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Abstract

Two of the most numerous species of our commensal bacteria may be resolving the commensal paradox by silencing our immune system with a homologue of the anti-inflammatory cytokine, Interleukin-10 (IL-10).

Commensal bacteria live on our epithelial and mucosal surfaces pumping out molecules that our immune system recognises as signals of pathogen attack, yet they are not attacked. This is the commensal paradox.

The protein IL-10 is the main messenger our immune system uses to inhibit inflammation. I investigated whether commensal bacteria could be producing functional homologues of IL-10 to silence our immune system.

I identified a small region of similarity between protein sequences of human IL-10 and the commensal bacteria Lactobacillus gasseri and L. johnsonii.

I set out to clone these proteins and express them so I could assay their anti-inflammatory effects on human macrophages stimulated with a pro-inflammatory pathogen molecule. This is continuing.

I also conducted a phylogenetic analysis of these bacterial proteins to determine if they have undergone a period of positive selection at this site of similarity with human IL-10. To my surprise, I found that this region is under strong purifying, rather than diversifying, selection.

Foreword

This research project arose from a finding I made in my first case study essay. The project was ambitious from the start, and due to the limited time available, the main part of my project remains unfinished. I aim to finish this over the next few months for its own merit. However, this report describes in detail the methods I have used and a parallel phylogenetic analysis.
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Introduction

If each cell of Tony Blair were represented in a proportional system, bacteria would hold a huge majority controlling 90% of the house. Tony is not the only cultured individual, as each person is built with about 1013 cells but carries around about 1014 bacteria on internal and external body surfaces. These bacteria are an extra organ acquired after birth comprising an estimated 1000 different bacterial species that provide 100 fold extra genes to help us, and our team of bacteria, thrive (Schiffrin and Blum 2002, Tannock 1995; Macpherson and Harris 2004). We have coevolved and we need these bacteria to survive.

There are many famous examples of mutualisms between bacteria and host organisms. The bobtail squid Euprymna scolopes and the luminous bacterium Vibrio fischeri illustrate a beautiful and complex symbiotic association. After the squid-egg hatches, it chooses a symbiont from the plethora of microorganisms present. Once settled, Vibrio fischeri induces a series of developmental changes which help transform the host's light organ in to a mature, functional light organ. This light organ camouflages the squid from below by making the squid blend in with the lighter sky (Nyholm and McFall-Ngai 2004). A further element of complexity occurs in a three member symbiosis of fungus-growing attine ants (Acromyrmex octospinosus), their fungi and a filamentous bacterium Pseudonocardiaceae that produces antibiotics specifically targeted to suppress the growth of a specialized and virulent parasitic fungus Escovopsis (Currie et al. 1999).And we have our commensals.

A small number of bacteria are pathogenic to us and our immune system has evolved to recognise and fight these bacteria. However, our commensal bacteria live on our epithelial and mucosal surfaces and are constantly shedding and excreting molecules that our immune system recognises and uses as signals of pathogen attack. Fortunately, the good bacteria are not normally attacked, despite being made with the very same building blocks that our immune system recognises from the bad bacteria. This is the commensal paradox (Henderson et al. 1999).

How can we live with so many bacteria and have a complex immune system? How can these bacteria live in our gut without causing inflammation? With increasing bacterial resistance to antibiotics and increasing cases of irritable bowel disease and other inflammatory pathologies, these questions about harmonious coexistence with bacteria are increasingly being investigated. I shall outline a hypothesis proposed to resolve the commensal paradox, and report on my work and that of others investigating this hypothesis.

Most research on bacteria focuses not on our vast number of friends, but on our few enemies. For now, it is a case of knowing our friends, but knowing our enemies better. There are not many bacteria pathogenic to humans but they are well studied. Consequently, the way pathogens interact with out immune system is well studied. The human immune system is comprised of two sections, innate and acquired immunity. Innate immunity encompasses unchanging mechanisms that are continuously in force to ward off trouble. Acquired Immunity uses specific antibodies, that bind to antigens flagging them for lymphocytes to destroy (Akira et al. 2001). Antibodies are developed in response to exposure to an antigen, as from vaccination or an infection, or they are transmitted from mother to foetus through the placenta or the injection of anti-serum. 

Innate immunity prevents entry of micro-organisms into tissues or, once they have gained entry, eliminates them. It is essential to initiate acquired immunity. Innate immunity acts on many organisms without showing specificity. Our skin stopping an airborne microbe from entering our bloodstream, the cells in our gut detecting dodgy seafood and causing our muscles to contract and vomit it back up, and macrophages eating the culprits behind the dodgy seafood once they start to cross the mucosal barrier of our gut, are all examples of innate immunity.

When the dodgy bacteria (possibly Vibrio fischeri) mentioned above were eaten, pattern recognition receptors (PRRs) on the epithelial cells detected pathogen associated molecular patterns (PAMPs). The PRRs comprise Toll-like receptors (TLRs) and nucleotide binding oligomerisation domains (Nods) which both initiate signalling cascades that lead to activation of nuclear factor κB (NF-κB), which induces the activation of many pro-inflammatory genes (Akira, Takeda et al. 2001).

Most of the genes activated by NF-κB code for pro-inflammatory cytokines which cause inflammation. Cytokines are the most important mediators of the inflammatory response. These cytokines will call macrophages to the area. They will change the blood flow, and increase the permeability of blood vessels thus releasing cells from the blood into the tissues. This can lead to awareness at a larger scale with redness, swelling, heat, and pain. If left unchecked, inflammation is fatal (e.g. toxic shock syndrome, Cohen 2004). Consequently, there are anti-inflammatory cytokines. Interleukin 10 (IL-10) is the main anti-inflammatory cytokine.
The immune system comes in to contact with bacteria and their PAMPs at the epithelial cells in the gastrointestinal tract, which is where it focuses most of its resources for the entire body. The acquired immune response maintains tolerance to commensal bacteria through regulatory mechanisms driven by CD4+ regulatory T cells in the lamina propria (Cong et al. 2002). The innate immune response does not always create a paradox with commensal bacteria, as clinical evidence shows inflammatory bowel disease results from innate immune responses against normal bacterial flora (in human, Sartor 1997; and mouse, Kuhn et al. 1993). The intestinal epithelial cells are not just physical barriers to prevent infection as commensal bacteria actively modulate gene expression in the host (Hooper et al. 2001).

Commensal bacteria live in the mucosal surfaces of the oral cavity, respiratory tract, oesophagus, gastrointestinal tract, urogenital tract and on the surface of the skin (Henderson and Wilson 1998). We benefit from all the extra genes, extra digestion, bacterial compounds, colonisation resistance, and active regulation of local immune responses. Many parts of out intestine and immune system fail to develop in the absence of commensal bacteria (see Macpherson and Harris 2004 for review).

(Henderson et al. 1999) provide a hypothesis to resolve the commensal paradox. The commensal bacteria produce and release proteins which modulate epithelial cells production of pro-inflammatory cytokines. They call these proteins microkines, a term which also includes viral proteins which modulate cytokine production.

Microkines could:


Inhibit production of pro-inflammatory cytokines


Inhibit binding interactions of pro-inflammatory cytokines


Induce synthesis of anti-inflammatory cytokines (e.g. TGFβ, IL-10)


Produce homologues of anti-inflammatory cytokines


Modulate the cytokine network by some other means

(Henderson et al. 1999)
Evidence for this hypothesis is provided by the interactions between cytokine networks and commensal bacteria. Mice where pro-inflammatory cytokine IL-2 was destroyed (knockout model) did not show an increased susceptibility to disease through limited pro-inflammatory capabilities but rather inflammatory disease caused by an inappropriate response to the normal commensal bacteria (Henderson et al. 1999). Also mutations in genes controlling innate immune recognition and epithelial permeability are all associated with gut inflammation (MacDonald and Monteleone 2005).

We already know Microkines from viruses. Viruses have evolved mechanisms to manipulate cytokine networks and inhibit the production of cytokines, antagonise cytokine-receptor interactions, and produce functional homologues of anti-inflammatory cytokines (Henderson et al. 1999). Do bacteria have the same capability as virokines? (Henderson, Wilson et al. 1999) predict commensal bacteria produce proteins that modulate mucosal cytokine networks to prevent inflammation caused by pro-inflammatory constituents.

Pathogenic bacteria produce anti-cytokine proteins (see Table 10.4 for a summary (Henderson et al. 1999), also reviewed in (Henderson and Wilson 1998)). Actinobacillus actinomycetemcomitans induces cytokine synthesis with a chaperonin, a small peptide and the normal PAMPs (which technically are microkines that all bacteria produce) but also produces a leukotoxin which is anti-inflammatory, through the process of killing neutrophils and monocytes (Henderson and Wilson 1998). Bacteria can also produce proteinases that neutralise the activity of cytokines (reviewed in Henderson et al. 1996). There are only a few non-virulent bacteria that have been found to produce anti-inflammatory modulins, however the search effort has been focused traditionally on pathogens. 

Yersina enterocolitica antagonises the breakdown of I-κBα and I-κBβ (inhibitory

subunit of NF-κB), which bind to NF-кB and prevent it entering the nucleus and upregulating transcription of pro-inflammatory cytokines (Henderson, Wilson et al. 1999). Bacteroides thetamicron, a major gut commensal bacteria, also regulates inflammation by targeting NF-кB pathway, but in a different way. B. thetamicron induces nuclear association between the PPAR-γ (the nuclear hormone receptor peroxisome proliferators activated receptor-γ) and a NF-кB subunit, after which this complex is exported from the nucleus, thus attenuating inflammation (Kelly et al. 2004). Other gut commensals may also inhibit NF-кB in this way. Non-virulent salmonella strains prevent ubiquination of IкBα, which in turn prevents NF-кB transcription factor activation thus preventing inflammation (Neish et al. 2000) – not commensal but demonstrates mechanism of regulating gut inflammation through modulation of NF-кB activity.
IL-10 is the main anti-inflammatory cytokine, and is produced by viruses to try to avoid inflammation. It is an obvious candidate to be a bacterial IL-10 homologue. IL-10 is found in mammals and exists as a dimer. It is not only anti-inflammatory but also immunosuppressive (Dumoutier and Renauld 2002). I ran a BLAST search looking for protein similarity in all the bacterial databases to IL-10 (BLAST 2.0; Altschul et al. 1997; Basic Local Alignment Search Tool). I found two strong hits for a short region of the protein (see Appendix 1). Figure 1 shows human IL-10 with the region of similarity shown in yellow (grey).
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Figure 1

Human Interleukin-10 with the region of similarity with the bacterial proteins I identified by BLAST searching (see Appendix 1) shown in yellow. This region is also the receptor- combining site for IL-10 with IL-10R, (Josephson et al. 2001). Constructed using Cn3D 4.1 (Hogue 1997).

The region of similarity (yellow) also corresponds to ‘region C’ of the IL-10 receptor combining site and is essential for immunosuppressive but not JAK-STAT activity of IL-10 (U. Reineke et al. 1998; Riley et al. 1999). The two hits were for Lactobacillae, which is very interesting as these are very common in the gastrointestinal tract.

These lactobacillae had these proteins classified as acetate kinases (E.C.2.7.2.1) in the Genbank database. This enzyme that is widespread in both Bacteria and Archaea. It catalyses the anaerobic decomposition of organic matter to methane and thus is fundamental to the global carbon cycle (Buss et al. 2001). Acetate kinase catalyses the reaction; Atp + acetate = adp + acetyl phosphate (see Figure 2).
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Figure 2

Acetate kinase catalyses the conversion of adenosine-tri-phosphate and acetate into adenosine-di-phosphate and acetyl phosphate.

http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/enzymes/GetPage.pl
The photo on the cover shows acetate kinase of Methanosarcina thermophila (Archaea) from structure determined by crystallography (Buss et al. 2001; Gorrell et al. 2005).
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	Figure 3 A

Lactobacillus gasseri
(Gram stained, black bar≈1µm).
	Figure 3 B

Lactobacillus johnsonii
(Gram stained, white bar≈1µm).


The putative IL-10 genes were in Lactobacillus gasseri and L. johnsonii (see Figure 3). Lactic acid bacteria produce lactic acid as a major end product of the fermentation of sugars. They are used as a probiotic in humans and also in livestock (to combat food poisoning at the source by providing livestock with probiotics that destroy/outcompete food poisoning bacteria).

I attempted to clone and express the putative IL-10 proteins from L. gasseri and L. johnsonii to test if the display functional similarity and could be suppressing any inflammatory response thus explaining how these bacteria can live on our epithelial cells without causing inflammation. I also investigated the phylogenetic relationships of these two genes and acetate kinase genes from other members of the family.

Methods – Bioinformatic and Phylogenetic Analysis

I identified two bacterial genes showing similarity to a small region of human Interleukin-10 using a BLAST search (Altschul et al. 1990; Altschul et al. 1997). I did the BLAST search looking for ‘short nearly exact matches’ to the amino-acid sequence of human IL-10. These two bacterial genes were classified as acetate kinases in the Genbank database. I followed this up by doing a ‘protein-protein BLAST’ on the bacterial sequences, thus looking for similarity with the entire amino-acid sequences of the genes. This revealed that both L. gasseri and L. johnsonii have two different copies of acetate kinase genes in their genome. I collated nucleotide sequences of these four genes (two each from L. gasseri and L. johnsonii) and acetate kinase genes from six further Lactobacillus species. I also included acetate kinase genes from a sister Genus, Pediococcus pentosaceus (Family: Lactobacillaceae) and from a sister Family, Enterococcus faecalis (Order: Lactobacillales) to use as outgroups. I then investigated the relationships and evolution of this group of genes.

GI_1041813  IL-10 [Homo sapiens]           …   D   I   F   I   N   -   -   -   -   Y   I   E   A 

GI_1041812  IL-10 [Homo sapiens]           …  gac atc ttc atc aac  -   -   -   -  tac ata gaa gcc
GI_23002543   *    K   Q   A   K   L   T   K   D   I   F   I   N   R   I   V   R   Y   I   G   A 
GI_28877245   *   AAA CAG GCT AAA CTT ACA AAA GAC ATT TTT ATT AAC CGA ATT GTT CGC TAT ATT GGG GCT
GI_42518837   *    K   Q   A   Q   L   T   K   D   I   F   I   N   R   I   V   R   Y   I   G   A 
GI_42518084   *   AAG CAG GCT CAA CTT ACA AAA GAT ATA TTC ATT AAT CGA ATT GTT CGT TAT ATT GGT GCC
GI_52858335 (ak)   K   R   A   K   L   A   R   K   I   F   I   N   R   V   V   R   Y   V   G   A 

GI_28877248   ↓   AAG CGT GCC AAG TTA GCA CGT AAG ATA TTC ATT AAC CGT GTT GTT CGC TAT GTT GGT GCT
GI_42518581        K   R   A   T   L   A   R   K   I   F   I   N   R   V   V   R   Y   V   G   A 

GB_42518084       AAA CGT GCA ACG CTA GCT CGA AAG ATA TTT ATT AAT CGT GTA GTT AGG TAT GTT GGT GCA
GI_62515492        K   R   A   R   L   A   E   A   V   F   I   N   R   V   V   R   Y   V   G   S 

GI_62515486       AAG CGC GCC AGG CTG GCT GAG GCT GTC TTC ATC AAC CGG GTA GTC CGC TAC GTT GGC TCT 

GI_58337055        E   R   A   K   L   A   R   N   I   F   I   N   R   I   V   R   Y   V   G   A 

GI_58336354       GAA CGG GCT AAA CTT GCT AGA AAT ATC TTT ATT AAC CGC ATT GTT CGT TAC GTA GGT GCA 
GI_1041813  IL-10  Y   M   T   -   M   …

GI_1041812  IL-10 tac atg aca  -  atg  …
GI_23002543   *    Y   M   T   E   M   G   G   L   D   V   L   V   F   T   A   G   I   G   E   H 
GI_28877245   *   TAT ATG ACT GAA ATG GGT GGC TTA GAT GTT TTA GTC TTT ACT GCA GGA ATC GGT GAA CAT
GI_42518837   *    Y   M   T   E   M   G   G   L   D   V   L   V   F   T   A   G   I   G   E   H 

GI_42518084   *   TAC ATG ACT GAA ATG GGC GGA TTA GAT GTT TTA GTC TTT ACA GCA GGC ATT GGG GAA CAT
GI_52858335 (ak)   Y   A   A   E   L   G   R   I   D   A   V   V   F   T   A   G   V   G   E   H 

GI_28877248   ↓   TAT GCA GCA GAG TTA GGT AGA ATT GAT GCA GTT GTC TTT ACT GCA GGA GTA GGT GAA CAT
GI_42518581        Y   A   A   E   L   N   G   V   D   A   I   I   F   T   A   G   I   G   E   H 

GB_42518084       TAT GCA GCT GAA TTA AAT GGT GTT GAT GCA ATT ATA TTT ACT GCT GGA ATT GGA GAA CAT
GI_62515492        Y   I   A   E   M   G   G   A   D   A   V   V   F   T   A   G   I   G   E   H 
GI_62515486       TAC ATT GCT GAA ATG GGC GGG GCA GAC GCG GTT GTC TTC ACT GCC GGG ATC GGC GAA CAC
GI_58337055        Y   T   A   E   M   G   G   V   D   A   I   I   F   T   A   G   I   G   E   H 

GI_58336354       TAT ACT GCC GAA ATG GGC GGT GTA GAT GCA ATT ATC TTT ACT GCC GGA ATT GGT GAA CAT

Figure 4

Protein (40 amino acids) and nucleotide (120 bases) sequences of putative IL-10s and acetate kinases, from Lactobacillus gasseri and L. johnsonii, aligned against part of human IL-10 (GI_1041813) and against acetate kinases from L. delbrueckii subsp. bulgaricus (GI_62515492, GI_62515486) and L. acidophilus (GI_58337055, GI_58336354). Note that the sequence is interleaved to show alignment. Outside this region human IL-10 shows little sequence similarity. This figure shows parts of six of the twelve bacterial genes I use in analyses.

The region of similarity between L. gasseri and L. johnsonii and human IL-10 is shown in Figure 4 as sections of protein and nucleotide sequence alongside other bacterial kinases. Figure 5 shows this region for human, mouse and viral IL-10 aligned against the two possible bacterial IL-10s.

GI_1041813 IL-10 [Homo sapiens]           … difin----yieaymt-m …
GI_6754318 IL-10 [Mus musculus]           … difin----cieaymmi  …
GI_9625580 Viral IL-10 Epstein-Barr       … difin----yieaymti  …

GI_23002543 [Lactobacillus gasseri]       … DIFINRIVRYIGAYMTEM …

GI_42518837 [Lactobacillus johnsonii]     … DIFINRIVRYIGAYMTEM …

GI_1041812 [Homo sapiens]                 … gac atc ttc atc aac tac ata gaa gcc tac atg aca atg …
GI_6754317 [Mus musculus]                 … gac atc ttc atc aac tgc ata gaa gca tac atg atg atc …
GI_9625578 Viral IL-10 Epstein-Barr       … gac att ttt att aac tac ata gaa gca tac atg aca att …
Figure 5

Region of human, mouse and viral IL-10 amino acid and nucleotide sequence which the two putative-bacterial-IL-10 proteins are similar to.

While the protein sequence of L. gasseri and L. johnsonii is similar in this region, the nucleotide sequence is not very similar considering it codes for the amino acids in the protein sequence (see Figure 4). Figure 5 shows this region for different IL-10 proteins, but also shows how similar the nucleotide sequences of human, mouse and a viral IL-10 are. This provides a nice example of different reasons for similarity among these proteins:

homology by descent; human and mouse, L. gasseri and L. johnsonii
similarity by common function (convergent evolution); L. gasseri or L. johnsonii and either human or mouse (if the putative bacterial IL-10 proteins are functional)

horizontal transfer; viral and human.
I constructed phylogenies of these genes using two clustering methods. 

I used the computer program CLUSTALW to construct a tree by hierarchical-clustering of pairwise alignment-scores (Chenna et al. 2003). I used phylogenetic analysis package PHYLIP to bootstrap the sequence data which I then used to determine genetic distances by applying the ‘F84’ model (Felsenstein 1984). I then clustered these distances using the unweighted pair group method with arithmetic mean (UPGMA; Felsenstein 1984; Felsenstein 1993). This produced many trees from which I chose the consensus tree (Felsenstein 1984; Felsenstein 1993). Bootstrapping creates pseudoreplicate datasets by resampling and is done to test the reliability of the dataset and thus the validity of the inferred relationships in the phylogeny (Felsenstein 1984). ‘F84’ models evolutionary change of the codons and allows transitions and transversions to occur at different rates and nucleotides to occur at different frequencies (Felsenstein 1984). UPGMA is the simplest method of tree construction where the nearest clusters are iteratively joined until only one is left (Felsenstein 1993).

The trees produced by the two methods are similar but not identical (see Figures 6 and 7). Neither tree is rooted. I use two different methods to display the trees.
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Figure 6

Phylogram showing relationships of the 12 nucleotide sequences with tree distances shown after sequence name. CLUSTALW constructed this tree by hierarchical-clustering of pairwise alignment-scores. The distances are based on alignments of the entire sequences.
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Figure 7

This is an unrooted tree produced by PHYLIP using the UPGMA method. Bootstrap values over 70% are shown – bootstrap values of all groupings can be seen in Appendix 1. The length of each branch represents the number of nucleotide changes that have occurred. The number of changes occurring along a branch was estimated using the ‘F84’ evolutionary model.

The bootstrapped tree shows that a gene duplication event occurred in a species ancestral to both L. gasseri and L. johnsonii (and maybe L. acidophilus as well, although the tree does not resolve this node). Each version of the gene (one in each of L. gasseri and L. johnsonii) remained very similar (suggesting the duplication event occurred considerably before the branch split) while the two versions (both in the same species) have diverged. I only used a single acetate kinase gene from L. acidophilus but searching the completed genome (GI_58336354) finds four genes classified as acetate kinase. All four copies differ slightly from each other at the site under investigation but none is very similar to the site in IL-10. One version of the gene is almost certainly an acetate kinase in both L. gasseri and L. johnsonii while the other may be a bacterial version of IL-10, an acetate kinase, or both. Gene duplication can facilitate adaptive evolution (Ohta 1994).

I used the CLUSTALW tree for the PAML analysis (see below) because this method is robust if evolutionary rates differ, as could be the case due to the gene duplications. However, it suggests tree topology that does not hold up to bootstrapping the data using UPGMA. I included distances in the tree input file, which should help to compensate for any spurious tree topology by giving regions that should be undefined, but are defined, little weight. The CLUSTALW method calculates an average alignment for the entire sequence, and is less influenced by differences at the codon and nucleotide level. This will mean that any distances that are there will have less of an influence in constructing the tree, and may thus be more apparent when using PAML. Given time, I would like to repeat the analyses using the bootstrapped tree.

I used CODEML, in the PAML package (Phylogenetic Analysis by Maximum Likelihood, (Yang 1997), to look for evidence of positive selection by comparing non-synonymous (codon changing) change at a codon to the synonymous (noncodon changing) change at a codon. This ratio, dN/dS, is called ω. Values above one reveal positive selection, of one indicate neutral change, and less than one signify purifying selection. I investigated whether the putative homologs of IL-10 were under positive selection at the codons similar to human IL-10.

Codeml requires aligned sequences and a phylogeny. It applies a Markov model of protein evolution to calculate the likelihood of possible sequence changes. It maximises this likelihood under different models and compares these using a likelihood ratio test (Yang 1997).

The maximum likelihood method is the process of finding the value of one or more parameters for a given statistic that makes the known likelihood (probability that an event that has already occurred would result in a specific outcome) a maximum. ω is estimated by maximising the log likelihood function. 

CODEML uses a Markov model (random process where future, or in this case historical, changes are determined by the current values) to determine possible nucleotide and codon changes and their likelihood. The Markov model describes substitutions among the 61 sense codons (4x4x4-3; four possible bases at each of three sites, minus the three stop codons) of each codon site along a protein coding sequence. Markov modelling is a stochastic process where the probability of change from one state to another depends only on the current state and not on any past state (Yang and Bielawski 2000).

I used the setting F3x4 which sets the codon frequencies based on the relative frequencies of the nucleotides, (e.g. if T is a really common nucleotide, you'll have a higher frequency of the TTT codon) in the Markov model.
When two models are nested (the null hypothesis, H0, is a restricted case of the alternative hypothesis, H1) the Likelihood Ratio Test (LRT) can be used to compare them. The LRT compares twice the log-likelihood difference against a (2 distribution with the degrees of freedom equal to the difference in the number of parameters between the two models (Yang et al. 2000).
I employed a few different approaches using CODEML. I used models M7 (β) and M8 (β&ω) to test whether positive selection was occuring (Yang et al. 2000). I did a likelihood ratio test, comparing M7 (the null model, H0) to M8 (the alternative model, H1). A significant difference between the log-likelihoods would have indicated positive selection had occurred somewhere in the phylogeny. If positive selection was detected, the site/s where it occurred could have been determined through empirical Bayesian methods (where parameters of the underlying distribution are estimated, using maximum likelihood, based on the observed distribution:(Gelman et al. 1995).

I also used M1 and Partitioned M1 (M1a&b, M1a + M1b) to test whether the area of similarity with IL-10 was changing differently (see Figure 8). As the region of similarity with human IL-10 led me to the genes and these in turn led me to the genes of other species, I can use this knowledge to partition codon sites. This does not invalidate the LRT as it treats each site independently.

Finally, I used Model A, a Branch site model (using model M1a&b as the null hypothesis) to test whether any sites were evolving differently on the two branches with the putative IL-10 proteins. As I can partition codon sites because I know the ones I am interested in I can also choose branches of the tree that are of interest. This test does not partition the sites but looks for sites under selection anywhere in the tree, on specified branches (which is why it is called a branch site model).
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Figure 8

The Partitioned Analysis. Representation of a sequence as used by the two competing hypotheses in the M1 Partitioned analysis.

The power of the LRT can be improved by specifying lineages and allowing ω to vary across different sites – thus detect localised positive selection along pre-specified lineages (Yang and Nielsen 2002). Sequences showing similarity to IL-10 (also sequences that have been duplicated) which are expected to be under positive selection are specified a priori (Yang and Nielsen 2002).

Methods – Cloning and Expression of Putative IL-10

A small region of similarity between two protein sequences does not necessitate functional similarity. I wanted to produce the putative bacterial IL-10 and test whether they have anti-inflammatory effects on human macrophages.

1
Bacteria sourced from culture collection

2
Bacteria revived and grown

3
Bacteria checked by Gram-staining and photographed

4
DNA extracted

5
Primers designed and ordered [done earlier]

6
Gene of interest amplified using PCR

7
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1
Bacteria sourced from culture collection

Ampoules of freeze-dried bacteria, Lactobacillus gasseri (strain#11718, ATCC33323) and L. johnsonii (strain #702241, ATCC33200), were sourced from NCIMB (http://www.ncimb.com). They are from certified authentic parental cultures (certificate #8418, batch references 19092001 and 01021996 respectively). Both species belong to ACDP group 1 and are ‘defined as unlikely to cause disease by infection’ (HSE 2004). This is unsurprising given the large numbers present in healthy individuals.

2
Bacteria revived and grown

The freeze-dried bacteria were suspended in MRS broth and then spread on MRS agar plates (MRS broth & MRS agar – powder supplied by Oxoid www.oxoid.com, see Appendix XXX for ingredients). MRS broth and MRS agar are non selective media for the profuse growth of lactic acid bacteria, which as a group are nutritionally fastidious (Sharpe et al. 1966). The bacteria were then grown overnight at 37°C in 5% CO2. Organisms that are resuscitated from freeze-drying should be subcultured at least twice before use in experiments, as they tend to exhibit a lengthened lag period. I used the bacteria for DNA extraction immediately but I subcultured them twice to make healthy glycerol stocks (see Appendix 6).

3
Bacteria checked by Gram-staining and photographed

I spread some of each species on a microscope and Gram stained them. I verified both species had their cell walls stained (Gram positive) and were rod shaped (see Figure 3).

4
DNA extracted

I used the ‘Sample Preparation and Lysis Protocol for Bacteria’ (Qiagen 2001) with the inclusion of an additional enzyme, mutanolysin (100 U/ml final concentration) in the incubation (step five). Mutanolysin is an enzyme that cleaves one of the linkages of the bacterial cell-wall polymer, peptidoglycan-polysaccharide, and is particularly useful for lysing Lactobacillus (Sigma www.sigma-aldrich.com/). I then used the ‘Genomic-tip Protocol for the Isolation of Genomic DNA from Bacteria’ (Qiagen 2001).

5
Primers designed and ordered [done earlier]

The most critical parameter for successful PCR is the design of primers. Poorly designed primers can result in a PCR reaction that will not work. These primers were designed for me. There are several things to consider when designing primers including: what you want to amplify, what cleavage sites you want to include in the primers, primer length, melting temperature (Tm). specificity, complementary primer sequences, G/C content, polypyrimidine (T, C) or polypurine (A, G) stretches and 3’-end Sequence. I used primers BH1 and BH2:

BH1 - 5’ GCCGˇGATCCATGAAAAAAGTTTTAGC 3’


[BamHI]

BH2 - 5’ GCCCˇTCGAGTTTATCTAATTTAGCTAAAGC 3’

   [XHoI]

The GCC at the start of these primers is to clamp the DNA together very tightly beside the restriction site helping the endonucleases function (G and C bind together with three hydrogen bonds as opposed to two in A and T). The grey highlight shows the recognition site of the restriction endonucleases (named at right) and the ˇ shows where they cut (see below in step 14 for a description of restriction endonucleases). The part of the primer that is complementary to the template strand is underlined.

There is only one difference with the forward primer BH1 in the L. johnsonii gene that does not have the region of similarity, however it is suitably different from the other side (BH2). This could be the reason for the poorer amplification in L. johnsonii (see Figure 9 later).

6
Gene of interest amplified using PCR

Polymerase Chain Reaction (PCR) is a technique that exponentially amplifies in vitro a small quantity of a specific nucleotide sequence in the presence of template sequence. The reaction is cycled through different temperature that facilitate template denaturation, primer annealing, and the extension of the annealed primers by DNA polymerase until enough copies are made for further analysis. PCR allows the production of many millions of copies of a target DNA sequence from only a few molecules.

Amplification conditions depend greatly on the template, primers and thermocycler used.

The PCR reaction works because of the different processes that occur at different temperatures. Denaturation and extension temperatures are relatively invariant but annealing temperatures can vary from reaction to reaction.
The melting temperatures of oligonucleotides (primers in this case) are most accurately calculated using nearest-neighbor thermodynamic calculations with the formula:

Tmprimer = ∆H [∆S+ R ln (c/4)] –273.15°C + 16.6 log10 [K+]        (Equation 1)
where H is the enthalpy and S is the entropy for helix formation, R is the molar gas constant and c is the concentration of primer (Dieffenbach et al. 1995). This is calculated using primer design programs (e.g. PerlPrimer http://perlprimer.sourceforge.net).

A good working approximation of this value can be calculated using the Wallace formula:

Tm = 2(A+T) + 4(G+C).                                       (Equation 2)
When calculating the different melting temperatures I only used the complementary bases; as at the start of the reaction they are the only parts that bind. When setting up the PCR I did the calculation in my head so keep reading to see which equation I used. Table 1 shows a comparison of the equations for the primers BH1 and BH2.

Table 1. Calculated annealing temperature for two primers using two different equations.

	
	Equation 1 (°C)
	Equation 2 (°C)

	BH1
	47.33
	42

	BH2
	51.26
	52


I ran 150 µl PCR reactions in a Biometra T3000 Thermocycler using the reaction mix:

	Reagent
	µl

	Sterile deionized water
	90

	10X Taq buffer +salt
	15

	2mM dNTP mix
	15

	Primer I:  BH 1
	6

	Primer II: BH 2
	6

	Taq DNA Polymerase
	3

	Template DNA
	15


I normally use touchdown PCR where the annealing step drops by a set amount each cycle, so as to avoid spending time optimising conditions while maintaining rigour (the primers will anneal at the highest temperature possible and then exponentially replicate thus swamping anything that anneals at a lower temperature). However, I tried using a calculated annealing temperature first which was successful.

I used this PCR program:

Initial denaturation:
94°C
5 minutes

denaturation:

94 °C
30 seconds
annealing:

42 °C 
30 seconds
extension:

72 °C
30 seconds

repeat these three steps 29 further times

final extension:
72°C
20 min
(This final extension is twice the 10 minutes normally used as the PCR product was subsequently used for TOPO cloning and the extra time saturates the DNA with sticky ends).

7
PCR product gel extracted

DNA is negatively charged and will move through a matrix of agarose towards a positive anode. The smaller the fragment of DNA, the easier it is for it to travel through the matrix, thus DNA will separate in an agarose gel on the basis of size. I ran the DNA on an agarose gel containing ethidium bromide which intercalates in the DNA and glows under UV light. I ran a size standard in the gel alongside the DNA. I cut out the glowing bands of DNA that were the right size (see Figure 9) and cleaned up according to the protocol QIAquick gel extraction using a microcentrifuge (Qiagen 2002)and eluted in ddH2O.
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Figure 9

G1-G2: L. gasseri PCR product from using Taq polymerase

G3-G4: L. gasseri PCR product from using VENT polymerase

J1-J2: L. johnsonii PCR product from using Taq polymerase

J3: L. johnsonii PCR product from using VENT polymerase

G1 and J1 were gel extracted.

8
PCR product inserted in to plasmid (TOPO Ligation)

The long extension step at the end of the PCR (when using Taq polymerase) adds an adenosine nucleotide to the 3’ end of each sequence; a sticky A. The TOPO vector has 3’ sticky T ends which l ligated to the sticky As. I ligated my genes (gel extracted above) in to the TOPO vector for 30 minutes at room temperature (21°C, reaction mix - 2 µl gel extracted PCR product, 1 µl salt solution provided with kit, 2 µl ddH2O and 1µl TOPO vector).

9
Plasmid inserted in to One Shot® TOP10 (TOPO Transformation)

Bacteria can be made ‘competent’ so that they take up plasmid DNA. This can be done by a variety of methods but all make small perforations in the cell wall. One Shot® TOP10 cells are many orders of magnitude more competent than those that can be made easily in the laboratory (see step 17) and greatly improve the success rate of transformation. I transformed the TOPO plasmid in to the competent cells following the One Shot® TOP10 Competent Cells Protocol (Invitrogen 2004).
10
One Shot® TOP10 grown
I spread the transformed bacteria on NB#2 agar plates (see Appendix 2) containing 50 µg/ml Carbenicillin (an antibiotic that is a homologue of ampicillin but more stable at low pH – Lactobacillae produce a lot of lactic acid and thus lower the pH). A gene in the plasmid provides resistance to this antibiotic, thus only bacteria that have taken up the plasmid will grow. These bacteria were then grown overnight at 37°C.

11
Colonies selected and tested for insert using PCR
Eight colonies of each species were selected and scraped off the agar and put in wells in a tissue culture plate that each contained 50 µl of ddH2O. I then added 5 µl of this water/bacteria mix to a different tissue culture plate (taking care to maintain the positioning in the wells) containing 95 µl NB#2 broth (with 50µg/ml carbenicillin). I stored the stock plate containing the broth at 37°C and placed the screening plate in a water bath set to 70°C for 10 minutes. This heating lysed the bacteria. TOP10 is a strain of Escherichia coli, which is a gram-negative bacteria. Consequently, it does not have thick cell walls like gram-positive bacteria, and is lysed easily. After I lysed the bacteria, I used 5 µl of each screening sample in a PCR (conditions the same as step 6) to test whether the transformation had been successful.
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Figure 10

PCR testing for successful transformation of TOP10 colonies. I selected samples G1, G2, G3, J3 and J4 and grew these overnight in NB#2 broth (with 50mg/ml carbenicillin) and used some of the overnight growth to make glycerol stocks.

12
Bacteria with pET28a grown from stocks

The pET28 vectors are very useful for expressing proteins and can produce a N-terminal histidine tag, which is useful for these genes as the region of similarity is near the C-terminal (see Figures 11 and 12). The histidine tag binds to nickel and facilitates protein purification, but I don’t want it to interfere with protein function.
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Figure 11

Diagram of pET28a primer showing the positions of the restriction endonuclease sites, that it is slightly larger than 5kb, and resistant to kanamycin http://www.genomex.com/aex_vectors.php

[image: image12.png]g

il il




FIGURE 12

pET 28a Cloning Expression Region. pET comes in different versions with ‘a’ defining one of the three reading frames that could be expressed. Of particular importance are the T7 promoter, the lac operator, the N terminal Histidine tag and the restriction endonuclease sites BamHI and XhoI.

http://www.genomex.com/aex_vectors.php

I grew bacteria carrying the pET28a primer overnight in NB#2 broth with 50µg/ml of the plasmid selective antibiotic kanamycin.

13
TOPO and pET28a plasmids removed using Miniprep

I used Qiagen Minipreps, following the kit protocol (Qiagen 2002), to remove and purify the plasmids.

14
Plasmids cut up using restriction endonucleases

Restriction endonucleases are enzymes that cleave DNA at specific sites

They are produced by bacteria to resist viral attack and to help in the removal of viral sequences and are used widely in molecular biology. My primers had the restriction sites BamH1 and XHoI designed in to them. These cut DNA as shown below:

BamHI

5’…GGATCC…3’
→
5’…G           GATCC…3’

3’…CCTAGG…5’

3’…CCTAG           G…5’

XHoI

5’…CTCGAG…3’
→
5’…C           TCGAG…3’

3’…GAGCTC…5’

3’…GAGCT           C…5’

I ran enzyme digests for each primer using BamHI (16.5 µl of primer, 2 µl of Buffer NEB-Universal, 1 µl of BamHI enzyme and 0.5 µl of BSA) for three hours at 37°C. I cleaned the products up using a QIAquick PCR Purification kit (Qiagen 2002) and eluted in 30 µl of ddH2O. I then ran the next enzyme digest (two can be run together if they have the same buffer but unfortunately mine did not) for each primer using XHoI (all 30 µl of cut primer eluted after cleanup, 3.5 µl of Buffer NEB-2, 1.7 µl of XHoI enzyme and 0.5 µl of BSA) for three hours at 37°C.

15
Correct DNA gel extracted – gene with sticky ends and cut pET28a

The cut pET28a plasmid solution contains both the large and small fragment of cut pET28a and uncut pET28a. Despite being shorter, the large fragment of cut plasmid will actually run slower than the circular uncut plasmid due to the dynamics of movement through the matrix. The cut TOP10 plasmid solution contains the gene which now has sticky ends, cut TOP10 and uncut TOP10. Fragments of the correct size should be cut out and gel extracted at this step. I did not gel extract the cut pET28a as I incorrectly thought the enzyme digest would cut all the plasmids. I did a PCR cleanup instead, which left uncut pET28a which I went on to transform in to BL21 DE3 pLysS without my gene being inserted. I would have successfully ligated the gene in to some of the cut plasmid but the smaller uncut plasmid would have preferentially inserted in to the competent cells and provided antibiotic resistance for the screens.
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Figure 13

Chopped up plasmid DNA.

16
Gene ligated in to pET28a

The enzyme ligase joins sticky ended DNA together and I inserted the genes (G1 and J3 from Figure 13) into pET28aB (ligation reaction: 3 µl insert-G1/J3, 5 µl plasmid, 1 µl buffer and 1µl ligase enzyme, at 4°C overnight).
17
TOP10 made ‘competent’ [done earlier]

I used a standard technique to prepare E. coli to take up plasmid DNA using the strains TOP10 and BL21 DE3 pLysS (see Appendix 3, Modified from Hanahan et al 1996).

18
pET28a transformed in to competent TOP10

Working on ice, I added 2 µl of β-mercapto-ethanol to cells. I then added 1 µg of plasmid (possibly much less considering poor intensity of band in gel) DNA to 150 µl of competent TOP10 and left this on ice for 30 minutes. I heat shocked the cells at 42°C for 30 seconds and then returned them to ice for 2 minutes. I then added 1ml of pre-warmed (37°C) SOC to the cells and incubated at 37°C for 60 minutes.

19
TOP10 grown

After the final step of the transformation I plated out 0.2 ml dilutions on to selective antibiotic plates (50 µg/ml kanamycin) and incubated these at 37°C overnight.

20
pET28a removed from TOP10 using Miniprep

At this point, I should have checked the insert was present in pET28a. I assumed that the transformation had worked as the bacteria were growing in the presence of selective antibiotic which requires the plasmid to be there but not necessarily the insert. I made glycerol stocks of TOP10 with pET28a (see Appendix 6). I removed and cleaned the plasmid using a Qiagen Miniprep kit (Qiagen 2005).

21
BL21 DE3 pLysS made competent [done earlier]

BL21 is a strain of E. coli commonly used for protein expression. DE3 is a λ-derivative bacteriophage that carries the gene for T7 RNA polymerase under the control of the lacUV5 promoter which is inducible by IPTG. pLysS is a plasmid that expresses low levels of T7 lysozyme and inhibits T7 polymerase. This reduces basal levels of expression of recombinant genes and improves the expression of toxic genes. pLysS is chloramphenicol resistant and thus provides a selection marker that ensures the plasmid is maintained in the bacteria. BL21 DE3 pLysS was made competent in the same way as TOP10 (see step 17) but with the addition of the selective antibiotic chloramphenicol (35 µg/ml) to the broth.

22
pET28a transformed in to BL21 DE3 pLysS

This transformation was done in the same way as when transformed in to TOP10 (see step 18) but with the addition of chloramphenicol (35 µg/ml) to the broth.

23
BL21 DE3 pLysS grown

After the final step of the transformation I plated out 0.2 ml dilutions on to selective antibiotic plates (50 µg/ml kanamycin and 35 µg/ml chloramphenicol) and incubated these at 37°C overnight.

24
Protein expressed (initiated by IPTG)
I made glycerol stocks and started growing three falcon tubes of 1ml of overnight culture in 9ml of NB#2 broth with 35 µg/ml chloramphenicol and 50 µg/ml kanamycin. I grew these cultures for 2 hours in an orbital shaker at 37°C . I then added 1 µl of IPTG to one (to initiate expression), 10 µl of IPTG to the next one and I left the final one as a control. I took 1.5 ml samples from these tubes after 0.5, 1, 2, 3, 4, and 5 hours. I took spectrophotometer readings of 1/10 dilutions of these samples (see Table 2) and spun the remaining 1.4 ml down to pellets.

Table 2

Spectrophotometer readings of bacteria during a time sequence of IPTG induced protein expression. These values were corrected from 1/10 dilution (x10). Readings were made using D600.

	Time  (h)
	Control (D600, Å)
	1 µl IPTG (D600, Å)
	10µl IPTG (D600, Å)

	0.5
	0.42
	0.35
	0.40

	1
	0.44
	0.42
	0.44

	2
	0.54
	0.46
	0.52

	3
	0.75
	0.65
	0.70

	4
	1.02
	0.86
	0.90

	5
	1.35
	1.14
	1.12


Table 2 shows the growth of the different treatments over time and can be used to determine the amount of protein expressed (see step 25) relative to the amount of bacteria.

25
Protein extracted and purified using nickel column

I extracted the protein that binds to nickel using a Ni-NTA Protein Miniprep under Native Conditions (see Appendix 4).

I then checked protein expression using an SDS Page gel but found no protein that was expressed in the treatments but not the control (see Figures 14 and 15).
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Figure 14

SDS PAGE gel showing timeline of protein expression after stimulation with IPTG. However, no protein was expressed and this gel shows those proteins normally present in bacteria that bind to Nickel.

It is possible my pellet is insoluble and is in the pellet stored from the Nickel Protein miniprep but I suspect I need to re-ligate my gene in to pET28a (I can check whether it transformed into BL21 DE3 pLysS using the same procedure I used to check if the ligation was successful in TOP10 – step 11).
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Figure 15

SDS PAGE gel showing timeline of protein expression after stimulation with IPTG. However no protein was expressed and this gel shows those proteins normally present in bacteria that bind to Nickel. Note the differing placement of the protein marker – the two gels are run back-to-back and this differential loading stops the gels being mixed up.

In summary: DNA is extracted from bacteria, and the gene of interest is amplified using PCR. This is then inserted in to a vector that is good at taking up PCR product, and transformed in to a type of bacteria that is good at taking up plasmids. These plasmids are then replicated in the growing bacteria and removed. When removed they are cut with restriction endonucleases that cut at sites that have been designed in to the primers used in the PCR. The gene of interest now has sticky ends and is inserted in to a plasmid that has been cut in the same way and also has sticky ends. This plasmid is good for expressing DNA. This plasmid is then transformed in to bacteria that are good at taking up plasmids, to be replicated. It is then taken out of these bacteria, purified, and put in to a third bacteria that is not good at taking up plasmids but is good at expressing protein. The protein is then (hopefully) expressed in this protein by adding an initiator. The bacteria expressing the protein are then lysed to release the protein. The protein is purified using nickel as a histidine tag has been added to the protein sequence and histidines bind to nickel under certain conditions.

Synthesised peptides were ordered from Genosphere Biotechnologies (www.genosphere-biotech.com) for the L. gasseri region of similarity to IL-10, and the region of IL-10 itself, to test anti-inflammatory function.

N’---C’

DIFINYIEAYMTMKIRN
Human IL-10

DIFINRIVRYIGAYMTE
L. gasseri putative IL-10
I had been waiting, optimistically, to test these with the whole synthesised protein. I will add the peptides and proteins to LPS-stimulated macrophages and quantify the production of IL-1β and IL-6. (See Appendices 5 and 7 and 8).

I would like to assay the proteins functionality as acetate kinase. Because of the gene duplication event, the protein may have been able to change its function. It could be a homologue of IL-10, an acetate kinase, both or something completely different. Consequently, it would be interesting to assay its phosphotransferase ability.

This section is the main part of my Masters Summer Project. However, it was ambitious given my time constraints and remains to be finished.

Results – Phylogenetic Analysis
Both L. gasseri and L. johnsonii have two genes classified as acetate kinases in Genbank:

L. gasseri
GI:28877245 (NZ_AAA002000004, 23705…24904, Protein ID ZP_00046218.1, Protein GI:23002543)

GI28877248 (NZ_AAA002000001, 115335…116423, Protein ID ZP_00046045.2, Protein GI:52858335)

and
L. johnsonii
GI:42518084 (NC_005362, 811612…812820, Protein ID NP_964767.1, Protein GI:42518837)
GI:42518084 (NC_005362, 541051…542229, Protein ID NP_964511.1, Protein GI:42518581)

The genes with similarity to human IL-10 are shown in bold. The L. johnsonii genes are both from the same whole genome sequence and thus have the same GI number for the nucleotide database. However, note their different positions on the genome (italicised) and different GI numbers for the protein database. I name the genes in all phylogenetic analyses by their GI number (e.g. GI28877245 for the L. gasseri gene that has similarity to human IL-10) except for the L. johnsonii gene that is not similar to human IL-10, which I name GB42518084.
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Figure 16.

Schematic of the L. johnsonii NCC 533 genome modified from (Pridmore et al. 2004). The positions of the putative IL-10-homologue and acetate kinase gene are shown. Outer ring shows result of protein-protein BLAST between L. johnsonii and L. gasseri open reading frames with the darker bands indicating more similarity. The inner rings provide a map of the genome and are described in (Pridmore et al. 2004).

Figure 16 shows how similar L. gasseri and L. johnsonii are. Appendix 9 shows L. gasseri and L. johnsonii putative IL-10 genes aligned (along with their flanking sequences – showing inheritance of block of DNA from common ancestor).

The 12 genes (see methods) were aligned using CLUSTALW (www.ebi.ac.uk/clustalw/, default settings except I increased ‘gap open penalty’ to 50 to align amino acids as codons) and a phylogram was produced (see Figure 6). Both trees (Figures 6 and 7) show gene duplication predates species divergence.

Three-dimensional structure is strongly conserved in protein evolution allowing inferences to be made about structure and function by examining structures of related proteins REF NCBI). The structure of acetate kinase produced by Methanosarcina thermophila has been determined through crystallography (PDB:1TUY, MMDB:31274, GI:60593551, (Buss et al. 2001; Gorrell, et al. 2005) and the structure of similar proteins can be inferred from this.

Despite belonging to different superkingdoms, L. gasseri makes a protein (putative IL-10 for this comparison) that is very similar to the acetate kinase M. thermophila makes (Comparison using BLAST: Score =  357, Expect = 5e-97, Identities = 170/399, Positives = 271/399, Gaps = 4/399, see protein alignment: Appendix 11). In fact, all acetate kinases are very similar (e.g. Expect = 2e-84 for L. gasseri’s non-IL-10 acetate-kinase when substituted in the same alignment with M. thermophila). This homology of sequence extends to homology of structure and allows us to infer that the shape of our proteins of interest is very similar to the shape of acetate kinase M. thermophila. When the region of similarity in the L. gasseri and L. johnsonii proteins is mapped on to the known structure of M. thermophila’s acetate kinase we can see that the region is on the outside of the protein when it is a monomer but engulfed as a dimer. Similarity, buried in the core of a protein cannot function as an active site, and could not possibly bind to the IL-10 receptor. As a monomer this similarity is exposed and could potentially bind to the IL-10 receptor. It is possible the putative IL-10 no longer forms a dimer or does not spend all of its time as one (or rather two).
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Figure 17

Acetate Kinase of Methanosarcina thermophila (Archaea) from structure determined by crystallography ((Buss et al. 2001; Gorrellmet al. 2005)). A and B show different angles of ‘space filling’ representations of the molecule while C shows the acetate kinase in its normal dimer form using ‘worm’ representation (one molecule of dimer pink and other blue). I aligned protein sequences of the putative IL-10 homologues found in L. gasseri and L. johnsonii with the protein sequence for acetate kinase in M. thermophila and I have shown the region of similarity with IL-10 in yellow (or light grey when printed in black and white). A and B show that the region is on the edge of the protein in monomer form, but as two proteins bind the region is completely engulfed.

The phylogenetic analysis revealed strong purifying selection, the opposite of what I expected. Table 3 outlines the parameters of the different models. Table 4 outlines the tree lengths and likelihoods of the maximised likelihood for each model. Table 5 shows parameters from the partitioned model. Table 6 shows the three likelihood ratio tests.

Table 3

	Model
	np
	Free parameters

	M1(a&b)
	1
	p0, ω < 1

	M1(a)
	1
	p0, ω < 1

	M1(b)
	1
	p0, ω < 1

	M7
	2
	p, q

	M8
	4
	p0, p, q, ω > 1

	Model A
	4
	p0, p1, 0 < ω < 1, ω > 1


Table 4

	Model
	Tree length
	Likelihood

	M1(a&b)
	53.03226
	-10122.805345

	M1(a)
	45.65197*
	-9651.154182

	M1(b)
	197.46498*
	-450.761403

	M1(a) + M1(b)
	52.39921♣
	-10101.91559

	M7
	61.62236
	-9915.713393

	M8
	61.62511
	-9915.713744

	Model A
	52.92837
	-10116.191602


*not comparable as for different data sets, however ♣when standardised for size tree length = [(45.65197 x 1161bp + 197.46498 x 54bp) / 1215bp]
Table 5

	
	κ
	ω
	p

	(a&b)
	1.72803
	0.02316
	0.98923

	(a)
	1.68150
	0.02502
	0.98879

	(b)
	3.1584
	0.00615
	1


Table 6

	Test
	Models
	Test Statistic
	Deg Freedom
	p value

	Test 1         H0
	M1(a&b)
	41.77952
	2
	<0.001

	H1
	M1(a) + M1(b)
	
	
	

	Test 2         H0
	M7
	-0.000702
	2
	>>0.05

	H1
	M8
	
	
	

	Test 3         H0
	M1(a&b)
	13.227486
	≈2
	<0.01

	H1
	Model A
	
	
	


If I had not know the sites of interest the branch site model would have been ideal. However, I know the branches and sites so I developed the partitioned M1 analysis. As the model assumes codons are independent it allowed me to add the likelihoods for the partitions. It showed the region for which 2 branches display similarity to IL-10, to be under strong purifying selection (see Tables 5 and 6.

Discussion
Commensal bacteria most likely avoid causing inflammation through the immune systems cytokine network. The putative IL-10 homologues produced by L. gasseri and L. johnsonii could be a mechanism to do this. However, I am not at a point where I can say whether these proteins display similar functionality to IL-10. A second attempt at the protein expression should resolve this.

That both of these genes have undergone a duplication event in a shared ancestor is interesting, as I would have expected it to allow them to diverge more freely (Ohta 1994). However, the PAML analysis showed them to be under strong purifying selection. This finding implies these genes are functional for them to be under this level of purifying selection. It is also weak evidence against the genes being IL-10 homologues as they could have become more similar. While the region of interest is not very long, PAML has the power to identify selection occurring at a single amino acid so it is unlikely this is a spurious result due to a small sample size. Most genes are under purifying selection (Ohta 1994). The amino acids at the site have actually changed very little, just at three key sites (3/18) that make them more similar to IL-10. New sequence that is highly constrained but similar to the old sequence will be, and appear to be when compared to the original group, under purifying selection.

I would like to explore the parameter space of this phylogeny using a continuum of artificial sequences converging on the sequence of IL-10 to investigate the amino acid changes required to show Darwinian selection.

The duplication occurred considerably before the branch split, so the genes spent much more time evolving in a common ancestor than as separate species. It is possible other homologues of these genes split off. It would be interesting to investigate the family of acetate-kinase genes in Lactobacillales more thoroughly, looking at all documented acetate kinases (e.g. all four in L. acidophilus). The protein tyrosine kinase supergene family has been extensively studied in animals and it has been shown that it has expanded through gene and genome duplication and that substantial functional divergence occurred which was characterised by significant shifts in evolutionary rates (Gu and Gu 2003).

The duplicate copies under strong purifying selection could be because having two acetate kinase genes is better than having one. I am interested in whether there are many duplicate copies of this gene in this family and if duplicates have been lost in any species. Duplication of a gene may double/increase bacteria’s effectiveness in the same role, or take on new role. Otherwise it is likely to be lost or under neutral selection. Duplicated genes often undergo relaxed selective pressure that enables functional diversification (Lynch and Conery 2000) but that is certainly not the case with these duplicated genes.

IL-10 and acetate kinase both function as dimers yet this protein only exposes its region of similarity to IL10 as a monomer.

Conclusions

When Professor Brian Henderson outlined the procedure of how to express large amounts of a protein and it involved transforming not one but three strains of bacteria I was amazed. I now know not only how to do this, but also why it is done this way, and I confess I am still amazed.

I expected to find the region of similarity to IL-10 under strong Darwinian selection, which would have supported the role of these proteins as IL-10 homologues. However, the region is actually under strong purifying selection. This implies the region of similarity is functional and the structure is conserved. The difference between the putative homologues and the other proteins in the family is only three (3/18) amino acid changes at key sites so the genes are in fact very similar. I would like to investigate the power of this test by inserting artificial sequences in to PAML to explore this parameter space to investigate the level of change required to show positive selection for this short region.

The real test will be the assay of these proteins anti-inflammatory function.

Appendices

Appendix 1: BLAST Results
Homo sapiens  Interleukin-10. 1ILK

nscthfpgnlpnmlrdlrdafsrvktffqmkdqldnlllkeslledfkgylgcqalsemiqfyleevmpqaenqdpdikahvnslgenlktlrlrlrrchrflpcenkskaveqvknafnklqekgiykamsefdifinyieaymtmkirn
Acetate kinase [Lactobacillus johnsonii NCC533]

mkkvlavnsgsssfkyklfsldneeviasgmadrvglpgsvftmtladgsqhdeqsdianqeeavqkllswlkeynvidslediagvghrvvaggeeftdstvitednlwkiynmsdyaplhnpaeadgiyafmkvlpnvpevavfdtsfhqsldpvqylysvpykyyekfrarkygahgtsaryvsrrtadllnkpvedlkmvlchlgsgasvtaikdgksfdtsmgfspvagitmstrsgdvdpsllqfimkkgnitsfnevikmlntesgllglsgispdmrdiekaikngdkqaqltkdifinrivryigaymtemggldvlvftagigehdasvrkqimdgltwlgleydeeankanhesvittpnskitamivptneelmiardvvrlakldklnk

>gi|42518837|ref|NP_964767.1|  http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=search&term=42518837%5BPUID%5D acetate kinase [Lactobacillus johnsonii NCC 533]

 gi|41583123|gb|AAS08733.1|  http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=search&term=41583123%5BPUID%5D acetate kinase [Lactobacillus johnsonii NCC 533]

          Length = 402

 Score = 35.8 bits (77), Expect = 1.4

(Expect 0.13 if searching for binding site)

(Expect 0.045 if searching for binding site within bacterial database)

 Identities = 12/18 (66%), Positives = 12/18 (66%), Gaps = 5/18 (27%)

IL-10: 135 DIFIN----YIEAYMT-M 147

           DIFIN    YI AYMT M

Sbjct: 303 DIFINRIVRYIGAYMTEM 320

COG0282: Acetate kinase [Lactobacillus gasseri]

Mkkvlavnsgsssfkyklfsldnekviasgmadrvglpgsvftmtladgsqhdeqsdianqeeavqkllswlkeynvidsladiagvghrvvaggeeftdstvitddnlwkiynmsdyaplhnpaeadgiyafmkvlpnvpevavfdtsfhqsldpvqylysvpykyyekfrarkygahgtsaryvsrrtadllkkpvedlkmvlchlgsgasvtaikdgksfdtsmgfspvagitmstrsgdvdpsllqfimkkgnitsfnevikmlntksgllglsgispdmrdiekaikngdkqakltkdifinrivryigaymtemggldvlvftagigehdasvrkqimdgltwlgleydekankankegiittpkskitamivptneelmiardvvrlakldk

>gi|23002543|ref|ZP_00046218.1|   COG0282: Acetate kinase [Lactobacillus gasseri]

          Length = 399

 Score = 35.8 bits (77), Expect = 1.4

(Expect 0.13 if searching for binding site)

(Expect 0.045 if searching for binding site within bacterial database)

 Identities = 12/18 (66%), Positives = 12/18 (66%), Gaps = 5/18 (27%)

IL-10: 135 DIFIN----YIEAYMT-M 147

           DIFIN    YI AYMT M

Sbjct: 303 DIFINRIVRYIGAYMTEM 320
Appendix 2: Media

(Sharpe et al. 1966)

MRS Broth (De Man, Rogosa, Sharpe)

	Formula 
	gm/litre 

	Peptone 
	10.0 

	`Lab-Lemco’ powder 
	8.0 

	Yeast extract 
	4.0 

	Glucose 
	20.0 

	Sorbitan mono-oleate 
	1ml 

	Dipotassium hydrogen phosphate 
	2.0 

	Sodium acetate 3H2O 
	5.0 

	Triammonium citrate 
	2.0 

	Magnesium sulphate 7H2O 
	0.2 

	Manganese sulphate 4H2O 
	0.05 

	pH 6.2 ± 0.2 
	  


Nutrient Broth NO.2

A nutritious medium suitable for the cultivation of fastidious pathogens and other micro-organisms.

	Formula 
	gm/litre 

	`Lab-Lemco’ powder 
	10.0 

	Peptone 
	10.0 

	Sodium chloride 
	5.0 

	pH 7.5 ± 0.2 
	


Agarose is added at 15 gm/litre to make agar plates rather than broth.

Autoclave solution, add antibiotics if needed and then pour agar (broth is ready to use after autoclaving).

Appendix 3: Making Competent Cells

Standard technique to prepare E. coli to take up plasmid DNA 

1
Grow the bacteria overnight in 10 ml of NB#2 broth (with appropriate antibiotics: e.g. 35µg/ml chloramphenicol added to BL21 DE3 pLysS broth).

2
Inoculated 10ml of NB#2 broth with 50µl of overnight culture and grow for 3 hours.

3
Pellet culture using a centrifuge (5000rpm at 4°C).

4 
on ice – gently resuspend (by pipetting) the pellet in 5 ml of an ice-cold solution of 75 mM CaCl2 / 15% glycerol.

5
on ice – pellet the cells as before and gently resuspend (by pipetting) in 1 ml of 75 mM CaCl2 / 15% glycerol.

6
Aliquot 150 µl of solution into ice-cold eppendorfs.

7
store the cells at - 70°C overnight. They can then be used or stored at - 70°C for up to a month.

(Modified from Hanahan et al 1996).

Appendix 4: Ni-NTA Protein Miniprep under Native Conditions 

Resuspend the bacterial pellet in 100µl of B-PER.

Incubate the tubes with rotary mixing at 4°C for 30 minutes.

Centrifuged the samples for 5 minutes at top speed.

Removed the supernatant and placed in a new tube with 20µl of Ni-NTA resin (keep the pellet in case the protein is insoluble).

Incubate the tubes with rotary mixing at 4°C for 30 minutes.

Centrifuge the tubes for 1 minute at top speed and then discard the supernatant.

Add 100 µl of wash buffer, vortex, and centrifuge the tubes before discarding the supernatant.

Repeated the last step.

Add 30 µl of elution buffer, vortex, and centrifuge the tubes before pipetting the supernatant in to a new tube.

Repeat the last step with a further 30 µl of elution buffer.

[wash buffer: 100mM sodium phosphate buffer pH 8.0, 20mM imidazole]

[elution buffer: 100mM sodium phosphate buffer pH 8.0, 250mM imidazole]

Appendix 5: Maintaining Macrophages

Keep in incubator (37°C, 5%CO2).

Three types of cells, each grown in own media

RAW (mouse)

THP1

28SC

Maintain sterile conditions.

Take media out of fridge and allow to warm to room temperature for one hour.

Wibe down surfaces and media with azowipes.

Take flasks (T75 tissue culture flasks) out of incubator and check cell growth under microscope. Transfer liquid (with RAW cells use scraper on bottom of flask as the cells are adherent) to falcon tubes in laminar-flow hood.

Spin falcon tubes to pellet cells at room temp, 1500rpm for 5 minutes.

While spinning prepare new flasks by adding the appropriate media (20mls for each of RAW and 28SC and 50mls for THP1).

Once cells are pelleted discard supernatant in waste bottle in hood.

Resuspend in 5mls of appropriate media.

Cells can be grown from different dilutions and for these cells it works well to dilute 1/5 for THP1, 1/10 for RAW and 1/20 for 28SC and to grow for 5 days.

Return flasks to incubator and grow lying flat except for THP1 which grow standing up.

Making Stocks

Resuspend pellet in 10ml.

Take 20µl sample for counting. Add 20µl of Tryptan Blue. Mix by pipetting.

Count cells using haemocytometer (both sides, only cells within small squares that are not blue).

Number of cells in 1ml is cell count x 10000.

Add x mls to cryovial (Simport Plastics, Quebec) so that there are between 2 and 3 million cells in tube.

Add 10% DMSO.

Freeze in Fastfreeze Ethanol container in -70°C freezer and after 1 day store in liquid nitrogen.

MEDIA RECIPES – Use media made by Jon Meisher

(I have been unable to get the recipes off Jon as he has been away).
Appendix 6: Making Glycerol Stocks

Bacteria can be stored at -70°C for long periods of time. They revive as they warm up after plating on media or inoculating broth.

There are two main methods

Glycerol stocks from plates and glycerol stocks from broth.

Making glycerol stocks from plates is better as contamination is more easily identifiable (colonies growing on the plate that don’t look right). When bacteria are in solution (broth) contamination can be easily missed. However, when doing cloning bacteria are normally grown in media, and growing the bacteria on plates requires extra time and resources. Some scientists would never make stocks from media, yet others think the risk of contamination is minimal if proper care is taken all the time when working with bacteria. I have used both methods.

Whenever working with bacteria light a Bunsen burner and work underneath its updraft

-it stops bacteria settling down and incinerates many things that are in the air. Most importantly - when used in conjunction with a lab-coat it really makes you look the part.

Glycerol stocks from plates

Spread bacteria all over plate (cf streaking) and grow under appropriate conditions (normally overnight at 37°C).

Remove lid from Petri plate. Pipette 1ml of autoclaved 20%glycerol all over plate and then use side pipette tip to scrape bacteria off agar, taking care not to break the agar.

Pipette up glycerol solution with bacteria in it and put in well-labelled eppendorf tube.

Store in box in -70°C freezer.

Record stock in file providing complete details.

Glycerol stocks from broth

Grow the bacteria (normally overnight in a 37°C orbital shaker) in broth.

Pipette 200µl of autoclaved 100% ethanol in to well labelled eppendorf tube.

Pipette 800µl of broth in to same tube.

Store in box in -70°C freezer.

Record stock in file providing complete details.

One stock is normally sufficient but ideally, two stocks should be made and stored in different freezers.
Appendix 7: Assessing Cytokine Release from Human Cells by ELISA

Take human 28SC cells; take all media in to 50ml falcon and spin at 1500rpm for 5 minutes to pellet.

Discard media, resuspend in 10ml media.

Take 20µl suspension, add 20µl trypan blue – put this in to haemocytometer to count cells.

Count all cells in small squared sections (both sides) then multiply by 10000 to get #cells/ml (NB Cells stained blue are dead, do not count).

Dilute cells to 1x105/ml in media; add 100mM calcitriol (1,25(OH)2 Vitamin D3).

Take a 48 well tissue culture plate, add 1ml cell suspension/well – leave 2 hours at 37°C.

Discard media, add 1ml media/well containing relevant concentrations of relevant treatments.

Leave 24 hours at 37°C.

Take off as much of the media as possible, keep in eppendorfs for ELISA analysis.
Appendix 8: ELISA

Use 96 well plate, NUNC Maxisorp.

Coat plate with coating antibody at relevant concentration (check ELISA kit) diluted in PBS; 100 µl/well.

Leave overnight at 4°.

Wash plate x3 using 100µl/well PBS with 0.1% v/v Tween20.

Block plate using 100µl/well PBS with 1% w/v BSA for 1 hour.

Wash x3.

Add samples/standards to plate, diluting all 1:5 in wash buffer; 100µl well i.e. 20µl sample, 80µl buffer.

Leave for 2 hours.

Wash x3.

Add detecting antibody (biotinylated) at relevant concentration diluted in wash buffer (100µl/well), leave for 1 hour.

Wash x3.

Add ovidin – HRP (this binds to the biotin on the 2°antibody) dilute 1:1000 in wash buffer, add 100µl/well, leave 15 minutes.

Wash x3.

Colour develop – 1 tablet of OPD in 25ml substrate buffer (0.1M citric acid phosphate buffer, pH5) with 10µl 30%H2O2.

Dissolve tablet in dark jjust prior to developing.

Add 100µl/well and leave for 15-30 minutes IN THE DARK.

Terminate using 50µl/well 1M H2SO4.

Read on plate reader at 492nm.

Appendix 9: Lactobacillus spp. putative IL-10s (and environs) aligned

Score = 3509 bits (1825), Expect = 0.0

Identities = 2505/2841 (88%), Gaps = 11/2841 (0%)

 Strand = Plus / Plus

Query:28877245

Subjt:42518084

Query:               22495  ttagtagtttactgcttattaatatttgtattgctttcgtaatgatgtatcaacatagtt 22554

                            ||||||||||||||||||||||||| |||||| ||||     | ||||| || |||| ||

Sbjct:               810403 ttagtagtttactgcttattaatatctgtattacttttacgttaatgtaccagcatactt 810462

Query:               22555  ttactgaaaatatggaaagtaatctttctttaataaattatttttccaagtaacattgtt 22614

                            ||||||||||||||||||| ||||||||||||||||||||||| || |||||| |  |  

Sbjct:               810463 ttactgaaaatatggaaagcaatctttctttaataaattatttctctaagtaataaggag 810522

Query:               22615  tgcttgctagtatttgatgatacctataaaatattagaaggaatattaaagaaggaagaa 22674

                            ||||||||||||||||| |||||||||| |||||||||||||||||||||||||||||||

Sbjct:               810523 tgcttgctagtatttgaggatacctatagaatattagaaggaatattaaagaaggaagaa 810582

Query:               22675  aaatgcaaaaagtagaagaattatatccaaagtttcagaaggctattgagcatttacaaa 22734

                            |||||||||||||||||||||| |||||||| |||||||  |||||||||||||||||||

Sbjct:               810583 aaatgcaaaaagtagaagaattgtatccaaaatttcagacagctattgagcatttacaaa 810642

hypothetical protein 1         M  Q  K  V  E  E  L  Y  P  K  F  Q  T  A  I  E  H  L  Q  

Query:               22735  aagctctgaatgtctctttttcatcggcattaacggaaacctttgataatctagaaaatg 22794

                            | ||||| ||||| ||||||||||| ||||| |||||||||||||||||| ||||||| |

Sbjct:               810643 aggctcttaatgtttctttttcatctgcattgacggaaacctttgataatttagaaaacg 810702

hypothetical protein 20     K  A  L  N  V  S  F  S  S  A  L  T  E  T  F  D  N  L  E  N  

Query:               22795  gtaagatcaaagtcgaatcgggtgccccagataaagaaactgtagctgaattaactgaag 22854

                            | ||||||||||| || || ||||| |||||||| ||||||||||||||||| |||||||

Sbjct:               810703 gaaagatcaaagttgagtcaggtgctccagataaggaaactgtagctgaattgactgaag 810762

hypothetical protein 40     G  K  I  K  V  E  S  G  A  P  D  K  E  T  V  A  E  L  T  E  

Query:               22855  agtatcgtcaattagattatgataatttgccacgtgctctaaaagtacaaatatttactc 22914

                            | |||||||||||||||||||||||||||||||||||  | |||||||| ||||||||| 

Sbjct:               810763 aatatcgtcaattagattatgataatttgccacgtgcattgaaagtacagatatttactt 810822

hypothetical protein 60     E  Y  R  Q  L  D  Y  D  N  L  P  R  A  L  K  V  Q  I  F  T  

Query:               22915  tattaactttaaaagcagttactcaagatgccagtgactataacttgatgccaacacctt 22974

                            ||||| ||||||| ||| ||||||||||||| |||||||||||||| ||||| || || |

Sbjct:               810823 tattagctttaaaggcaattactcaagatgctagtgactataacttaatgcctaccccct 810882

hypothetical protein 80     L  L  A  L  K  A  I  T  Q  D  A  S  D  Y  N  L  M  P  T  P  

Query:               22975  cagtgattgctacaataattgctttaatttggcaaagaatcgtttctaaaggtnnnnnnn 23034

                            ||||  ||||||||||||||||||| |||||||||| ||| ||| |||  |||       

Sbjct:               810883 cagtagttgctacaataattgctttgatttggcaaaaaattgttcctactggtaaaaaaa 810942

hypothetical protein 100    S  V  V  A  T  I  I  A  L  I  W  Q  K  I  V  P  T  G  K  K  

Query:               23035  ctgtggttgaccccgcaattggaactggaaatttactttattcggttattagacagttga 23094

                            |||| ||||| || || ||||| |||||||| ||||||||||| || ||||||||||| |

Sbjct:               810943 ctgtagttgatccagctattgggactggaaacttactttattcagtaattagacagttaa 811002

hypothetical protein 120    T  V  V  D  P  A  I  G  T  G  N  L  L  Y  S  V  I  R  Q  L  

Query:               23095  ttcaggaaaatcattcacaaaacaattacaaattaattggaattgataatgaagaagcat 23154

                            | || || |||||||| ||||| ||||||||  |||||||||||||||| || ||| |  

Sbjct:               811003 tacaagagaatcattctcaaaataattacaatctaattggaattgataacgaggaatctc 811062

hypothetical protein 140    I  Q  E  N  H  S  Q  N  N  Y  N  L  I  G  I  D  N  E  E  S  

Query:               23155  tattggatttagcagatattggtgctcatcttgaagatttaaaaattgatttatactgtc 23214

                            | || || || || ||||||||||| ||||||||||||||||| |||||||| || || |

Sbjct:               811063 tcttagacttggctgatattggtgcgcatcttgaagatttaaagattgatttgtattgcc 811122

hypothetical protein 160    L  L  D  L  A  D  I  G  A  H  L  E  D  L  K  I  D  L  Y  C  

Query:               23215  aagatgctttagatccatggatgattgaaaaggcggatatagtggtaagtgatgtgccag 23274

                            ||||||| |||||||||||||||||||||||||| ||| | ||  |||||||| | || |

Sbjct:               811123 aagatgcattagatccatggatgattgaaaaggctgatgttgtcttaagtgatctaccgg 811182

hypothetical protein 180    Q  D  A  L  D  P  W  M  I  E  K  A  D  V  V  L  S  D  L  P  

Query:               23275  taggttattatccattggataataatgctgagcgcttcgaaaatcacgcaaaagagggac 23334

                            ||||||| |||||| | |||||||||||| | ||||  |||||||| |||||||| ||||

Sbjct:               811183 taggttactatccactagataataatgctcaacgctatgaaaatcatgcaaaagaaggac 811242

hypothetical protein 200    V  G  Y  Y  P  L  D  N  N  A  Q  R  Y  E  N  H  A  K  E  G  

Query:               23335  attcttttgctcatactttatttattgaacaaatagtaaataaccttaaacgtgatggtt 23394

                            |||| ||||| |||||||| || ||||| ||||| |||||||| |||||  | ||||| |

Sbjct:               811243 attcatttgcccatactttgttcattgagcaaattgtaaataatcttaagagagatggct 811302

hypothetical protein 220    H  S  F  A  H  T  L  F  I  E  Q  I  V  N  N  L  K  R  D  G  

Query:               23395  ttgcatttttagtagtacctagattactgtttactggtaaaggatctactgaattcatga 23454

                            ||||||||||||| |||||  ||||||| |||||||| ||||| ||||||||||||||||

Sbjct:               811303 ttgcatttttagtggtaccacgattactatttactggcaaaggctctactgaattcatga 811362

hypothetical protein 240    F  A  F  L  V  V  P  R  L  L  F  T  G  K  G  S  T  E  F  M  

Query:               23455  cttggttagctaaaaaagttaatattcaggcaattgtcgatttgcccgatgatatgtttt 23514

                            |||||||||| ||||||||||||||||| || ||||| |||||||| ||| |||||||||

Sbjct:               811363 cttggttagcaaaaaaagttaatattcaagctattgtagatttgccagataatatgtttt 811422

hypothetical protein 260    T  W  L  A  K  K  V  N  I  Q  A  I  V  D  L  P  D  N  M  F  

Query:               23515  caagtcagattcaacaaaaatctattttagtttttcaaaatcatggagaacatgctgtta 23574

                             ||| || ||||| |||||||| ||||||||||| |||||||||||||| ||||||||  

Sbjct:               811423 taagccaaattcagcaaaaatcaattttagttttccaaaatcatggagatcatgctgtgg 811482

hypothetical protein 280    L  S  Q  I  Q  Q  K  S  I  L  V  F  Q  N  H  G  D  H  A  V  

Query:               23575  agcgtgaggttctggtggctaaattagattcattaaagaaaccagaatctttagtagcat 23634

                            |||| || || ||||| ||||||||||||||| ||||   ||||||||||||||||||||

Sbjct:               811483 agcgggaagtactggtagctaaattagattcactaaaaggaccagaatctttagtagcat 811542

hypothetical protein 300    E  R  E  V  L  V  A  K  L  D  S  L  K  G  P  E  S  L  V  A  

Query:               23635  ttaatatgaaactaaatgactggtatcataagagtgaagattaatttatataatacgaga 23694

                            ||||||||||  ||||||| ||||||||||| | | |||||||||||    | || | ||

Sbjct:               811543 ttaatatgaagttaaatgattggtatcataaaaataaagattaattttataagtatgtga 811602

hypothetical protein 320    F  N  M  K  L  N  D  W  Y  H  K  N  K  D ^^^

Query:               23695  ggtatataaaatgaaaaaagttttagcagtaaactcaggtagttcatcatttaaatacaa 23754

                            ||||||||  ||||||||||||||||||||||| |||||||||||||||||||| |||||

Sbjct:               811603 ggtatatat-atgaaaaaagttttagcagtaaattcaggtagttcatcatttaagtacaa 811661

acetate kinase       1                 M  K  K  V  L  A  V  N  S  G  S  S  S  F  K  Y  K

Query:               23755  attattttctctagataatgaaaaagtaattgcatctggtatggctgaccgtgttggttt 23814

                            |||||||||||| ||||||||| |||||||||||||||||||||||||||| || || ||

Sbjct:               811662 attattttctcttgataatgaagaagtaattgcatctggtatggctgaccgggtaggatt 811721

acetate kinase       18       L  F  S  L  D  N  E  E  V  I  A  S  G  M  A  D  R  V  G  L

Query:               23815  gccaggatctgttttcacaatgactttagcagatggcagtcaacatgatgaacaaagtga 23874

                             ||||| |||||||| || ||||||||||| ||||| |||||||||||||||||||||||

Sbjct:               811722 accaggctctgtttttactatgactttagctgatggtagtcaacatgatgaacaaagtga 811781

acetate kinase       38       P  G  S  V  F  T  M  T  L  A  D  G  S  Q  H  D  E  Q  S  D

Query:               23875  tattgctaatcaagaagaagcagtccaaaagttgcttagctggcttaaagaatacaatgt 23934

                            ||||||||| ||||||||||| || |||||||| |||||||||||||||||||| |||||

Sbjct:               811782 tattgctaaccaagaagaagctgttcaaaagttacttagctggcttaaagaatataatgt 811841

acetate kinase       58       I  A  N  Q  E  E  A  V  Q  K  L  L  S  W  L  K  E  Y  N  V

Query:               23935  gatcgattctttagcagatattgctggggtaggacatcgtgttgttgctggtggtgaaga 23994

                             || ||||| |||| ||||||||| || ||||| || ||||| ||||||||||| |||||

Sbjct:               811842 tattgattccttagaagatattgcgggcgtaggtcaccgtgtagttgctggtggagaaga 811901

acetate kinase       78       I  D  S  L  E  D  I  A  G  V  G  H  R  V  V  A  G  G  E  E

Query:               23995  atttactgatagtacagtcattacagatgataatctttggaagatttataatatgagtga 24054

                            |||||||||||||||||| ||||| || |||||||||||||| |||||||||||||||||

Sbjct:               811902 atttactgatagtacagtaattactgaagataatctttggaaaatttataatatgagtga 811961

acetate kinase       98       F  T  D  S  T  V  I  T  E  D  N  L  W  K  I  Y  N  M  S  D

Query:               24055  ctatgcaccattgcataacccagctgaagccgacggtatctatgcttttatgaaagtttt 24114

                            |||||| || || |||||||||||||| || || ||||||||||| || |||||||||||

Sbjct:               811962 ctatgcgcctttacataacccagctgaggcagatggtatctatgccttcatgaaagtttt 812021

acetate kinase       118      Y  A  P  L  H  N  P  A  E  A  D  G  I  Y  A  F  M  K  V  L

Query:               24115  acctaacgttcctgaggttgctgtttttgatacttcttttcaccaatcattagatcctgt 24174

                             ||||| || || || || |||||||||||||| || |||||||||||||||||||| ||

Sbjct:               812022 gcctaatgtaccagaagtcgctgtttttgatacgtcatttcaccaatcattagatccagt 812081

acetate kinase       138      P  N  V  P  E  V  A  V  F  D  T  S  F  H  Q  S  L  D  P  V

Query:               24175  tcaatacttatattcagtaccatataagtattatgaaaagttccgtgctagaaaatatgg 24234

                            ||||||||||||||| || || ||||||||||| ||||||||||||||||||||||||||

Sbjct:               812082 tcaatacttatattctgttccttataagtattacgaaaagttccgtgctagaaaatatgg 812141

acetate kinase       158      Q  Y  L  Y  S  V  P  Y  K  Y  Y  E  K  F  R  A  R  K  Y  G

Query:               24235  tgcacatggtacttctgctcgctatgtatcacgtcggacagctgacttattaaagaagcc 24294

                            |||||| || |||||||| ||||||||||||||||| || |||||  | ||||| || ||

Sbjct:               812142 tgcacacgggacttctgcacgctatgtatcacgtcgtaccgctgatcttttaaataaacc 812201

acetate kinase       178      A  H  G  T  S  A  R  Y  V  S  R  R  T  A  D  L  L  N  K  P

Query:               24295  agttgaagatttgaagatggttctttgtcatctaggtagtggtgcatcagttactgctat 24354

                            |||||| || ||||||||||||||||||||  | ||||||||||||||||||||||||||

Sbjct:               812202 agttgaggacttgaagatggttctttgtcacttgggtagtggtgcatcagttactgctat 812261

acetate kinase       198      V  E  D  L  K  M  V  L  C  H  L  G  S  G  A  S  V  T  A  I

Query:               24355  taaagatggaaagtcttttgatacttcaatgggattcagtccggttgcaggaattacaat 24414

                            |||||||||||| ||||||||||||||||||||||| ||||| ||||||||||| || ||

Sbjct:               812262 taaagatggaaaatcttttgatacttcaatgggatttagtcctgttgcaggaatcacgat 812321

acetate kinase       218      K  D  G  K  S  F  D  T  S  M  G  F  S  P  V  A  G  I  T  M

Query:               24415  gagtactagaagtggggatgtagatccttccttgcttcaatttattatgaaaaaaggcaa 24474

                            |||||| |||||||| |||||||||||||| || |||||||||||||||||||| || ||

Sbjct:               812322 gagtacgagaagtggtgatgtagatccttctttacttcaatttattatgaaaaagggaaa 812381

acetate kinase       238      S  T  R  S  G  D  V  D  P  S  L  L  Q  F  I  M  K  K  G  N

Query:               24475  cattaccagctttaatgaagttattaagatgttaaacactaaatctggtttactcggtct 24534

                            ||| || || ||||| |||||||| |||||||| || ||  ||||||||||| | |||||

Sbjct:               812382 catcactagttttaacgaagttatcaagatgttgaataccgaatctggtttattgggtct 812441

acetate kinase       258      I  T  S  F  N  E  V  I  K  M  L  N  T  E  S  G  L  L  G  L

Query:               24535  ttcaggaatctccccagatatgagagacattgaaaaagcaattaaaaatggtgataaaca 24594

                            ||||||||| || |||||||||||||| ||||||||||| || |||||||||||||| ||

Sbjct:               812442 ttcaggaatttcaccagatatgagagatattgaaaaagctatcaaaaatggtgataagca 812501

acetate kinase       278      S  G  I  S  P  D  M  R  D  I  E  K  A  I  K  N  G  D  K  Q

Query:               24595  ggctaaacttacaaaagacatttttattaaccgaattgttcgctatattggggcttatat 24654

                            |||| ||||||||||||| || || ||||| ||||||||||| |||||||| || || ||

Sbjct:               812502 ggctcaacttacaaaagatatattcattaatcgaattgttcgttatattggtgcctacat 812561

acetate kinase       298      A  Q  L  T  K  D  I  F  I  N  R  I  V  R  Y  I  G  A  Y  M

Query:               24655  gactgaaatgggtggcttagatgttttagtctttactgcaggaatcggtgaacatgatgc 24714

                            |||||||||||| || |||||||||||||||||||| ||||| || || |||||||||||

Sbjct:               812562 gactgaaatgggcggattagatgttttagtctttacagcaggcattggggaacatgatgc 812621

acetate kinase       318      T  E  M  G  G  L  D  V  L  V  F  T  A  G  I  G  E  H  D  A

Query:               24715  aagtgtaagaaaacagattatggatggtcttacttggcttggtcttgaatatgacgaaaa 24774

                            |||||||||||| || |||||||||||||||||||||||||||||||||||||| ||| |

Sbjct:               812622 aagtgtaagaaagcaaattatggatggtcttacttggcttggtcttgaatatgatgaaga 812681

acetate kinase       338      S  V  R  K  Q  I  M  D  G  L  T  W  L  G  L  E  Y  D  E  E

Query:               24775  agctaataaagctaacaaggaaggaattatcactacaccgaaatcaaagattactgcgat 24834

                            ||| || ||||||||  | ||  |  | || |||||||| || ||||| |||||||| ||

Sbjct:               812682 agccaacaaagctaatcatgagagtgtgattactacaccaaattcaaaaattactgctat 812741

acetate kinase       358      A  N  K  A  N  H  E  S  V  I  T  T  P  N  S  K  I  T  A  M

Query:               24835  gatcgttccaacaaatgaagagttaatgattgcacgtgacgttgttcgtttagc------ 24888

                            ||| ||||||||||||||||| ||||||||||||||||| ||||||||||||||      

Sbjct:               812742 gattgttccaacaaatgaagaattaatgattgcacgtgatgttgttcgtttagcaaaatt 812801

acetate kinase       378      I  V  P  T  N  E  E  L  M  I  A  R  D  V  V  R  L  A  K  L

Query:               24889  ---taaattagataaatagctgtgaaagcaaagttatagcattttaacagtgactgtgat 24945

                               ||| ||| | |||||    | ||| |||||||||||| |||||| |  |||||||||

Sbjct:               812802 agataagttaaacaaataaggttaaaatcaaagttatagccttttaataaggactgtgat 812861

acetate kinase       398      D  K  L  N  K ^^^

Query:               24946  atcattgaaacatctggggatgttttgggattcgacaggcgtagattcgcgttgactgcg 25005

                            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Sbjct:               812862 atcattgaaacatctggggatgttttgggattcgacaggcgtagattcgcgttgactgcg 812921

Query:               25006  attcgtaggtcacgtctacgttaaaa-cgtcacagttaaattataactgcaaataacgaa 25064

                            |||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||

Sbjct:               812922 attcgtaggtcacgtctacgttaaaaacgtcacagttaaattataactgcaaataacgaa 812981

Query:               25065  aattcttacgcagtagctgcttagtcaggctgcgtgatccaatgacggattgctcgtgtc 25124

                            |||||||||||||||||||||||||||| ||||||||||||| || ||||||||||||||

Sbjct:               812982 aattcttacgcagtagctgcttagtcagcctgcgtgatccaaagatggattgctcgtgtc 813041

Query:               25125  tgtctgcgggtcttaccatttaacgagctacgtttaactacttaccttaatagttagaaa 25184

                            | ||| ||||||||||||||||||||||||||||||||||||||||||||||||||||||

Sbjct:               813042 tatctacgggtcttaccatttaacgagctacgtttaactacttaccttaatagttagaaa 813101

Query:               25185  taagattcttaggttagttttgatagtttagccctgttatatggcgttttatcaaagcga 25244

                            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Sbjct:               813102 taagattcttaggttagttttgatagtttagccctgttatatggcgttttatcaaagcga 813161

Query:               25245  agtttaagtaatataactatgatcgtagaggttaacgacggaatacgtttggacaggggt 25304

                            | ||||||||||||||||||||||||||| |||||||||| |||||||||||||||||||

Sbjct:               813162 attttaagtaatataactatgatcgtagatgttaacgacgaaatacgtttggacaggggt 813221

Query:               25305  tcaattcccctcatctccata 25325

                            |||||||||||||||||||||

Sbjct:               813222 tcaattcccctcatctccata 813242

CPU time:     5.62 user secs.       0.10 sys. secs          5.72 total secs.

Lambda     K      H

    1.33    0.621     1.12 

Gapped

Lambda     K      H

    1.33    0.621     1.12 

Matrix: blastn matrix:1 -2

Gap Penalties: Existence: 5, Extension: 2

Number of Sequences: 1

Number of Hits to DB: 4,271,731

Number of extensions: 295687

Number of successful extensions: 281

Number of sequences better than 10.0: 1

Number of HSP's better than 10.0 without gapping: 1

Number of HSP's gapped: 150

Number of HSP's successfully gapped: 68

Number of extra gapped extensions for HSPs above 10.0: 0

Length of query: 121350

Length of database: 15,090,319,008

Length adjustment: 30

Effective length of query: 121320

Effective length of database: 15,090,318,978

Effective search space: 1830757498410960

Effective search space used: 1830757498410960

Neighboring words threshold: 0

Window for multiple hits: 0

X1: 11 (21.1 bits)

X2: 26 (50.0 bits)

X3: 26 (50.0 bits)

S1: 19 (37.2 bits)

S2: 25 (48.8 bits)

Appendix 10: Consensus Tree

Consensus tree program, version 3.64

Species in order: 

  1. gi48870267

  2. gi15212467

  3. gi29374661

  4. gi28376974

  5. gi13940253

  6. gi15671982

  7. gi28877245

  8. gi42518084

  9. gi28877248

  10. gb42518084

  11. gi58336354

  12. gi62515486

Sets included in the consensus tree

Set (species in order)     How many times out of  100.00

........** ..               100.00

......**.. ..               100.00

......**** **               100.00

...**..... ..               100.00

..******** **               62.00

...******* **               59.00

...**.**** **               58.00

........** *.               53.00

......**** *.               45.00

Sets NOT included in consensus tree:

Set (species in order)     How many times out of  100.00

......**.. *.               42.00

..*..*.... ..               38.00

.**....... ..               33.00

......**.. **               31.00

.....***** **               27.00

......**.. .*               24.00

..*..***** **               14.00

.......... **                5.00

.*.**..... ..                4.00

.*.******* **                3.00

.*.**.**** **                1.00

.**..*.... ..                1.00

Extended majority rule consensus tree

CONSENSUS TREE:

the numbers on the branches indicate the number

of times the partition of the species into the two sets

which are separated by that branch occurred

among the trees, out of 100.00 trees

                                                          +------gi28877245

                                            +-------100.0-|

                                            |             +------gi42518084

                                     +-45.0-|

                                     |      |             +------gi28877248

                                     |      |      +100.0-|

                              +100.0-|      +-53.0-|      +------gb42518084

                              |      |             |

                              |      |             +-------------gi58336354

                       +-58.0-|      |

                       |      |      +---------------------------gi62515486

                       |      |

                +-59.0-|      |                           +------gi13940253

                |      |      +---------------------100.0-|

                |      |                                  +------gi28376974

         +-62.0-|      |

         |      |      +-----------------------------------------gi15671982

  +------|      |

  |      |      +------------------------------------------------gi29374661

  |      |

  |      +-------------------------------------------------------gi15212467

  |

  +--------------------------------------------------------------gi48870267

  remember: this is an unrooted tree!

Appendix 11: Lactobacillus gasseri and Methanosarcina thermophila protein alignment

Score =  357 bits (917), Expect = 5e-97

Identities = 170/399 (42%), Positives = 271/399 (67%), Gaps = 4/399 (1%)

Query:L gasseri    3   KVLAVNSGSSSFKYKLFSLDNEKVIASGMADRVGLPGSVFTMTLADGSQHDEQSDIANQE 62

                       KVL +N+GSSS KY+L  + NE  +A G+ +R+G+  S+ T    DG + ++ +D+   +

Sbjt:M.thermophila 2   KVLVINAGSSSLKYQLIDMTNESALAVGLCERIGIDNSIITQKKFDGKKLEKLTDLPTHK 61

helix              60                                                            **

sheet              47                                               *********

sheet              39                                       ********

sheet              22                      ************

sheet              11           ***********

Domain 1           2   ************************************************************

Acetokinase family 2   ************************************************************

sheet              2   *********

Query:             63  EAVQKLLSWLK--EYNVIDSLADIAGVGHRVVAGGEEFTDSTVITDDNLWKIYNMSDYAP 120

                       +A+++++  L   E+ VI  + +I  VGHRVV GGE+FT S +  +     I +  + AP

Sbjct:             62  DALEEVVKALTDDEFGVIKDMGEINAVGHRVVHGGEKFTTSALYDEGVEKAIKDCFELAP 121

helix              62  ***********

Domain 1           62  ************************************************************

Acetokinase family 62  ************************************************************

helix              107                                              **********

sheet              101                                        *****

sheet              86                          *********

Query:             121 LHNPAEADGIYAFMKVLPNVPEVAVFDTSFHQSLDPVQYLYSVPYKYYEKFRARKYGAHG 180

                       LHNP    GI A  +++P  P V VFDT+FHQ++ P  Y+Y++PY  YEK   RKYG HG

Sbjct:             122 LHNPPNMMGISACAEIMPGTPMVIVFDTAFHQTMPPYAYMYALPYDLYEKHGVRKYGFHG 181

helix              181                                                            *

Domain 2           166                                             ****************

sheet              142                     ********

helix              124   **************

Acetokinase family 122 ************************************************************

Domain 1           122 ********************************************~~~~~~~~~~~~~~~~

Query:             181 TSARYVSRRTADLLKKPVEDLKMVLCHLGSGASVTAIKDGKSFDTSMGFSPVAGITMSTR 240

                       TS +YV+ R A +L KP E+ K++ CHLG+G+S+TA++ GKS +TSMGF+P+ G+ M TR

Sbjct:             182 TSHKYVAERAALMLGKPAEETKIITCHLGNGSSITAVEGGKSVETSMGFTPLEGLAMGTR 241

sheet              240                                                           **

sheet              235                                                      *****

sheet              221                                        ********

sheet              212                               *********

sheet              202                     *********

helix              182 **************

Domain 2           182 ************************************************************

Acetokinase family 182 ************************************************************

Domain 1           182 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Query:             241 SGDVDPSLLQFIMKKGNITSFNEVIKMLNTKSGLLGLSGISPDMRDIEKAIKNGDKQAKL 300

                        G +DP+++ F+M+K  +T+  E+  ++N KSG+LG+SG+S D RD+++A   G+++A+L

Sbjct:             242 CGSIDPAIVPFLMEKEGLTT-REIDTLMNKKSGVLGVSGLSNDFRDLDEAASKGNRKAEL 300

helix              261                    * ********

helix              249        *********

sheet              242 ***

Domain 2           242 ******************** ***************************************

Acetokinase family 242 ******************** ***************************************

Domain 1           242 ~~~~~~~~~~~~~~~~~~~~ ***************************************

helix              296                                                        *****

helix              284                                            **********

Query:             301 TKDIFINRIVRYIGAYMTEMGGLDVLVFTAGIGEHDASVRKQIMDGLTWLGLEYDEKANK 360

                         +IF  ++ ++IG Y   + G D +VFTAGIGE+ AS+RK+I+ GL  +G++ D++ NK

Sbjct:             301 ALEIFAYKVKKFIGEYSAVLNGADAVVFTAGIGENSASIRKRILTGLDGIGIKIDDEKNK 360

helix              337                                     ********

sheet              324                        ********

helix              301 ********************

Acetokinase family 301 ************************************************************

Domain 2           301 ************************************************************

Domain 1           301 ************************************************************

Query:             361 ANKEGI-ITTPKSKITAMIVPTNEELMIARDVVRLAKLD 398

                          + I I+TP +K+   ++PTNEEL IAR+   + + +

Sbjct:             361 IRGQEIDISTPDAKVRVFVIPTNEELAIARETKEIVETE 399

sheet              365     *****

Acetokinase family 361 ******************************

Domain 2           361 ***********************

Domain 1           361 *******~~~~~~~~~~~~~~~~****************

helix              384                        ***************

sheet              375               ********

CPU time:     0.05 user secs.
    0.01 sys. secs
    0.06 total secs.

Lambda     K      H

   0.316    0.133    0.377 

Gapped

Lambda     K      H

   0.267   0.0410    0.140 

Matrix: BLOSUM62

Gap Penalties: Existence: 11, Extension: 1

Number of Sequences: 1

Number of Hits to DB: 1186

Number of extensions: 745

Number of successful extensions: 4

Number of sequences better than 10.0: 1

Number of HSP's better than 10.0 without gapping: 1

Number of HSP's gapped: 1

Number of HSP's successfully gapped: 1

Number of extra gapped extensions for HSPs above 10.0: 0

Length of query: 399

Length of database: 957,836,323

Length adjustment: 134

Effective length of query: 265

Effective length of database: 957,836,189

Effective search space: 253826590085

Effective search space used: 253826590085

Neighboring words threshold: 9

Window for multiple hits: 0

X1: 16 ( 7.3 bits)

X2: 77 (29.7 bits)

X3: 77 (29.7 bits)

S1: 41 (21.6 bits)

S2: 78 (34.7 bits)
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The nonsynonymous (amino acid-altering) to synonymous (silent) substitution rate ratio ({omega} = dN/dS) provides a measure of natural selection at the protein level, with {omega} = 1, >1, and <1, indicating neutral evolution, purifying selection, and positive selection, respectively. Previous studies that used this measure to detect positive selection have often taken an approach of pairwise comparison, estimating substitution rates by averaging over all sites in the protein. As most amino acids in a functional protein are under structural and functional constraints and adaptive evolution probably affects only a few sites at a few time points, this approach of averaging rates over sites and over time has little power. Previously, we developed codon-based substitution models that allow the {omega} ratio to vary either among lineages or among sites. In this paper we extend previous models to allow the {omega} ratio to vary both among sites and among lineages and implement the new models in the likelihood framework. These models may be useful for identifying positive selection along prespecified lineages that affects only a few sites in the protein. We apply those branch-site models as well as previous branch- and site-specific models to three data sets: the lysozyme genes from primates, the tumor suppressor BRCA1 genes from primates, and the phytochrome (PHY) gene family in angiosperms. Positive selection is detected in the lysozyme and BRCA genes by both the new and the old models. However, only the new models detected positive selection acting on lineages after gene duplication in the PHY gene family. Additional tests on several data sets suggest that the new models may be useful in detecting positive selection after gene duplication in gene family evolution.

Yang, Z., W. J. Swanson, et al. (2000). "Maximum-Likelihood Analysis of Molecular Adaptation in Abalone Sperm Lysin Reveals Variable Selective Pressures Among Lineages and Sites." Mol Biol Evol 17(10): 1446-1455.


Maximum-likelihood models of codon substitution were used to analyze sperm lysin genes of 25 abalone (Haliotis) species to identify lineages and amino acid sites under diversifying selection. The models used the nonsynonymous/synonymous rate ratio ({omega} = dN/dS) as an indicator of selective pressure and allowed the ratio to vary among lineages or sites. Likelihood ratio tests suggested significant variation in selective pressure among lineages. The variable selective pressure provided an explanation for the previous observation that the {omega} ratio is >1 in comparisons of closely related species and <1 in comparisons of distantly related species. Computer simulations demonstrated that saturation of nonsynonymous substitutions and constraint on lysin structure were unlikely to account for the observed pattern. Lineages linking closely related sympatric species appeared to be under diversifying selection, while lineages separating distantly related species from different geographic locations were associated with low evolutionary rates. The selective pressure indicated by the {omega} ratio was found to vary greatly among amino acid sites in lysin. Sites under potential diversifying selection were identified. Ancestral lysins were inferred to trace the route of evolution at individual sites and to provide lysin sequences for future laboratory studies.
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