are the charged structures “lock and key” that hypothetically are responsible for the selection of the interaction between this proteins.

Conclusion


This paper shows some concepts of biochemistry and vocabulary related to proteins and biological systems. Also it introduces a brief explanation about Chemotaxis pathway in bacteria and details some of the proteins involved, in particular, CheA, CheW and MCP. Moreover, it shows the importance of the convergence of different methods in order to prove any statement in such complex system and the unsolved problem of interactions between MCP, CheA and CheW. 


Again, the main idea of this study is to understand how and what kind of signal is transmitted by the MCP to CheA-CheW complex. The paper also proposes two new hypotheses based on the genomics, analysis of published experimental results and on the charged amino acids region of interaction, Figure 9, once the coulomb potential must be more important than any other to relatively large distances.


Those hypotheses presented do not contradict the experimental data previously published but still is a recent result already under a numerous tests. However, it is an exciting field with several open questions and vast research field.

References:

[1] – Carl Branden and John Tooze, “Introduction to Protein Structure”, 2nd Ed., Garland, New York, 1999.

[2] – Roger P. Alexander, and Igor B. Zhulin (2007) Proc Nat Acad Sci USA 104: 2885-2890. 

[3] – Sang-Youn Park, Peter P Borbat, Gabriela Gonzalez-Bonet1, Jaya Bhatnagar, Abiola M Pollard, Jack H Freed, Alexandrine M Bilwes and Brian R Crane, Nat. Struct. Biol. 13, 400-407 (2006).

[4] – Kim, K.K.,  Yokota, H.,  Kim, S.H. Nature v400 pp.787-792 , 1999

[5] – Maddock and Shapiro Science 19 March 1993: 1717-1723.

[6] – Masayori Inouye, Rinku Dutta, “Histidine Kinase in Signal Transduction”, Academic Press, San Diego, 2003.

[7] – Alexandrine M. Bilwes, Lisa A. Alex, Brian R. Crane and Melvin I. Simon Cell Vol.96, 131-141, 1999.

[8] – National Center for Biotechnology Information <http://www.ncbi.nlm.nih.gov/>

[9] – Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) Nucleic Acids Research, 22:4673-4680.

[10] – C. Notredame, D. Higgins, J. Heringa Journal of Molecular Biology, 302, 205-217, (2000).

[11] – Edgar, Robert C. (2004), Nucleic Acids Research 32(5), 1792-97.

[12] – Protein Data Bank <http://www.pdb.com>.

[13] – S. J. Plimpton,  J Comp Phys, 117, 1-19 (1995).

[14] – B. R. Brooks, R. E. Bruccoleri, B. D. Olafson, D. J. States, S. Swaminathan, and M. Karplus. J. Comp. Chem. 4, 187-217 (1983).

[15] – D.A. Case, T.E. Cheatham, III, T. Darden, H. Gohlke, R. Luo, K.M. Merz, Jr., A. Onufriev, C. Simmerling, B. Wang and R. Woods.  J. Computat. Chem. 26, 1668-1688 (2005).


P3





P4





P5








